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Abstract 
Per- and polyfluoroalkyl substances (PFAS) are a large group of anthropogenic organic chemicals 

that are characterized by their carbon fluorine bonds. Due to their unique characteristics that 

include high stability, oil- and water-repellent properties and more, they are used in countless 

consumer products and industrial processes. While in perfluorinated compounds every C-H bond 

is substituted by a C-F bond, polyfluorinated compounds are only partially fluorinated and consist 

also of a hydrocarbon part. The fully fluorinated moieties of PFAS, usually perfluoroalkyl or 

perfluoroether chains, are extremely persistent in the environment. As a result of this persistence 

combined with the extensive use, PFAS can be detected everywhere in the environment as well 

as in humans. While some polyfluorinated compounds are partially transformed in the environment, 

they eventually form persistent end products such as perfluoroalkyl acids (PFAAs) which is why 

they are also referred to as precursors. The sheer number of individual PFAS makes their analytical 

detection very challenging. Since PFAS are industrial chemicals, the availability of reference 

standards is limited. Therefore, chromatographic techniques coupled to high-resolution mass 

spectrometry (HRMS) are necessary for a more comprehensive characterization of the PFAS in 

the environment. 

In the first part of this dissertation, methods for a prioritization and subsequent identification of 

PFAS in both environmental and consumer product samples were developed and validated in 

selected case studies. Since during so-called non-target screening (NTS), large datasets are 

acquired, an efficient prioritization is crucial to isolate the analytes of interest from background 

signals and other detected compounds. In case of PFAS, their intrinsic properties were used to 

separate them from other organic compounds in the HRMS datasets. The novel MD/C-m/C 

approach that uses the chemical mass defect (MD) and the mass (m) normalized to the carbon 

number (C) was theoretically evaluated with ~490,000 chemical formulas from online database 

to show that a wide range of PFAS can efficiently be separated from non-PFAS in the presence of 

other substances. PFAS with at least 55 mass percent of fluorine, a F/C ratio > 0.8, or a H/F ratio 

< 0.8 were separable from other compound classes showing the great potential to remove 

unwanted compounds from HRMS datasets. To also prioritize PFAS fragmentation spectra, 

important fragment mass difference (or neutral losses) of common PFAS were determined, 
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evaluated, and used to detect MS/MS spectra and identify PFAS in both extracts of coated papers 

and soils. This approach, combined with other NTS techniques was used to identify and semi-

quantify several novel PFAS in a highly contaminated agricultural soil from north-western Germany 

where over 70 PFAS were detected that were previously unknown on this site. The total 

concentration was estimated to be > 30 mg/kg total identified PFAS. Furthermore, the 

contamination was almost entirely dominated by perfluorinated compounds including SF5-

perfluoroalkyl sulfonic acids which indicated a unique source of contamination. 

Eventually, several existing and here developed NTS techniques were combined into 

PF∆Screen, an open-source Python-based NTS tool for a vendor-independent prioritization and 

partial annotation of PFAS in HRMS raw data. The functionality of PF∆Screen was demonstrated 

by its application to four contaminated soils from south-western Germany where over 80 PFAS 

were identified including novel transformation products. 

In the second part, a photocatalytic oxidation method (PhotoTOP) was developed that allows 

the quantitative conversion of unknown precursors to their terminal end products perfluoroalkyl 

carboxylic acids (PFCAs). The PhotoTOP uses the production of hydroxyl radicals from irradiation 

of TiO2 (UV/TiO2) for the conversion of precursors in different samples and is complementary to 

the total oxidizable precursor (TOP) assay. Known precursors could be quantitatively oxidized to 

PFCAs and the PhotoTOP was shown to be able to almost completely conserve the perfluoroalkyl 

chain lengths of the oxidized precursors. This allows the prediction of chain-lengths of unknown 

precursors and was demonstrated by oxidation of pre-characterized PFAS-coated paper samples. 

A second promising advantage of the PhotoTOP is the absence of salts which simplified 

subsequent sample preparation and makes further direct injection with electrospray ionization MS 

possible. 

To this end, the PhotoTOP was compared with the performance of complementary methods 

such as the direct TOP assay, hydrolysis (total hydrolysable precursors) and fluorine sum 

parameters (extractable organic fluorine and total fluorine; measured by the Federal Institute for 

Materials Research and Testing (BAM)) to characterize non-extractable side-chain fluorinated 

polymers (SFPs) in functional textiles. It was shown that several textiles contained high 

concentrations of short and long-chain perfluoroalkyl side chains that are not extractable and 

therefore not amenable to mass spectrometry without prior chemical conversion. 
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Zusammenfassung 
Per- und polyfluorierte Alkylverbindungen (PFAS) bilden eine große Klasse von anthropogenen 

organischen Chemikalien und sind durch ihre Kohlenstoff-Fluor Bindungen gekennzeichnet. 

Aufgrund ihrer einzigartigen Eigenschaften wie beispielsweise hoher chemischer Stabilität und die 

Fähigkeit Öl und Wasser abzuweisen werden sie in zahllosen Konsumprodukten sowie in 

industriellen Prozessen verwendet. Während in einer perfluorierten Verbindung alle C-H Bindungen 

durch C-F Bindungen ersetzt sind, sind polyfluorierte Substanzen nur teilweise fluoriert und weisen 

noch ein Kohlenwasserstoffanteil auf. Die perfluorierten Gruppen von PFAS, in der Regel 

Perfluoralkyl- oder Perfluoretherketten, sind in der Umwelt extrem persistent. Infolge dieser 

Persistenz in Kombination mit der umfangreichen Anwendung können PFAS überall in der Umwelt 

und auch im Menschen nachgewiesen werden. Während einige polyfluorierte Verbindungen in der 

Umwelt teilweise transformiert werden, bilden diese letztendlich persistente Endprodukte wie 

Perfluoralkylsäuren (PFAA). Daher werden diese Verbindungen auch Vorläufer oder Präkursoren 

genannt. Die schiere Anzahl an PFAS Einzelverbindungen macht ihren analytischen Nachweis zu 

einer großen Herausforderung. Da es sich bei PFAS um Industriechemikalien handelt ist die 

Verfügbarkeit von analytischen Referenzstandards nur sehr begrenzt. Deshalb ist für eine 

umfassendere Charakterisierung von PFAS in der Umwelt die Kopplung von chromatographische 

Techniken mit hochauflösender Massenspektrometrie (HRMS) erforderlich. 

Im ersten Teil dieser Dissertation wurden Methoden für eine Priorisierung und anschließende 

Identifizierung von PFAS in Umwelt- und Konsumproduktproben entwickelt und in ausgewählten 

Fallstudien validiert und angewandt. Da während des Non-Target-Screenings (NTS) große 

Datensätze generiert werden, ist eine effiziente Priorisierung notwendig um die zu untersuchenden 

Analyten von Hintergrundsignalen und anderen Substanzen zu isolieren. Im Falle von PFAS wurden 

deren intrinsische Eigenschaften genutzt, um sie von anderen Verbindungen in den HRMS-

Datensätzen zu trennen. Der neuartige MD/C-m/C-Ansatz, der den chemischen Massendefekt 

(MD) und die Masse (m) auf die Kohlenstoffzahl (C) normiert, wurde mit ~490.000 chemischen 

Formeln aus einer Online-Datenbank evaluiert, um zu zeigen, dass eine breite Palette von PFAS 

in Gegenwart anderer Substanzen effizient von Nicht-PFAS getrennt werden kann. PFAS mit 

mindestens 55 Massenprozent Fluor, einem F/C-Verhältnis > 0,8 oder einem H/F-Verhältnis < 

0,8 waren von anderen Verbindungsklassen trennbar, was das große Potenzial zur Entfernung 

ungewollter Verbindungen aus HRMS-Datensätzen zeigt. Um auch PFAS-
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Fragmentierungsspektren priorisieren zu können, wurden wichtige Fragmentmassendifferenzen 

(oder Neutralverluste) von häufigen PFAS bestimmt und zur Erkennung von MS/MS-Spektren und 

der finalen Identifizierung von PFAS in Extrakten von beschichteten Papieren und Böden 

verwendet. Dieser Ansatz wurde in Kombination mit anderen NTS-Techniken zur Identifizierung 

und Semi-Quantifizierung mehrerer neuartiger PFAS in einem hochgradig kontaminierten Boden 

aus Nordrhein-Westfalen verwendet, in dem über 70 PFAS nachgewiesen wurden, die zuvor auf 

diesem speziellen landwirtschaftlichen Standort unbekannt waren. Die Gesamtkonzentration der 

identifizierten PFAS wurde auf > 30 mg/kg geschätzt. Die Kontamination war fast vollständig von 

perfluorierten Verbindungen einschließlich von SF5-Perfluoralkylsulfonsäuren dominiert, was auf 

eine spezielle Kontaminationsquelle hindeutet. 

Abschließend wurden mehrere bestehende und hier entwickelte NTS-Techniken in einem Open-

Source-Python-basierten NTS-Tool (PF∆Screen) kombiniert um eine herstellerunabhängige 

Priorisierung und tentative Identifizierung von PFAS in HRMS-Rohdaten zu ermöglichen. Die 

Funktionalität von PF∆Screen wurde mittels der Anwendung auf vier kontaminierte Böden aus 

Südwestdeutschland demonstriert, in denen über 80 PFAS einschließlich neuartiger 

Transformationsprodukte identifiziert wurden. 

Im zweiten Teil wurde eine photokatalytische Oxidationsmethode (PhotoTOP) entwickelt, die 

eine quantitative Umwandlung unbekannter Vorläufer zu ihren Endprodukten 

Perfluoralkylcarbonsäuren (PFCA) ermöglicht. Der PhotoTOP nutzt die Erzeugung von 

Hydroxylradikalen durch Bestrahlung von TiO2 (UV/TiO2) für die Umwandlung von Vorläufern in 

verschiedenen Proben und ist komplementär zum TOP-Assay (Total Oxidizable Precursors). 

Bekannte Vorläufer konnten quantitativ zu PFCA oxidiert werden und es war möglich die 

Perfluoralkylkettenlängen der oxidierten Vorläufer fast vollständig zu erhalten. Dies ermöglicht die 

Vorhersage der Kettenlängen unbekannter Vorläufer und wurde mittels Oxidation bereits 

charakterisierter PFAS-beschichteter Papierproben demonstriert. Ein zweiter vielversprechender 

Vorteil des PhotoTOP ist die Abwesenheit jeglichen Salzgehalts, was die anschließende 

Probenvorbereitung vereinfacht und insbesondere die Direktinjektion mit Elektrosprayionisation 

ermöglicht. 

Abschließend wurde der PhotoTOP mit komplementären Methoden wie dem direkten TOP-

Assay, der Hydrolyse (Total Hydrolysable Precursors) sowie Fluorsummenparametern 

(Extrahierbares organisches Fluor und Gesamtfluor; gemessen von der Bundesanstalt für 

Materialforschung und -prüfung (BAM)) verglichen, um nicht extrahierbare fluorierte 

Seitenkettenpolymere (SFPs) in funktionellen Textilien zu charakterisieren. Es konnte gezeigt 
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werden, dass mehrere Textilien hohe Konzentrationen an kurz- und langkettigen Perfluoralkyl-

Seitenketten enthielten, die nicht extrahierbar waren und daher ohne vorherige chemische 

Umwandlung nicht direkt über Massenspektrometrie zugänglich sind. 
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1. Introduction 
1.1. Per- and polyfluoroalkyl substances (PFAS) 

Per- and polyfluoroalkyl substances (PFAS) are a large group of anthropogenic chemicals that are 

characterized by their carbon fluorine bonds (C-F) (Evich et al., 2022). To harmonize the PFAS 

terminology, several approaches were undergone. Originally, chemicals exhibiting at least one fully 

fluorinated carbon atom, a perfluoroalkyl (CnF2n+1−) or a perfluoroether chain were considered as 

PFAS (Buck et al., 2011). However, recently, every chemical containing a CF2- or CF3-group is 

considered a PFAS which increased the number of compounds being classified as PFAS drastically 

(Wang et al., 2021). The total number of existing PFAS is not known and varies depending on 

the underlying assumptions and databases (Schymanski et al., 2023). Several different PFAS lists 

emerged over time, while one of the most prominent ones is a list from the Organisation for 

Economic Co-operation and Development (OECD) that includes approximately 4700 PFAS 

(OECD, 2018). When considering large chemical online databases such as PubChem, according 

to the new PFAS definition, the total number increased to over 7 million chemicals (Schymanski 

et al., 2023). This number reduces to approximately 200,000 PFAS that have more than a CF2 

or CF3 within their chemical formula. In the following, when talking about PFAS in this dissertation, 

it is referred to “classical” PFAS with perfluoroalkyl or perfluoroether chains. This usually means 

that their molecular structure is dominated by C and F rather than by hydrocarbon moieties (see 

Figure 1).  

The C-F bond is one of the strongest bonds in organic chemistry which is why perfluorinated 

carbon chains are extremely stable against chemical transformation, biological degradation and 

heat (Buck et al., 2011; Kissa, 2001). This high stability combined with the unique chemical 

properties of PFAS is desired in numerous applications and industrial processes (Wang et al., 

2017). Perfluoroalkyl chains are considered fluorophilic, which means that they do neither interact 

with polar, nor with non-polar solvents and can, therefore, repel water, oil, and stain. Due to these 

unique properties that distinguish PFAS from most other chemistries, they are used commercially 

since the 1950s (Lindstrom et al., 2011). Over the decades, PFAS were increasingly used in 

everyday products as well as in different industrial processes. Therefore, PFAS have become an 

integral part of many products or processes of the modern life. In total, today more than 200 use 

categories for 1400 individual PFAS could be determined which are not considered to be 
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exhaustive, also since much information regarding PFAS structures is insufficiently reported or falls 

under the trade secret (Glüge et al., 2020; Ng et al., 2021). Examples of prominent PFAS uses 

are as surfactants in the chemical synthesis (Kissa, 2001), coatings for textiles (Gremmel et al., 

2016; Holmquist et al., 2016), food contact materials (Schwartz-Narbonne et al., 2023), 

personal-care products (Whitehead et al., 2021), paints (Cahuas et al., 2022; Jia et al., 2021), 

fire-fighting foams (aqueous film forming foams) (Barzen-Hanson et al., 2017), in electroplating 

(Joerss et al., 2020), pesticides (Nascimento et al., 2018), in electronic devices (Gaines, 2023), 

photography (Gaines, 2023), in medical devices (Glüge et al., 2020), as polymers (Lohmann et 

al., 2020), and many more. 

 
Figure 1: Example of chemical substances considered as PFAS according to the OECD definition. Compounds within 
the red box are perfluorinated while the green box includes polyfluorinated compounds. Side-chain fluorinated 
polymers (SFPs, blue box) fall within the class of polymers. Polyfluorinated compounds are also referred to as 
precursors. The pharmaceutical Fluoxetine (grey box) is also a PFAS per definition, however, such compounds are 
not addressed when talking about PFAS in this dissertation. 

Within the PFAS classification, perfluorinated substances are distinguished from polyfluorinated 

substances. While a perfluorinated substance does not contain any C-H-bonds, a polyfluorinated 

substance is partially fluorinated and hence contains hydrocarbon moieties (Figure 1) (Buck et 

al., 2011). The class of PFAS consists of both monomers and polymers. The group of monomers 

is highly diverse and includes a very wide variety of different chemistries. PFAS polymers can be 

classified in fluoropolymers such as polytetrafluoroethylene (PTFE, also called Teflon), 

perfluoropolyethers and side-chain fluorinated polymers (SFPs). SFPs are copolymers consisting 

of a non-fluorinated hydrocarbon backbone with perfluoroalkyl side chains that provide unique 

properties (Washington et al., 2015). 

The two main chemical syntheses for PFAS are electrochemical fluorination (ECF) and 

telomerization (Buck et al., 2011; Martin et al., 2004). The ECF process for instance starts with 
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a raw material [e.g., perfluorooctanesulfonyl fluoride (POSF)] and eventually results in a mixture 

of linear and branched perfluoroalkyl chains (e.g., 80%/20%) of a particular chain length. 

Historically, mainly C6-, C8-, and C10-based ECF-based PFAS were produced. On the other hand, 

telomerization yields even numbered perfluoroalkyl chains with a C2H4-spacer followed by a 

functional group. Telomer-based PFAS have usually exclusively linear perfluoroalkyl chains 

(Johansson et al., 2018). 

1.2. PFAS in the environment 

The above discussed unique properties of PFAS that are beneficial in countless applications, 

are also the main drivers for the adverse effects of PFAS on both humans and the environment 

(Evich et al., 2022; Lindstrom et al., 2011). Due to the extreme stability of the perfluoroalkyl 

chain, many PFAS are very persistent in the environment and in biota (Cousins et al., 2020; 

Knepper & Lange, 2012). The most well-known PFAS are perfluorooctanoic acid (PFOA), a 

perfluorocarboxylic acid (PFCA), and perfluorooctanesulfonic acid (PFOS), a perfluorosulfonic acid 

(PFSA) that both belong to the group of perfluoroalkyl acids (PFAAs). PFOA and its homologues 

(C4-C14) were extensively used in the past for instance as surfactants for the synthesis of 

fluoropolymers which led to estimated global emissions of 2000 up to 20000 t into the 

environment from the 1950s till 2015 (Wang et al., 2014). For PFOS, global emission estimates 

of 450 - 2700 t in the period from 1970 – 2012 were made (Paul et al., 2009). It should be 

noted that these numbers are subject to high uncertainties. PFAS emissions into the environment 

originate from both point sources such as production facilities, wastewater treatment plants 

(WWTP) or airports (from fire-fighting training), as well as from diffuse sources such as leaching, 

or volatilization from products containing them (Guelfo et al., 2021). PFAS such as PFAAs are 

considered very persistent which is why they are also called “Forever Chemicals” (Brunn et al., 

2023). Due to this extreme persistence combined with bioaccumulation potential and toxicity, for 

instance PFOA and PFOS are classified as “Persistent Organic Pollutants” that are regulated 

globally under the Stockholm Convention (Stockholm Convention, 2022; Wang et al., 2017). 

Since they are neither biotically nor abiotically degraded in the environment, PFAAs undergo Long-

Range-Transport (LRT) into remote regions such as the arctic or Antarctica (Wang et al., 2015; 

Zhao et al., 2012). Furthermore, the bioaccumulation and biomagnification potential of several 

PFAS such as long-chain PFAAs (PFCAs > C7, and PFSAs > C6) result in strong enrichment in 

biota along the food web (Buck et al., 2011; De Silva et al., 2021; Huang et al., 2022). As a 

result of these chemical properties, PFAS were detected worldwide in all environmental 
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compartments and biota such as in the oceans (Savvidou et al., 2023), surface waters (Loos et 

al., 2009), groundwater (Schaefer et al., 2015), drinking water (Kaboré et al., 2018), soil (Bugsel 

& Zwiener, 2020), air (Kim et al., 2012; Yu et al., 2020), indoor air (Morales-McDevitt et al., 

2021; Winkens et al., 2017), dust (Gustafsson et al., 2022; Wang et al., 2022), food (Yang et 

al., 2023), wildlife (Rupp et al., 2023; Sun et al., 2019), and in humans (Aro et al., 2022; D'Eon 

& Mabury, 2011; Yeung & Mabury, 2016). 

Besides PFAAs, many polyfluorinated PFAS which are still in use can transform through several 

processes like e.g., microbial transformation or atmospheric radical chemistry into persistent 

transformation products (TPs) (Ahrens, 2011; Benskin et al., 2012; Eriksson et al., 2017; 

Schenker et al., 2008; Zhang et al., 2021). Therefore, they are also referred to as precursors. 

Often, these TPs are PFAAs, depending on the underlying chemistry as exemplified in Figure 2. 

Prominent examples of precursors are fluorotelomer alcohols (FTOHs), polyfluoroalkyl phosphate 

esters, many AFFF compounds and SFPs (Figure 2) (Ahrens & Bundschuh, 2014). 

Understanding the fate of precursors in the environment is highly important for an overall 

understanding of the behavior of the PFAS class (Macorps et al., 2023; Martin et al., 2019; 

McDonough et al., 2022). 

To prevent further distribution of selected PFAS, several regulatory measures and voluntary 

phase-outs were undertaken in the past (Brennan et al., 2021). Recently, for instance stricter 

drinking water thresholds and a tolerable weekly intake for four PFAS of only 4.4 ng/kg/week from 

food of the European Food Safety Authority (EFSA) were established (DIRECTIVE (EU) 

2020/2184, 2020; Schrenk et al., 2020). Resulting from the wide-spread detection of C8-based 

PFAS such as PFOA and PFOS combined with restrictions, leading production companies have 

developed several replacement compounds [e.g., dodecafluoro-3H-4,8-dioxanonanoate (ADONA) 

and hexafluoropropylene oxide dimer acid (HFPO-Da)]. Furthermore, due to less bioaccumulation 

potential, a shift towards a production of shorter perfluoroalkyl chains (e.g., C6 or C4) occurred 

(Brendel et al., 2018). Unfortunately, most replacement compounds showed rather similar 

properties and most importantly were of equal persistence compared to restricted PFAS (Brendel 

et al., 2018; Li et al., 2020). As a result of their higher water solubility and lower sorption, shorter 

chain PFAS are also much more mobile within the water cycle, posing a high risk for ground- and 

drinking water resources (Li et al., 2020; Neuwald et al., 2022). In the year 2023, within the 

European Union, PFAS are planned to be restricted as a whole chemical class resulting from 

scientific concerns (ECHA, 2023). This intervention is unique because usually only one single 

chemical at a time is restricted. Such a comprehensive restriction would have a wide influence on 

the chemical industry, many products and companies which led to a strong media attention of 
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PFAS. However, it is a long-lasting process with several exception for instance for pharmaceuticals 

or pesticides that are considered PFAS according to the OECD definitions. 

 
Figure 2: Schematic examples of known transformation reactions of precursors to PFAAs in the environment or biota. 
Transformation can include both abiotic (e.g., OH-radicals) and biotic (microbial transformation) reactions. Note that 
double arrows indicate multiple intermediates that are not shown here. Details on transformation reactions can be 
found in the following literature: (Benskin et al., 2012; D'Eon J & Mabury, 2011; D'Eon & Mabury, 2007; Liu & Mejia 
Avendano, 2013; Rhoads et al., 2008; Rosenmai et al., 2013)  

1.3. Analytical chemistry of PFAS 

The sheer number of PFAS that can potentially occur in samples of interest makes a 

comprehensive analytical detection very challenging (McDonough et al., 2019; Ruan & Jiang, 

2017). Well-known PFAS such as the anionic PFAAs for which authentic reference standards are 

available are routinely analyzed by liquid chromatography coupled to mass spectrometry (LC-MS) 

(Dodds et al., 2021). This technique relies on the injection of a liquid sample which is usually 

water or a mixture of water with organic solvent. In case of complex matrices such as soils or 

consumer products, PFAS need to be extracted from the matrix before they can be measured with 

LC-MS. In the first step (LC), the dissolved (complex) mixture of organic molecules can be 

separated on a chromatographic column according to the interaction with its stationary phase 

(e.g., reversed phase, C18). Subsequently, compounds eluting from the column are ionized by 

electrospray ionization (ESI) and after a separation by their mass to charge ratio (m/z) in the 

mass spectrometer (MS) they finally are detected by a detector (Gross, 2017). For quantification, 
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usually triple quadrupole (QqQ) mass spectrometry, also often referred to as tandem MS 

(MS/MS), is used which provides both very high sensitivity and selectivity (Harris, 2014). QqQ-

MS provides unit mass resolution which means that integer masses are separable. This usually 

limits this approach to known compounds with reference standards for verification of retention 

time (RT) and typically two mass transitions (fragments). 

Since the sheer number of PFAS makes a comprehensive use of authentic analytical reference 

standards practically impossible, high-resolution mass spectrometry (HRMS) provides several 

advantages and also allows identification of novel compounds (Jia et al., 2022). The most 

frequently used HRMS instruments are time-of-flight- (TOF) or Orbitrap systems (Hollender et al., 

2017). If the resolution and mass accuracy is high enough, chemical formulas can be assigned to 

measured signals by using accurate masses and isotopic patterns (Hollender et al., 2023). When 

using HRMS detection, usually large amounts of data are acquired, aiming to detect as many 

molecules in a sample as possible. In a second step, computational techniques are used to detect 

so-called features (MS signals that are characterized by typical patterns of natural occurring 

isotopes and chromatographic peak shapes) in the MS-raw data followed by several steps from 

prioritization of potential features of interest, grouping, and eventually identification (if possible) 

(Hulleman et al., 2023; Renner & Reuschenbach, 2023). Note that in the literature features have 

different terminologies and are often also referred to as components. This approach is also called 

non-target screening (NTS) and is complementary to target screening (e.g., by LC-QqQ-MS) 

(Hollender et al., 2023). Depending on the polarity of the analyte, different separation and 

ionization techniques such as LC combined with ESI for polar analytes or gas-chromatography 

(GC) with atmospheric pressure chemical ionization (APCI) for more hydrophobic compounds 

might be required (Portoles et al., 2012). Depending on the research question, NTS can be a 

time-consuming process since usually some manual verification or interpretation of mass spectral 

data is required and cannot entirely be automated. It is further important to note that techniques 

based on chromatography and mass spectrometry are usually only suited to detect monomeric 

PFAS while characterization of polymeric PFAS need complementary analytical techniques (Henry 

et al., 2018). 

Since during NTS approaches, a comprehensive identification of all PFAS in a sample is usually 

not possible except for special cases, additional analytical techniques have been developed in the 

past (see Figure 3 for a schematic overview of selected approaches). For example, the total 

oxidizable precursor (TOP) assay aims to convert unknown precursors within a sample extract to 

quantifiable PFCAs (Houtz & Sedlak, 2012). Water samples or sample extracts are oxidized by 

peroxodisulfate (K2S2O8) at a pH value of 12 and a temperature of 85 °C which leads to 
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decomposition of K2S2O8 into two sulfate radicals (SO4•–). The sulfate radicals react with OH– to 

form sulfate and hydroxyl radicals (•OH) which are very strong and unselective oxidizing agents 

that react with the hydrocarbon moieties of the polyfluorinated precursors. Finally, the formed 

PFCAs can be quantified by LC-MS target analysis allowing an estimation of the total precursor 

content within a sample (Janda et al., 2019). When applying the TOP assay, valuable analytical 

information can be generated, however, the information on the exact structure of precursors is 

lost. There exist several modifications of the original TOP assay such as the direct TOP (dTOP) in 

which the sample is directly oxidized which therefore accounts also for non- or difficult to extract 

precursors in complex samples (Göckener et al., 2020). 

 
Figure 3: Schematic overview of methods to characterize precursors by oxidation [e.g., total oxidizable precursor 
(TOP) assay (here direct TOP assay)], hydrolysis [total hydrolysable precursors (THP)], fluorine sum parameters 
[extractable organic fluorine (EOF), and total fluorine (TF)] compared to conventional extraction. This is exemplified 
schematically with a side-chain fluorinated polymer (SFP) that might contain also other PFAS residuals that are not 
shown in the SFP structure in this scheme. 

Besides the TOP assay, sum parameters such as the extractable organic fluorine (EOF) or the 

total fluorine (TF) were developed which open an even wider analytical window (McDonough et 

al., 2019; Miaz et al., 2020). For detection of the EOF, often combustion ion chromatography 

(CIC) is used. First, a sample extract is combusted assuring a quantitative conversion of PFAS into 

HF and CO2 followed by detection of fluoride (F–) via ion chromatography (Gehrenkemper et al., 

2021). Recently, modifications were developed that use high resolution-continuum source-

graphite furnace molecular absorption spectroscopy (HR-CS-GFMAS) which is faster and more 

sensitive (Simon et al., 2022). TF is able to capture all fluorine within a sample by combusting 

the whole sample followed by detection of F– (Schultes et al., 2018). When comparing analytical 

information generated by such fluorine sum parameters with quantification of specific PFAS, mass 

balance approaches can be applied verify the comprehensiveness of the individual techniques to 
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capture PFAS in environmental, biological, or consumer product samples (Aro, Eriksson, Karrman, 

et al., 2021; Cioni et al., 2023; Jiao et al., 2023; Spaan et al., 2023). 

Besides the herein discussed analytical tools, there exist more techniques that rely on 

spectroscopy such as for example 19F nuclear magnetic resonance spectroscopy (NMR) (Gauthier 

& Mabury, 2023), particle-induced gamma ray emission (PIGE) (Ritter et al., 2017), or X-ray 

photoelectron spectroscopy (Tokranov et al., 2018) which are in particular valuable for PFAS 

analysis in products (Koch et al., 2020; Nordic Council of Ministers, 2022). 

Albeit the rapid development and growing research on analytical techniques to tackle 

identification of unknown PFAS, countless studies report large fraction of unidentified organic 

fluorine, showing the high importance of innovative new approaches to be able to identify and 

eventually quantify potential hazardous PFAS in our surrounding environment (Aro, Eriksson, 

Kärrman, et al., 2021; Aro, Eriksson, Karrman, et al., 2021; Cioni et al., 2023; Simon et al., 2023; 

Yeung & Mabury, 2016). Robust analytical techniques are the absolute basis for subsequent 

toxicological risk assessment of chemicals and are especially necessary for establishing safety 

thresholds in drinking water, soil, food, and consumer products. 

  



 
 

9 
 

2. Aim of the thesis 
Despite the rapid improvement of instrumental technology for the analytical detection of chemicals 

such as PFAS in the environment or consumer products, only small fractions of these chemicals 

are routinely detected since often target screening approaches are applied that only cover 

previously known substances. Therefore, a continuous development of novel NTS techniques to 

efficiently handle the complex data that is generated during HRMS measurements is of high 

importance for a significantly broader analytical window. In such NTS approaches most often the 

data evaluation is one major bottleneck for an efficient detection and identification of novel PFAS. 

  Therefore, the first goal of this thesis is the development, validation, and application of NTS-

techniques to prioritize detected features in MS data by making use of the intrinsic properties of 

PFAS. Unlike common organic molecules, PFAS exhibit several unique chemical properties such 

as their typical mass defect (MD), the occurrence in homologues, common mass fragments and 

isotopic ratios that can be used to differentiate them from other organic compounds that are not 

dominated by fluorine. For such a prioritization both analytical information on the MS1 and MS2-

level will be used to increase the analytical confidence. To make the developed computational 

workflows accessible to a wider community, the focus was set on vendor-independency and open-

source data evaluations. To show the applicability of the developed PFAS-prioritization techniques 

to highly complex samples, several contaminated soils from Germany with different origins of 

contamination (Brilon-Scharfenberg, Rastatt, and Mannheim) were investigated in detail. This also 

allows the deduction of useful mass spectrometric information from a much wider range of PFAS 

chemistries that can be transferred for the detection of other PFAS classes. To overcome 

limitations of single approaches the workflows should be combined together into a step-wise 

procedure to gain more information and increase efficiency during the identification. 

The second goal is the investigation of PFAS classes that are not directly amenable to mass 

spectrometric detection at the first place which are much less studied than PFAS which can directly 

be detected. Since the fluorine mass balance can often not be closed by the identified PFAS even 

with NTS approaches (here often estimated by semi-quantification), the application of oxidative 

conversion to such unknown PFAA-precursors was further studied. Since those precursors often 

have strong sorption affinity to surfaces, high molecular weights or are even covalently bound to 

surfaces such as in the case of side-chain fluorinated polymers (SFPs), the application of the 

oxidative conversion techniques should be applicable directly to the samples themselves rather 

than to sample extracts. This guarantees that even non-extractable PFAS can be captured by the 
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subsequent analysis after conversion. The developed oxidation method was directly compared with 

several complementary methods such as the TOP assay, EOF, TF and others in a case study with 

SFP-coated textiles to show its applicability and performance. 
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3. Methods 
3.1. Non-target screening (NTS) 

In the following section, all steps used during the applied NTS workflows which include sample 

extraction, measurement, feature prioritization and eventually identification of PFAS are briefly 

described. The focus is set on the NTS data evaluation which was one central aspect of this 

dissertation. Details can be found in the respective publications in the appendix (A2-A4 and A6-

A7).  

3.1.1. PFAS extraction and HRMS measurements 

The three matrices investigated during this work were soil, paper, and textile. Soil samples 

originated from agricultural fields around the region of Rastatt and Mannheim in south-western 

Germany where PFAS contaminated paper sludge was brought out in the past [see “Rastatt case” 

e.g., in Nürenberg et al. (2018) or Bugsel and Zwiener (2020)] and from one contaminated site 

near Brilon-Scharfenberg in North Rhine-Westphalia (NRW) (Röhler et al., 2021; Skutlarek et al., 

2006) where contaminated waste materials were suspected as the cause of contamination. Paper 

samples originated from previous projects (Bugsel et al., 2022), while the textiles were ordered 

online in the year 2022. Samples intended for NTS were extracted with methanol (MeOH) for 

several hours with additional ultrasonication. MeOH was shown to be a suitable extraction solvent 

especially for anionic PFAS from different matrices (Ahmadireskety et al., 2021; Mertens et al., 

2023). Selected samples were enriched by evaporation under N2 followed by resuspension. For 

the HRMS measurements of sample extracts, no solid phase extraction (SPE) was performed 

since NTS aims to detect a wide spectrum of analytes of different physico-chemical properties. 

Due to their selectivity, SPE and other sample preparation steps can add a bias when used for 

enrichment or cleanup (Hollender et al., 2023; Simon et al., 2022). Sample extracts were 

measured by using an Agilent 1260 Infinity high-performance liquid chromatography (HPLC) 

system equipped with a C18 reversed-phase column (Agilent Poroshell 120, 2.1 mm × 100 mm) 

with 2.7 µm particle size coupled to an Agilent 6550 quadrupole time-of flight (QTOF) mass 

spectrometer with a mass resolution of 20000 and a mass accuracy below 5 ppm via an ESI 

interface. The analytes were separated by gradient elution with eluent A [95/5 H2O/MeOH with 2 

mM ammonium acetate (NH4Ac)] and eluent B (95/5 MeOH/H2O + 2 mM NH4Ac) and ionized 
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in separate measurements both in negative and positive ESI. Details on the respective methods 

can be found in the publications A2-A4 and A6-A7.  

The acquisition range in the MS1 was 100 – 1700 m/z while in MS2 m/z 70 – 1700 were 

acquired to be able to detect diagnostic ions from typical functional groups of PFAS such as for 

example SO3F–. Usually, an acquisition rate of 3 spectra per second was used which was adjusted 

for GC-APCI-QTOF measurements (10 spectra/s) due to much narrower peaks from GC 

separation. The QTOF-MS was operated in iterative data-dependent mode (DDA). In DDA, the 

instrument algorithm automatically sets the isolation window of the quadrupole to the unit mass 

(m/z) of a detected signal if an ion above a predefined threshold (e.g., 104 counts) is detected 

and a defined number of MS2 spectra for this precursor m/z is acquired. Note that precursor in 

this context refers to an intact ion that is fragmented subsequently (not a PFAS precursor). With 

this technique, abundant ions are automatically fragmented to gain structural information which is 

necessary for confirmation and identification of novel chemicals. To further increase the MS2 

coverage, the iterative mode was used where the sample is injected n-times and precursor masses 

for which MS2 was acquired in previous runs are subsequently excluded (Koelmel et al., 2017). 

For the MS2 fragmentation, either a set of fixed collision energies (CEs) (e.g., 20 and 40 eV) or 

a linear m/z-dependent CE was used so that heavier ions are subject to higher CEs [e.g., CE(m/z) 

= 4 m/z
100 +15 eV]. Besides using HPLC for compound separation, selected samples with suspected 

volatile PFAS (e.g., FTOHs) were additionally measured by coupling an Agilent 7890B GC via an 

APCI interface with the QTOF-MS. A 30 m × 0.25 mm HP-5MS UI GC column with a 21 min 

temperature gradient was used for separation (for details see publication A6-A7). 

3.1.2. NTS data evaluation 
To make the developed workflows more accessible to the scientific community, most data 

evaluations were performed on open-source mass spectrometric raw data with the open-source 

language Python. Therefore, the Agilent data files (.d) were converted via the MSConvert tool from 

the ProteoWizard into open formats such as .ms2 and .mzML (Chambers et al., 2012; Deutsch, 

2012; McDonald et al., 2004). To detect so-called features within the MS1 raw data, either the 

MolecularFeatureExtraction algorithm from the Agilent MassHunter software (Version 10.0) or 

different algorithms from the OpenMS library (accessed via pyOpenMS) were used (Pfeuffer et 

al., 2017; Röst et al., 2014; Sturm et al., 2008). Due to the coupling of chromatography with 

mass spectrometry, features can be extracted from MS1 spectra by their characteristic peak shape 

of consecutive m/z values of low variance combined with coeluting isotopic traces that result from 

the natural abundance of isotopes of common elements in organic molecules such as 13C, 34S, 37Cl 
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etc. Feature detection results in a list of signals characterized by m/z, retention time (RT) and 

intensity. Due to the high sensitivity of mass spectrometric detection, several filtering steps were 

applied to remove background signals (e.g., blank subtraction) followed by further prioritization 

steps to reduce the number of features. At this point, features are abstract data structures that 

bear valuable chemical information but are not yet identified. 

3.1.3. Theoretical evaluation of the MD/C-m/C approach 
Due to the intrinsic properties of PFAS, that are for instance a large fraction of hydrogen 

substituted by fluorine, features were prioritized by various approaches according to their likelihood 

of being a PFAS. From the accurate mass of all features, the chemical mass defect (MD) which is 

widely used in mass spectrometry and refers to the difference of the exact mass and the nominal 

mass was determined (Sleno, 2012). By definition, the MD of carbon is zero (because its mass 

is defined as 12.0000) while hydrogen exhibits a positive MD of +0.0078 and fluorine a slightly 

negative one (-0.0015). Since molecular formulas of PFAS are usually dominated by fluorine 

instead of hydrogen, the MD can be used to partially separate them from other common organic 

molecules (Liu et al., 2022). However, the MD alone has limitations due to overlapping with 

molecules that strongly exceed a MD of +0.5 resulting from a high H content or lower MDs from 

elements such as Cl or Br. Kaufmann et al. (2022) proposed a promising approach by normalizing 

the MD and the mass to the number of carbons (MD/C vs. m/C) for every feature. The carbon 

number (C) can be retrieved from the ratio of the intensity of the M+1 isotope (IM+1) and the 

monoisotopic intensity divided by the natural abundance of 13C (≈ 1.11 %) according to Equation 

1: 

 C ≈ IM+1/IM/0.011145 (1) 

By plotting MD/C vs. m/C, Kaufmann et al. were able to efficiently separate PFAAs from most 

of the endogenous matrix features from fish liver and muscle extracts which was the first prove of 

concept of this approach. Due to the fact that a PFAS’ mass is dominated by fluorine rather than 

carbon, PFAAs have a much higher m/C (≈ 50) than fish matrix compounds.  

To systematically evaluate the advantages and limitations of this approach for a PFAS 

prioritization in HRMS NTS data, a theoretical data evaluation based on a large number of 

compounds was performed. Therefore, approximately 490,000 chemical formulas from the 

PubChem database and from Koch et al. (2007) were downloaded, and separated into three 

groups which were PFAS, typical organic contaminants [from suspect lists of the CompTox 

Dashboard and the NORMAN network (Grulke et al., 2019; Mohammed Taha et al., 2022)], and 
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natural organic matter (NOM). From these datasets, it was calculated which PFAS can be 

separated from which type of organic compounds depending on their fluorine content, e.g., 

expressed as F/C ratio or mass percentage (%F) within a PFAS molecule. It was further evaluated 

whether molecular information such as the F/C ratio can be estimated based on the location of a 

feature within the MD/C-m/C plot. 

3.1.4. Fragment mass differences 

Due to the fact that PFAS usually have common molecular moieties such as perfluoroalkyl chains 

or perfluoroether chains, different diagnostic fragment masses can be used to detect MS2 spectra 

that are potentially from a PFAS (Koelmel et al., 2020; Wang et al., 2018). To achieve this, exact 

masses of diagnostic fragments are matched with the accurate mass MS2 data. Diagnostic 

fragments can be unspecific but are also often rather specific and might not be known for novel 

unknown PFAS. Fragments differences (often also referred to as neural losses) are commonly 

used for identification purposes in mass spectrometry and were also used for PFAS identification 

as they are suspected to have advantages over diagnostic fragments (Wang et al., 2020). To 

further investigate the comprehensive use of mass differences for a PFAS MS2 spectra 

prioritization, measured LC-HRMS data from a PFAS standard mix (38 compounds from 10 

classes), extracts of impregnated papers, and extracts of contaminated soils from the Rastatt case 

in south-western Germany [details on paper and soil samples in Bugsel et al. (2022)] and 

additional 20000 HR-MS2 spectra from the online library database MassBank (Horai et al., 2010) 

were collected. To calculate all mass differences in every MS2 spectrum comprehensively, mass 

difference matrices were calculated and used to identify the most frequent mass differences typical 

for PFAS. With the use of annotated MS2 spectra from MassBank, the influence of parameters 

such as mass tolerance or intensity threshold on the false-positive identification rate was evaluated. 

The developed approach was used to identify PFAS within paper and soil samples and the 

identification performance was compared to previous approaches. To this end, a simple Python-

based tool was developed which allows searching for PFAS typical fragment mass differences in 

vendor-independent MS2 raw data (.ms2 files). 

3.1.5. NTS application to contaminated soil from NRW 

To prioritize and identify potential unknown PFAS in a composite sample from the contaminated 

site near Brilon-Scharfenberg, the developed fragment mass difference approach, combined with 

diagnostic fragments, suspect-screening, and Kendrick mass defect (KMD) analysis was used. 

KMD analysis, originally established by Kendrick (1963) for CH2 repeating units, was used to 
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detect PFAS homologous series (HS) within the MS1 data (e.g., CF2-based). In case of CF2, first, 

the Kendrick mass (KM) is calculated according to Equation 2: 

 
KM = m/zmeasured ⋅ CF2nominal

CF2exact

 (2) 

Where m/zmeasured refers to the accurate m/z of a feature, CF2nominal
 refers to the nominal mass of 

the CF2 repeating unit (= 50) and CF2exact
 to the exact mass of CF2 (= 49.9968). By subtracting 

the exact KM from the nominal KM, the KMD can be determined by Equation 3: 

 KMD = KMexact – KMnominal (2) 

The KMD for a particular HS of the form (CF2)n–R is then identical within the measurement error 

of the HRMS instrument since it is determined by the organic rest or functional group R. KMD 

analysis was performed via a Python script to detect potential PFAS within the feature lists. The 

workflow was applied to measurements of the soil extract (pre-TOP assay) and after oxidation 

with the direct TOP assay (post-TOP). The dTOP assay was performed based on Göckener et al. 

(2020). After feature prioritization, PFAS identifications were confirmed and verified by manual 

mass spectra interpretation. For details see publication A3. 

3.1.6. Open-source PFAS NTS tool development 
Several individual Python functions that were developed for different PFAS NTS purposes were 

eventually combined into an easy to use open-source NTS tool. With the use of the tkinter library, 

a basic graphical user interface (GUI) was developed which allows the end-user to utilize the tool 

without programming knowledge. Raw mass spectrometric data (.mzML) or custom feature lists 

(e.g., from vendor software) from a sample and a blank control can be read in by the tool and 

feature detection, MS2 alignment and blank correction are performed. Functions to perform a PFAS 

feature prioritization include KMD analysis, MD filtering, MD/C-m/C filtering, and suspect-screening 

in the MS1 data, and diagnostic fragment matching and fragment mass differences for MS2. 

Additional Python functions were written that allow the user to visualize MS raw data such as 

building extracted ion chromatograms (EICs), visualized MS1 and MS2 spectra (MS2 also with 

annotations), match theoretical with acquired isotope patterns and perform a basic EIC correlation 

to detect potential in-source fragments and adducts that are characterized by their strong 

coelution. 

To demonstrate the functionality of the developed NTS tool, four soils from the region around 

Rastatt and Mannheim were extracted and measured by HPLC-QTOF and the raw data was used 

to perform an in-depth NTS to prioritize and identify novel PFAS. 
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3.1.7. PFAS NTS review 

Within this dissertation, a critical review article dealing with promising techniques to identify PFAS 

with chromatographic techniques coupled to HRMS was written. A literature review was conducted 

that mainly included articles from the year 2018 onwards and the most promising and widely used 

approaches were compiled while advantages and limitations were discussed. 

3.2. PFAS characterization via oxidation and hydrolysis 

3.2.1. PhotoTOP development 

Since a comprehensive identification of PFAA-precursors is often not possible and there are also 

polymeric PFAA-precursors such as side-chain fluorinated polymers (SFPs) that are neither 

extractable from a sample of interest nor ionizable and therefore not amenable to mass 

spectrometry, an oxidation technique based on photocatalysis was developed to convert 

precursors to their terminal end products. The method should be applicable to both sample extract 

but also directly to the sample itself and aims to quantitively convert PFAA-precursors to PFCAs. 

In general, this method is similar to the TOP assay (Houtz & Sedlak, 2012), however, due to the 

catalytic nature of UV irradiation with suspended TiO2, the production of OH-radicals is not limited 

by the amount of reagent added, and the oxidation solution has no salt content at all. These 

differences should have several benefits for downstream analysis of the formed oxidation products. 

After developing a suitable setup, several oxidation experiments with standards of known PFAA-

precursors such as diPAPs, FTSAs, FTCAs, PFOSA and N-EtFOSAA were performed in aqueous 

suspensions with anatase titanium dioxide (TiO2) under UV irradiation in a UVA-CUBE 400 

equipped with a 1200 W lamp. For oxidation, 20 mg of TiO2 per 23 mL water was used and 

irradiated for 5 h. PFAA-precursors and PFCAs were quantified by using a 1290 Infinity II HPLC 

system coupled to a 6490 iFunnel QqQ MS (Agilent Technologies). All PFAS target analytes were 

quantified in the multiple reaction monitoring (MRM) mode by two mass transitions (except for 

perfluorobutanoic and perfluoropentanoic acid) with reference standards. After development and 

validation, the oxidation method was applied to extracts of PFAS impregnated papers, a PFAS 

polymer mixture and a textile that was suspected to contain SFPs. The method was named 

PhotoTOP. 

3.2.2. SFP characterization in functional textiles  
For a detailed investigation of potential SFPs that are not detectable directly by mass 

spectrometry, several water-repellent functional textiles (potentially coated with SFPs) were used 
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to compare several different methods to characterize potential PFAS. Contact angle measurements 

of both water and oil were used to prioritize the textiles since fluorinated durable water repellent 

(DWR) formulations are usually able to repel both phases (Schellenberger et al., 2018; 

Schellenberger, Hill, et al., 2019). The textiles were extracted, and the extracts were (1) screened 

for PFAAs and potential unknown PFAS by HPLC-QTOF-MS, (2) measured for EOF [in 

cooperation with the working group Inorganic Trace Analysis of the Federal Institute for Materials 

Research and Testing (BAM)]. The textiles were also (3) directly oxidized by the developed 

PhotoTOP, (4) oxidized by the TOP assay, (5) hydrolyzed by the total hydrolysable precursor 

(THP) assay (Nikiforov, 2021), and (6) finally also the total fluorine (TF) content was measured 

via CIC [from the working group Contaminant Transfer and Environmental Technologies of the 

Federal Institute for Materials Research and Testing (BAM)]. For the PhotoTOP, 20 mg of textile 

strips were oxidized for at least 5 h and PFCAs were quantified in the samples. For the direct TOP 

assay, a modified method from Liagkouridis et al. (2021) was applied. Briefly, 20 mg of textiles 

was mixed with 10 ng of isotopically labeled internal PFCAs standards, 0.48 g of potassium 

persulfate, 4.56 mmol of NaOH and 30 mL water. After thorough mixing, samples were placed in 

a water bath for 6 h at 85 °C. Afterwards, the pH value was adjusted with HCl, and samples were 

cleaned up via SPE. The THP assay was performed according to Nikiforov (2021) and the formed 

FTOHs < 10:2 were quantified and FTOHs ≥ 10:2 were semi-quantified via GC-HRMS. More 

details and the methodologies of EOF and TF measurements can be found in publication A7. 
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4. Results and Discussion 
The results focusing on development and application of NTS approaches for identification of PFAS 

by HRMS in environmental and product samples are individually discussed as separate subsections 

for each publication (4.1 – 4.5). The respective original publications are reprinted in the appendix 

(A1 – A5). Section 4.6 and 4.7 summarize the applied methods that focus on oxidative conversion 

of PFAA precursor in product samples such as papers and textiles (publications A6 and A7).    

4.1. Theoretical evaluation of the MD/C-m/C approach 

The novel MD/C-m/C approach first proposed by Kaufmann et al. (2022) was systematically 

evaluated with ~490,000 chemical formulas from online databases that were separated into 

PFAS, common organic contaminants and NOM substances. Using the carbon number C that can 

be retrieved from the intensity ratio of the M+1 isotope and the monoisotopic mass (M) in HRMS 

data, valuable information is used to separate potential PFAS from other substances by this 

approach. The high number of chemicals from online sources provides a robust data basis of 

potentially occurring chemicals in LC- or GC-HRMS data and was therefore used to evaluate 

advantages and limitations of the MD/C and m/C dimensions. A strong overlap of PFAS with low 

F-content with organic contaminants and NOM was observed, while with increasing F/C ratio or 

fluorine mass percentage (%F) a clear separation in the MD/C-m/C plot can be achieved 

(Figure 4). PFAS with at least a F/C ratio > 0.8, a H/F ratio < 0.8 or at least 55 mass% of 

fluorine were well separated from both other groups. This includes most “classical” PFAS as 

exemplified in Figure 4c, while compounds with very low F-content that have for instance only one 

CF3-group, are not separable. It is important to note that these calculations should be considered 

a worst-case scenario since in usual HRMS measurements the number of non-PFAS features that 

competes with potential PFAS features is much lower than the number of chemical formulas used 

for this data evaluation. A major advantage of using both MD/C and m/C in NTS is the fact that 

the location of features is usually linked to a certain chemical composition and compounds with 

similar chemical formulas are often clustered together which might be useful for identification 

purposes. For instance, an increasing m/C is linked to the occurrence of heavy heteroatoms such 

as F, Cl, Br, I, O, P, S, or metals etc. and a decreasing MD/C indicates higher content of elements 

with negative MDs. Even homologous compounds that differ in their carbon chain length have 

similar locations due to the normalization to C. Especially, the m/C dimension is very powerful 
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since it can separate hydrocarbon features that are not separable from PFAS by their MD. 

Whenever a certain number of hydrogens in an organic molecule is reached, the MD strongly 

exceeds +0.5 (e.g., +0.9) and is therefore erroneously interpreted as a negative MD (-0.1) that 

is typical for PFAS. Such compounds however have a much lower m/C that PFAS (e.g., around 

m/C of 14 for a pure hydrocarbon and m/C = 50 for a perfluorinated compound) and can therefore 

be discarded.  

With the basis of a subset of PFAS with a certain F-content (~55000 compounds), the MD/C-

m/C domain was binned and the mean and standard deviation of certain fluorine measures such 

as the F/C ratio and %F in each bin were calculated. It was shown that the F/C can be predicted 

to estimate the number of fluorine atoms with a reasonable accuracy while the other F-measures 

did not sufficiently correlate with the location in the MD/C-m/C domain. Such an estimation could 

be used in the future to narrow down the atom number to be able to calculate chemical formulas 

with less false positives. Overall, the MD/C-m/C approach is highly promising to decrease the 

number of detected features during NTS to a manageable, much smaller number that drastically 

decreases false positives for downstream analysis such as suspect-screening, fragments mass 

difference, or diagnostic fragment matching. Since this approach only requires MS1 data it is very 

easy to apply to every HRMS dataset. 

Detailed information and methodology can be found in publication 1 in the Appendix (A1). 

 
Figure 4: (a) Positions of organic contaminants (OCs, green) from the EPA DSSTox and NORMAN (182,503), NOM 
(blue) (124,782), and PFAS (red) (all: 209,760) in the MD/C-m/C plot. Note that the PFAS dataset is dominated 
by compounds with a single CF3-group. The contour lines delimit the positions of 80% (center), 90% (middle), and 
95% (external) of each group. (b) Positions of known PFAS in the MD/C-m/C plot. (c) In case of PFAS with more 
that 65% mass fluorine, an almost complete separation is possible from the other datasets. More details can be found 
in publication A1 in the appendix.  
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4.2. Fragment mass differences to prioritize MS2 spectra 

To evaluate the use of fragment mass differences, also often referred to as neutral losses, for 

a PFAS MS2 spectra prioritization, HRMS spectra from 38 PFAS standards (10 compound 

classes), extracts from PFAS coated paper samples and contaminated soils (from the Rastatt 

region) as well as approximately 20,000 annotated spectra from MassBank were collected. The 

MassBank dataset included approximately 40 spectra of PFAS with perfluoroalkyl chains and 900 

spectra of compounds with a CF3-group. Within all spectra, mass differences were calculated 

comprehensively. Therefore, difference matrices were calculated that result in n2 mass differences 

for n MS2 peaks per spectrum. With this data, several mass differences such as ∆(CF2)n, ∆(HF)n, 
∆CnH3F2n-3, ∆CnF2nSO3, ∆CF3, ∆CF2O, and modifications were identified as frequent occurring 

differences in many PFAS spectra. Depending on the mass difference, both generic and rather 

specific occurrences were observed. For instance, mass differences such as ∆(HF)n, ∆CnH3F2n-3, 

were specific and formed during the fragmentation of telomer-based PFAS (general structure: 

R−C2H4−(CF2)n−F) while ∆(CF2)n was more often observed and is therefore suitable to prioritize 

spectra of a wide range of PFAS chemistries. Examples of spectra detectable by the identified 

mass differences are provided in Figure 5. 

 
Figure 5: Example of fragment mass differences that can be used to prioritize PFAS MS2 spectra. The top row shows 
∆CF2 for a PFCAs, N-EtFOSAA, and diSAmPAP, while on the bottom ∆HF, ∆CnH3F2n-3 is shown for telomer-based 
PFAS. Obviously, in all spectra abundant peaks are detectable by this small set of mass differences.  

The use of fragment mass differences allowed to detect 94% of the PFAS in the standard 

mixture and using the MassBank spectra, a mass tolerance around ± 1 mDa and an intensity 

threshold of at least 3% were found to be suitable to keep false positive identifications low. 

However, those parameters should be adjusted dependent on the data quality and the instrument 
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used for data acquisition. The application of this approach to the pre-characterized paper and soil 

samples (by Bugsel et al. (2022)) led to the identification of several novel isomeric TPs of 

fluorotelomer mercapto alkyl phosphates (FTMAPs) in the paper sample (see an example in 

Figure 6). Those include several oxidation states of the thiol-groups from one up to three oxygen 

atoms. By looking retrospectively into older HRMS data from soils, those TPs could also be found 

in soils from the Mannheim region. 

 
Figure 6: Example of the MS2 spectrum of the newly identified FTMAP TPs FTMAP sulfoxide and the respective mass 
differences that led to its detection. 

In summary, a major advantage of the fragment mass difference approach is the fact the 

fragments can be detected without knowing their mass. This is of particular importance, since a 

comprehensive use of diagnostic fragments is usually not possible and in case of TPs, adducts or 

in-source fragments the fragment masses change and might not appear on fragment mass lists 

anymore. Those unknown fragments are often still detectable via certain mass differences showing 

the potential for true NTS approaches. To this end, a Python tool named FindPF∆S, was developed 

that allows to search in MS2 raw data for fragment mass differences, independent on the used 

instrument. This allows a prioritization of potential PFAS fragmentation spectra. 

Detailed information and methodology can be found in publication 2 in the Appendix (A2). 

4.3. PFAS NTS in soil from NRW 

For a characterization of a complex PFAS contamination, the mass difference approach combined 

with diagnostic fragments and KMD analysis was applied to a composite soil sample from a 

contaminated agricultural site near Brilon-Scharfenberg in NRW. In 2006, elevated concentrations 

of selected PFAAs were detected in the Möhnetalsperre, in the river Ruhr and some tributaries as 

well as in drinking water in this region. Skutlarek et al. (2006) were able to locate a 10 ha 
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agricultural field as a main source of this widespread contamination of PFAAs. Although there are 

other studies that investigated this soil, for instance regarding the long-term leaching of PFAS, no 

comprehensive NTS was performed there, and studies concentrated on known PFAS (LANUV, 

2011; Röhler et al., 2021). The composite soil was therefore extracted (pre-TOP) and oxidized 

by the dTOP assay (post-TOP) and both samples were subjected to an in-depth NTS to identify 

potential unknown PFAS. After data evaluation and partially manual identification, the combined 

PFAS-specific NTS approaches led to the identification of more than 70 PFAS from 10 substance 

classes that were not known to occur in this soil before (see Figure 7). The identified PFAS also 

included entirely novel compounds that were to our best knowledge not reported in literature 

before (for one example see Figure 8). With a fraction of 40%, the SF5-PFSAs seem to be one of 

the main PFAS classes in the soil. Previously, they were usually detected in much lower 

concentrations compared to other PFAS in AFFF formulations or biosolids (Barzen-Hanson et al., 

2017; Munoz et al., 2022). 

 
Figure 7: Overview of the identified PFAS in the Brilon-Scharfenberg soil, (a) Percentage or the semi- and quantified 
PFAS in the soil. The grey shaded area (~23%) highlights the previously known PFAS, while the blue color scales 
show the identified PFAS which also include generally novel PFAS. (b) Estimated concentration (cestim) in µg/kg soil 
of single PFAS subdivided into individual carbon chain lengths. Note that the identifications include complex isomeric 
mixtures. For details and abbreviations see publication A3. 

Since almost all PFAS comprised sulfonic acid functional groups, they were semi-quantified by 

using PFSA reference standards. A total concentration of > 30 mg/kg was estimated which results 

in more than 2 t of PFAS on that field site when extrapolated from the composite sample to the 

whole area. A unique characteristic of the PFAS contamination in Brilon-Scharfenberg is the fact 

that it is dominated by perfluorinated PFAS. Approximately 97% of the identified PFAS were 

perfluorinated (no CH-bonds) and only ~3% had CH-bonds, i.e., they can act as precursors. This 

is a rather unique characteristic since many PFAS soil contaminations were typically described to 
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be dominated by precursors such AFFF-impacted sites or paper chemicals such as in the Rastatt 

case (Nickerson et al., 2020; Röhler, Susset, et al., 2023). By using the dTOP assay, 37% of the 

formed PFCAs could be explained by the semi-quantified precursors which is in a reasonable range. 

The discrepancy could be explained by either the presence of further precursors that were not 

captured by the NTS or by systematic errors from the semi-quantification or both. The identified 

perfluorinated PFAS were not transformed in the dTOP assay, however, it could be shown that 

due to the aqueous setup of the dTOP, long chain PFAS exhibit strong sorption and are therefore 

partially lost during the sample treatment. Furthermore, the NTS after the dTOP assay revealed 

C6-C10 perfluoroalkyl diacids with both a carboxylic and sulfonic acid group (PFCSA). Their 

estimated concentration after dTOP oxidation was ~41 ng/g which is only slightly less than the 

formed PFSAs (~64 ng/g) (Röhler, Haluska, et al., 2023), which demonstrates that besides 

PFAAs also other PFAS TPs can be relevant after TOP oxidation.  

Overall, since most of the identified PFAS were perfluorinated and structurally rather similar to 

PFAAs (at respective chain lengths), it can be expected that they also distributed in the past and 

contaminated the ecosystem since the contamination was already discovered in 2006. This study 

shows the high importance of NTS approaches for a more comprehensive characterization of 

complex PFAS contaminations, since even the TOP assay combined with target analysis could only 

capture less than ~25% of this particular contamination pattern and lead to an analytical blind 

spot. 

Detailed information and methodology can be found in publication 3 in the Appendix (A3). 

 
Figure 8: Example of the detection of fragments via the mass difference (∆CF2) (top) compared to matching the 
spectrum with over 900 PFAS-specific diagnostic fragments (bottom). The example shows the MS2 spectrum of an 
entirely novel PFAS, an unsaturated ether-SF5-PFSA. Without the knowledge of specific fragment masses, still most 
fragments can be detected allowing a MS2 prioritization. 
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4.4. Combination of workflows into a NTS tool 

To combine several existing and developed PFAS-specific NTS approaches, a Python-based tool, 

PF∆Screen, was developed. It is fully open-source and has a graphical user interface (GUI) to 

make its use as easy as possible. Its basic functionality allows the input of vendor-independent 

MS raw data (.mzML) from a sample and a blank file. In the first step, feature detection is 

performed by the FeatureFinderMetabo algorithm which is accessed via the pyOpenMS interface 

(Kenar et al., 2014; Röst et al., 2014). Originally designed for metabolomics datasets, it is very 

powerful for small molecules in general and also used for environmental NTS (Helmus et al., 

2021). After feature detection, the MS2 raw data is assigned to respective features by setting a 

certain m/z and RT tolerance and a subsequent blank correction can be performed that removes 

features from the sample of interest that also appear in the blank sample. As a result, a blank 

corrected feature list is generated that includes basic information such as m/z, RT, and intensity 

but also MS2 spectra and isotope abundances that are needed to determine the carbon number 

which is a requirement for the MD/C-m/C approach. In the second step, a PFAS specific feature 

prioritization can be performed which includes the following techniques: (1) MD/C-m/C filtering, 

(2) MD filtering, (3) screening for homologous series by KMD analysis with predefined repeating 

units (e.g., CF2), (4) searching for specific fragment mass differences (e.g., ∆CF2), (5) matching 

of MS2 spectra with PFAS-typical diagnostic fragments, and (6) perform a suspect-screening with 

a custom suspect list. Figure 9 provides an overview of the functionalities of the PF∆Screen 

workflow.  
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Figure 9: Schematic overview of the PF∆Screen workflow in the structure of the GUI which includes feature detection, 
PFAS feature prioritization and a final raw data visualization that includes manual identification of adducts and in-
source fragments via coelution correlation. 

The result of the workflow is a table with prioritized and partially annotated features and several 

plots such as a KMD vs. m/z plot, the MD/C-m/C plot and MS2 spectra. Since in NTS, a manual 

verification of features with a tentative hit (e.g., suspect hit) is crucial, the PF∆Screen interface 

allows the user to visualize the MS raw data after running the workflow. This includes the 

generation of EIC, MS1 and MS2 spectra (with detected mass differences and diagnostic 

fragments) as well as matching of theoretical with measured isotope patterns (see also Figure 9). 

Furthermore, to manually cluster potential in-source fragments (e.g., neutral loss of HF) or adducts 

(e.g., [M-H]- and [M+CH3COO]-) together, it is possible to correlate the EIC of a particular feature 

of interest with all EICs of coeluting features and detect only highly correlating EICs since those 

potentially originate from the same compound (Guo et al., 2021; Kuhl et al., 2012).  

To present the workflow, two soils from Rastatt (R1 & R2) and two soils from Mannheim (M1 

& M2) were extracted and measured by HPLC-QTOF-MS and the MS raw data was processed 

with PF∆Screen. By removing features with an m/C ratio < 30, which is unlikely low for highly 

fluorinated PFAS, 92% of the detected features could be removed which shows how powerful the 

m/C dimension is with respect to prioritization purposes in real MS data (see Figure 10). 
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Figure 10: (a) MD/C-m/C plot of 12692 features detected in all four soils. The colorbar corresponds to the estimated 
carbon number. In the MD/C-m/C plot, potential PFAS (number 3) are clearly separated from hydrocarbons (number 
1) and hydrocarbons with overlapping MD (number 2) (that exceed a MD of +0.5 Da due to high numbers of 
hydrogen atoms). They overlap in the MD/C dimension, however, by the more powerful m/C they can be easily 
separated. (b) Histogram of the feature numbers over the m/C dimension, which again highlights that most features 
in the soil extracts strongly differ from typical m/C ratios of PFAS. 

As exemplified on soil M1, the application of CF2-based KMD analysis to the subset of features 

with m/C > 30 led to the detection of 26 homologous series and in the MS2 data, 30 and 47 

spectra exhibited PFAS-specific fragment mass differences and diagnostic fragments, respectively. 

It is important to note that further potential PFAS MS2 spectra were detected in iterative 

measurements where other precursor masses were triggered. During suspect screening, 176 

tentative hits by accurate mass were found in soil M1. Manual verification of the potential PFAS 

hits prioritized by PF∆Screen resulted in the identification of more than 80 single PFAS with several 

isomers in the four soils (see Figure 11). Identified PFAS included classes such as PFCAs, PFSAs, 

fluorotelomer alkyl phosphate diesters (diPAPs), n:3 fluorotelomer carboxylic acids (FTCAs), 

fluorotelomer sulfonic acids (FTSAs), fluorotelomer mercapto alkyl phosphate esters (FTMAPs), 

and single PASF-based compounds such as perfluorooctane sulfonamide (PFOSA), N-

ethylperfluoro-1-octanesulfonamidoacetic acid (N-EtFOSAA), and N-ethyl perfluorooctane 

sulfonamide ethanol–based phosphate diester (diSAmPAP). Furthermore, several novel FTMAP 

related substances or TPs could be identified in the soils from Mannheim. The identification was 

possible with the correlation tool of PF∆Screen since several adducts and in-source fragments 

(but no typical [M-H]- ions) were detected because the identified FTMAP related compounds were 

diols that are usually not ionizable in a deprotonated form. The FTMAP chemistries were only 

detected in the soils from Mannheim indicating a different source of contamination. In conclusion, 

the PF∆Screen tool can be efficiently used to perform PFAS-prioritization and assistance during 

identification in HRMS raw data. The tool is available via GitHub and can be easily installed via 

batch files. 

Detailed information and methodology can be found in publication 4 in the Appendix (A4). 
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Figure 11: Overview of the identified PFAS classes in the four soils from Mannheim and Rastatt. The peak areas of 
each compound class were normalized to the highest peak area of the highest homologue in all four soils to allow a 
relative comparison. 

4.5. PFAS HRMS review 

During this dissertation, I was part of writing a critical review article discussing advantages and 

limitations of promising techniques for PFAS prioritization and identification by chromatographic 

techniques (LC and GC) coupled to HRMS. Resulting from the literature review, the most important 

methods relying on MS1 data (full scan) were MD filtering, KMD analysis, the novel MD/C-m/C 

approach, chemical formula assignment with restricted elements towards detection of fluorinated 

compounds, and suspect screening (that also includes mass spectral library matching). In the MS2 

space, diagnostic fragments and mass differences or neutral losses are important techniques. 

Another promising approach is the so-called fragment ion flagging which uses either the elution 

profiles of PFAS specific in-source fragments or fragments during data-independent acquisition 

(DIA) to locate RT-ranges where potential PFAS elute. An overview is depicted in Figure 12. More 

recent instrumental advances that add another dimension to HRMS data such as ion mobility 

spectrometry (IMS) can further improve identification confidence and are able to separate for 

instance important and often ignored PFAS isomers.  
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Overall, more than 750 novel PFAS were identified in the environment in the last years 

highlighting the importance of NTS as a much wider analytical window compart to conventional 

target screening (Liu et al., 2019). 

Detailed information and methodology can be found in publication 5 in the Appendix (A5). 

 
Figure 12: Overview of the most important prioritization and identification approaches used for PFAS NTS by 
chromatographic techniques coupled to HRMS. Abbreviations: KMD: Kendrick mass defect, HS: homologous series, 
RT: retention time, MD: mass defect, C: carbon atom, m: mass, Da: Dalton, DDA: data-dependent acquisition, DIA: 
data-independent acquisition. 

4.6. Precursor oxidation via UV/TiO2 

As an alternative to the existing TOP assay which generates OH-radicals from thermal 

decomposition of peroxodisulfate at a high pH for oxidative conversion of PFAA-precursors, the 

“PhotoTOP” was developed which relies on photocatalytic generation of OH-radicals via UV/TiO2. 

Estimating concentrations of precursors via oxidation is an important complementary approach to 

conventional extraction and mass spectrometric detection and can cover for instance also non-

ionizable or non-extractable precursors. It was shown in spike experiments that a quantitative 

conversion with the PhotoTOP setup of known PFAA-precursors within less than 4 h of oxidation 

was possible resulting in a closed mass balance for diPAPs, FTCAs, FTSAs, PFOSA, and N-

EtFOSAA by transformation to PFCAs (Figure 13a). A major advantage of the PhotoTOP is the 

fact that the perfluoroalkyl chains are mostly conserved in the form of n-1. For example, the 
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oxidation of 8:2 FTSA (8 perfluorinated carbon atoms; n = 8) yielded mostly PFOA which means 

that one CF2-unit was oxidized as PFOA has 7 perfluorinated carbon atoms (n = 7) and a 

carboxylic acid group. Minor fractions of the yielded PFCAs exhibit the original perfluoroalkyl chain 

length (perfluorononanoic acid) or are shortened by more than one CF2-unit (Figure 13a). This 

allows to partially elucidate the chain length of precursors. Furthermore, due to the absence of 

any salts, the subsequent sample preparation steps are less time consuming compared to the TOP 

assay and allow direct injection with conventional ESI-MS without discriminating SPE. This can be 

beneficial especially for complex samples where no information on potential precursors, and 

therefore, on expected oxidation products is available. Another potential benefit of the PhotoTOP 

is the photocatalytic nature of the OH-radical production. While in the TOP assay only a defined 

amount of oxidizing agent is available which is consumed over time also by other compounds than 

PFAA-precursors in case of high dissolved organic carbon content, in the PhotoTOP, the oxidation 

time can be extended, and the OH-radical production continues. In theory this can be done until 

all precursors are quantitatively oxidized to PFAAs. However, this should be investigated in more 

detail in the future. 

To present the conservation of the chain length distribution of precursors with more complex 

real samples, extracts of PFAS-coated papers where the precursors were known previously were 

oxidized and the formed PFAA chain lengths were correlated with the precursor chain lengths 

(Figure 13b). Direct oxidation of selected papers was also included. 

 
Figure 13: (a) Mass balance of the formed PFCAs from 8 known precursors after an application of the PhotoTOP 
oxidation for 4 hours. (b) Normalized peak areas of even-numbered PFCAs after PhotoTOP oxidation vs. normalized 
peak areas of different precursors from several paper extracts and direct paper oxidation. The correlation shows that 
the perfluoroalkyl chain lengths of precursors are conserved overall after oxidative conversion.    
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This shows that even in case of complex mixtures, relevant information on perfluoroalkyl chain 

lengths of unknown precursors is available. This is of particular relevance due to the restriction 

and bioaccumulation potential of longer chain PFAS. In the course of the NTS for the PFAA-

precursors in the paper sample two novel classes of FTMAP TPs could be identified. 

Finally, a commercial polymeric PFAS standard that was used as a water and grease repellent 

coating for different products and a textile sample that was suspected to be coated with SFPs 

were investigated with the PhotoTOP. When extracted with MeOH, no PFAS could be detected in 

the extracts. After direct oxidation, high concentrations of PFAAs formed which shows that also 

non-extractable and potentially non-ionizable precursors are amenable to the PhotoTOP. Such 

compounds are very important because they are often overlooked even by NTS approaches 

although they can be present in high concentrations in products and they were also shown to emit 

both volatile FTOHs (in indoor environment, e.g., from carpets) and PFAAs into the environment. 

Detailed information and methodology can be found in publication 6 in the Appendix (A6). 

4.7. Characterization of SFPs in textiles 

To compare the performance of the developed PhotoTOP with complementary techniques for a 

characterization of SFPs in functional textiles, several samples that were suspected to contain 

fluorinated durable water repellent (DWR) coatings were ordered in 2022. SFPs are usually not 

amenable to mass spectrometry since the perfluoroalkyl side chains are covalently bound to the 

polymer backbone. Therefore, they are either non-extractable, or if partially extractable, molecular 

weights are too high for ESI. Examples for different textiles ordered were shower curtain, sunbed 

fabric, umbrella fabric, awning fabric, outdoor fabric, and Cordura. A subset of the textiles was 

prioritized by contact angle measurements with oil and water and several methods were applied. 

Extracts were screened for PFAAs and other common PFAS (before oxidation/hydrolysis), textiles 

were directly oxidized and hydrolyzed via PhotoTOP, dTOP, and THP, and additionally EOF and TF 

measurements were performed. It could be shown that both conventional extraction and detection 

of PFAAs as well as EOF were not able to comprehensively capture the organic fluorine present 

in the textiles. After oxidation or hydrolysis, the amount of organic fluorine (in the form of PFAAs 

or FTOHs) increased by a factor of 50 compared to the extractable PFAS, clearly indicating the 

presence of non-extractable SFPs. The chain length distribution of SFPs in the textiles could be 

described best by the THP assay since the original chain length is conserved when precursors are 

hydrolyzed. Also, the PhotoTOP resulted in much less chain shortening than the dTOP (Figure 
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14). It should be noted that the results also indicated that the THP assay is more selective due to 

hydrolysis compared to OH-radicals in case of dTOP and PhotoTOP. 

 
Figure 14: Comparison of concentrations of PFCAs and FTOHs formed from application of PhotoTOP (green), dTOP 
(blue), and THP (red) in the textiles T05, T15, and T20. Note that in the case of PFCAs, the total chain length 
(including carboxylic acid) is shown (e.g., PFOA = C8) while for FTOHs the perfluoroalkyl chain length was used 
(e.g., 8:2 FTOH = C8). The PhotoTOP was able to conserve the main perfluoroalkyl chain to (n − 1) PFCAs. Asterisks 
highlight semi-quantified FTOHs. 

A correlation between the formed PFCAs after PhotoTOP and dTOP and both EOF and TF 

measurements was observed (Figure 15). While the EOF was much lower, approximately 50% of 

the TF could be explained by fluorinated side chains generated by the oxidative methods. In 

previous studies, the explainable TF via PFCA formation from the dTOP was in the range of only 

1% (Liagkouridis et al., 2021). Overall, the concentrations of SFPs in the textiles were in a 

comparable range compared to other studies. For oxidation/hydrolysis they range from <LOQ to 

over ~1000 mg F kg-1 and for TF from <LOQ to > 2000 mg F kg-1, while the EOF and target 

PFAS in extracts were detected at much lower concentrations (up to ~60 mg F kg-1). The amount 

of fluorine in the investigated textiles was in the order of extraction << EOF << 

oxidation/hydrolysis < TF. With over one mass percent of fluorine, the highest concentration of 

perfluoroalkyl side chains was detected in an outdoor fabric that was certified by the OekoTex 

Standard 100. Such certificates are usually based on extraction which further highlights the 

importance of methods such as PhotoTOP, dTOP or fluorine sum parameters. In conclusion, this 

study shows that even with restrictions, long-chain PFAA precursors such as SFPs are still used in 

high amounts in consumer products such as textiles today. Those SFPs were shown to emit both 
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PFAAs and FTOHs into the environment during their lifecycle and especially after their disposal for 

instance in waste incineration or landfills (Schellenberger, Jonsson, et al., 2019; Washington et 

al., 2015). 

Detailed information and methodology can be found in publication 7 in the Appendix (A7). 

 
Figure 15: Correlation of fluorine in the sum of formed PFCAs after PhotoTOP and dTOP oxidation vs. fluorine from 
TF and EOF measurements. Compared with TF, an almost complete conversion (~50%) of SFPs to PFCAs was 
possible via oxidation when directly applied to the textiles. The measured EOF was much lower due insufficient 
extraction of SFPs, which is also reflected by low concentrations of PFCAs in oxidized textile extracts. Error bars from 
PhotoTOP measurements correspond to duplicate sampling (error calculated using Gaussian error propagation), while 
for EOF and TF they represent triplicate measurements. 
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5. Conclusions and outlook 
In this dissertation both, NTS approaches for the identification of PFAS in complex samples were 

developed and applied as well as chemical conversion techniques (oxidation and hydrolysis) were 

used to unravel PFAS that are usually not amenable to mass spectrometry. During NTS, the MD/C-

m/C approach that normalizes the mass defect (MD) and the measured mass to the carbon 

number C which can be estimated from the isotopic abundance of 13C was evaluated and shown 

to be able to remove large fractions of background signals and signals that originate from non- or 

very low-fluorinated compounds. This resulted in an efficient data reduction in complex samples of 

the detected MS1 signals allowing downstream approaches with considerably less false positive 

detections. To perform also MS2 prioritization, fragment mass differences were combined with 

diagnostic fragments to detect spectra that originate from PFAS with a high probability. With the 

developed NTS approaches, an efficient prioritization of PFAS in complex HRMS datasets was 

possible and soil contaminations were characterized both from the Rastatt region and a 

contaminated site in Brilon-Scharfenberg. This resulted in identification of in total more than 100 

single PFAS which also included several novel PFAS classes that were not reported before. In in 

soil from Brilon-Scharfenberg, the NTS was combined with a semi-quantification approach which 

showed that more than ~75% of the PFAS were overlooked by previous target analyses. This 

could clearly demonstrate the importance of HRMS in combination with efficient data evaluation 

to characterize complex PFAS contaminations in more detail compared to target analysis which 

often missed significant fractions of PFAS in the past. Although accurate concentrations of 

identified analytes cannot be directly determined via NTS, it is a necessary and important first step 

because methods that rely on reference standards for each analyte are often unable to cover large 

fractions of the PFAS found in the environment.  

Eventually, several NTS methods that were used and developed individually during this 

dissertation were combined into the step-wise data processing tool PF∆Screen that is openly 

accessible and can easily be used by other analytical chemists for PFAS NTS. It works 

independently on the used mass spectrometric vendor with data dependent acquisition (DDA) MS 

raw data (LC- and GC with ESI or APCI) and allows both prioritization and tentative identification. 

Open-source software is an important part of the NTS community, makes the identification of 

organic contaminants in the environment and biological samples more reproducible and 

accelerates the discovery of new compounds.  
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Nevertheless, there are still limitations in NTS approaches that need to be addressed in the 

future. Although many PFAS could be identified, the identification of true unknowns is still very 

difficult and time consuming since it often has to be done manually. Manual identification and 

structure elucidation are very tedious and require expert knowledge on interpretation of mass 

spectra. Therefore, it is very important to report all identifications and annotated fragmentation 

spectra into publicly available databases such as PubChem. If chemical information on already 

known compounds is missing in chemical databases, their manual identification is rather time 

consuming while access to their structures allows faster identification via suspect screening. 

Furthermore, for confident identification, MS2 spectra are a prerequisite. The used DDA methods 

usually cover only a fraction of the detected ions and potential PFAS MS2 spectra cannot be 

detected since they can be missing in the acquired datasets. This makes manual fragmentation 

experiments necessary. To overcome this incompleteness, data-independent acquisition (DIA) 

approaches could be used, which in principle, produce fragments of all ions. DIA datasets are more 

complex than DDA and the relation between precursor and fragmentation spectra is not given, 

however, more advanced data processing algorithms can be used in the future to potentially cover 

an even wider range of PFAS. Potentially, fragment mass differences can also be applied to DIA 

data to extract fragments of interest that are likely originating from fluorinated compounds.  

Another important aspect of comprehensiveness in the mass spectrometric detection of PFAS 

is the usage of other chromatographic separations besides LC such as supercritical fluid 

chromatography (SFC) or GC that allow the coverage of analytes of very high polarity and high 

hydrophobicity, respectively. This should be considered in future studies, since analytes not 

detected by the used instrumental methods cannot be recognized and even the best algorithm or 

data processing approach will fail. Therefore, whenever extended chromatographic separation (or 

ion-mobility spectrometry) is available, it should be applied to increase the coverage of potential 

detectable analytes. There are of course also complementary techniques such as 19F-NMR that 

allow a different perspective on potential fluorinated compounds in samples of interest and 

increase the chemical information when combined with MS. 

In the second part of this dissertation, several methods based on chemical conversion such as 

the developed PhotoTOP and the sum parameter TF were used to capture also PFAS that are not 

extractable and are therefore often not considered when only mass spectrometric detection is 

used. This further widens the analytical window to compounds that are not ionizable. The 

PhotoTOP assay generated relevant information such as chain-length distributions of precursors 

whose structure was unknown. Although a quantitative conversion was only possible in selected 

samples, the application of long enough oxidation times could cover more than 50% of the fluorine 
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in side-chain fluorinated polymers (SFPs) which was not possible in previous studies. Since the 

discrepancy between fluorine sum parameters and individual detected compounds is still 

significantly large in many environmental and consumer product samples, future work should be 

invested in optimization and standardization of those methods relying on chemical conversion 

towards fully quantitative information. Meanwhile, the structural information generated by chemical 

conversion is highly valuable and most other sum parameters lose this information. This knowledge 

can serve also as a prioritization for subsequent measurements with other techniques to obtain 

the identity of PFAS that form the detected oxidation or hydrolysis products. The ideal conversion 

should have rather mild conditions to retain as much structural information as possible but still be 

able to answer quantitative questions. In conclusion, it is always important to use a set of 

complementary tools to gain a deeper understanding of the chemistry of PFAS found in the 

environment and biota.  

Robust analytical approaches are the basis for the identification of harmful chemicals around us 

and can provide the required information to act and stop emission and also production of toxic, 

mobile and persistent chemicals such as PFAS. A general principle is that reducing emissions at 

the source is always more efficient and cost-effective than removing widespread emissions from 

the environment. In fact, the latter is usually impossible within a reasonable framework of effort 

and cost. This is impressively illustrated by the large-scale contamination of the Rastatt and Brilon-

Scharfenberg cases. 
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Abstract 

Non-target screening (NTS) based on high-resolution mass spectrometry (HRMS) is necessary to comprehensively character-

ize per- and polyfluoroalkyl substances (PFAS) in environmental, biological, and technical samples due to the very limited 

availability of authentic PFAS reference standards. Since in trace analysis, MS/MS information is not always achievable 

and only selected PFAS are present in homologous series, further techniques to prioritize measured HRMS data (features) 

according to their likelihood of being PFAS are highly desired due to the importance of efficient data reduction during 

NTS. Kaufmann et al. (J AOAC Int, 2022) presented a very promising approach to separate selected PFAS from sample 

matrix features by plotting the mass defect (MD) normalized to the number of carbons (MD/C) vs. mass normalized to the 

number of C (m/C). We systematically evaluated the advantages and limitations of this approach by using ~ 490,000 chemi-

cal formulas of organic chemicals (~ 210,000 PFAS, ~ 160,000 organic contaminants, and 125,000 natural organic matter 

compounds) and calculating how efficiently, and especially which, PFAS can be prioritized. While PFAS with high fluorine 

content (approximately: F/C > 0.8, H/F < 0.8, mass percent of fluorine > 55%) can be separated well, partially fluorinated 

PFAS with a high hydrogen content are more difficult to prioritize, which we discuss for selected PFAS. In the MD/C-m/C 

approach, even compounds with highly positive MDs above 0.5 Da and hence incorrectly assigned to negative MDs can still 

be separated from true negative mass defect features by the normalized mass (m/C). Furthermore, based on the position in 

the MD/C-m/C plot, we propose the estimation of the fluorine fraction in molecules for selected PFAS classes. The promis-

ing MD/C-m/C approach can be widely used in PFAS research and routine analysis. The concept is also applicable to other 

compound classes like iodinated compounds.

Keywords PFAS · High-resolution mass spectrometry · Non-target-screening · Feature prioritization · Data reduction · 

Elemental composition

Abbreviations

F/C  Fluorine to carbon ratio (number)

H/C  Hydrogen to carbon ratio (number)

m/C  Mass to carbon value

MD/C  Mass defect to carbon value

NOM  Natural organic matter

OCs  Organic contaminants

PFAS  Per- and polyfluoroalkyl substances

%mF  Mass percentage of fluorine in a chemical 

formula

%nF  Molar percentage of fluorine in a chemical 

formula

Introduction  

Per- and polyfluoroalkyl substances (PFAS) are an immense 

class of anthropogenic chemicals with useful properties 

for countless commercial applications [1, 2]. PFAS char-

acterized by  CnF2n+1– or  CnF2n+1–O–CmF2m–units exhibit 

non-stick properties and extreme stability [3, 4]. This high 

persistence, of either PFAS themselves or their perfluori-

nated transformation products, led to a global distribution 

of perfluoroalkyl acids (PFAAs) [5, 6]. As a reason of this 

property, combined with their bioaccumulation potential and 

 * Christian Zwiener 

 christian.zwiener@uni-tuebingen.de

1 Environmental Analytical Chemistry, Department 

of Geosciences, University of Tübingen, 

Schnarrenbergstraße 94-96, 72076 Tübingen, Germany



 Zweigle J. et al.

1 3

observed adverse health effects, much effort was put into 

regulations for selected long-chain PFAS (perfluoroalkyl 

carboxylic and sulfonic acids) [7]. However, the develop-

ment of replacement compounds and the large market for 

PFAS continuously increases the number of individual 

fluorinated substances and their production volume [8]. 

Several studies showed considerable fractions of unidenti-

fied organic fluorine in numerous samples, including human 

serum, showing that much more unknown PFAS must be 

present in the environment [9–12].

Since the sheer number of PFAS makes a comprehensive 

use of authentic analytical reference standards practically 

impossible, non-target screening (NTS) approaches based on 

high-resolution mass spectrometry (HRMS) are a necessary 

tool for PFAS identification in all kinds of samples [13, 14].

In NTS, data reduction and prioritization of features is 

always a crucial step for an efficient workflow. The chemi-

cal mass defect (MD), which is typically slightly negative 

for PFAS with high fluorine content, can be used as a first 

prioritization approach [15, 16]. For PFAS that occur as 

homologous series in samples of interest, Kendrick mass 

defect (KMD) analysis is a powerful tool for data prioritiza-

tion and compound identification [17, 18]. In case of rela-

tively high PFAS concentrations compared to the sample 

matrix, approaches relying on  MS2 data using diagnostic 

fragments and/or fragment mass differences are efficient in 

detecting potential PFAS candidates and further identify-

ing them [19, 20]. However, approaches that rely on  MS2 

data for prioritization are often impractical in trace analysis, 

because achieving a broad MS/MS coverage can be very 

time consuming and exhaustive coverage is usually not pos-

sible due to detection limits and hence noisy mass spectra. 

Furthermore, unknown PFAS not occurring as homologues 

cannot be captured by KMD analysis and if present in trace 

concentrations further homologues might not be present in 

sufficient concentrations for the peak picking algorithm or 

lost during certain data reduction steps. Depending on the 

sample matrix, even the MD approach may fail for com-

pounds with a high positive MD that exceeds + 0.5 Da that 

can be erroneously interpreted as negative MD and therefore 

incorrectly assigned to PFAS (see Fig. S1). Data filtering 

with too strict MD ranges on the other hand may exclude 

true positives (mainly critical for PFAS with high H-content 

or other halogens).

In a recent publication, Kaufmann et al. (2022) presented 

a highly promising approach for an efficient prioritization of 

potential PFAS in complex matrices (fish extracts) [21]. Com-

pounds with high fluorine content (composed mainly of C and 

F) have much lower carbon numbers compared to compounds 

dominated by C and H at a similar mass. The carbon num-

ber can be retrieved from HRMS data from the abundance of 

the 13C isotope [M + 1] according to the following equation: 

C = IM+1/IM/0.011145, where IM+1 and IM correspond to the 

intensities of the first isotopic and monoisotopic peak, respec-

tively [21]. Therefore, a compound mass normalized to the 

number of C atoms (m/C) can be used as a separation criterion 

for potential PFAS features (for  CF2, m/C = 50) from matrix 

features (for  CH2, m/C = 14). A further criterion for PFAS 

selection is the MD normalized to the number of C atoms 

(MD/C), for which Kaufmann et al. (2022) observed a strong 

separation of PFAAs from fish matrix in NTS data due to the 

typically more negative MD/C of PFAS compared to other 

CHO compounds. The general concept of the MD/C-m/C plot 

is illustrated in Fig. 1. Compounds with an increased number 

of heavier elements compared to H are shifted to higher m/C 

values, while compounds with a higher number of elements 

with negative MD are shifted to a more negative MD/C. As an 

example, a PFAS for which the chemical formula approaches 

 (CF2)n would plot at m/C ≈ 50 and MD/C ≈ − 0.003 while 

a compound mainly composed of  (CH2O)n would plot at 

m/C = 30 and MD/C =  + 0.0106, showing that such a separa-

tion generally works. Therefore, if we consider compounds 

which are mainly characterized by the transition from a satu-

rated hydrocarbon  (CH2) to a perfluoroalkyl substance  (CF2) 

 (CHxF2-x, x = 0, 1, 2) all plot along the following line:

The same principle holds for compounds that are charac-

terized by the transition between CF and  CF2:

(1)MD∕CCHxF2−x
≈ −5.24 × 10

−4
⋅m∕C + 0.023

Fig. 1  Schematic explanation of the MD/C-m/C plot. Important posi-

tions of compounds composed on average of  CH2,  CH2O, CHO, 

CHF, CF, and  CF2 are shown. The general trend of increasing m/C 

with increasing percentage of heavy elements (e.g., halogens, O, N, P, 

S, and heavy metals) and the decreasing trend of MD/C with increas-

ing numbers of elements that have a negative mass defect are high-

lighted. Furthermore, the  CHxF2-x-line (*, with 0 ≤ x ≤ 2, see Eq.  1) 

and the  CFx-line (**, with 0 ≤ x ≤ 2, see Eq. 2) are given as orienta-

tions (see Fig. S2 for discrete points that fall on those lines)
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with 0 ≤ x ≤ 2. Both lines can be used as a very helpful ori-

entation when using the MD/-m/C plot for PFAS feature 

prioritization (discussed later, see also Fig. 1). One further 

important and useful intrinsic property of the MD/C-m/C 

plot is that structurally related compounds are clustered 

together.

To investigate the efficiency of the MD/C-m/C approach 

and its robustness to prioritize features as potential PFAS 

in GC or LC-HRMS data, we used chemical formu-

las of ~ 490,000 organic chemicals from online sources 

(PubChem (https:// pubch em. ncbi. nlm. nih. gov) and Koch 

et al. 2007) [22, 23]. We systematically evaluated which 

chemical composition of PFAS classes (~ 210,000 com-

pounds) can be separated from natural organic matter 

(NOM) compounds (~ 125,000) representing a typical 

matrix of environmental samples and from other organic 

contaminants (~ 160,000) and how explicitly that is possi-

ble. The degree of fluorination in a PFAS was expressed as 

F/C ratio (number of fluorine atoms divided by number of 

carbon atoms), H/F ratio (number of hydrogen atoms divided 

by number of fluorine atoms), mass percentage of fluorine 

(%mF), and by the molar percentage of F atoms per mole-

cule (%nF) to determine the range of elemental compositions 

(chemical formulas) for a clear separation from matrix com-

ponents. General advantages and limitations of the MD/C-

m/C approach are discussed in detail. Furthermore, we dis-

cuss the possibility to estimate the degree of fluorination of 

a compound based on its position in the MD/C-m/C plot for 

a statistically relevant number of PFAS.

Methods

Data collection

To perform a data evaluation with a robust amount of organic 

chemicals, raw data was downloaded from the PubChem 

Classification Browser and from the Supporting Informa-

tion of Koch et al. 2007 [22–24] and preprocessed in three 

individual datasets which are PFAS, organic compounds 

(OCs), and NOM compounds. From PubChem, the EPA 

DSSTox dataset (245,545 compounds) [25], the NORMAN 

Suspect List Exchange (113,737 compounds) [26] and from 

the “PFAS and Fluorinated Compounds in PubChem Tree” 

PFAS with parts larger than  CF2 or  CF3 that fall into the 

OECD definition (224,017 compounds) were downloaded 

as CSV and TXT files [27, 28]. The EPA DSSTox dataset 

includes any kind of toxic substances while the NORMAN 

database includes emerging environmental contaminants. To 

also include natural substances (NOM) which are typical 

(2)MD∕CCFx
≈ −8.406 × 10

−5
⋅m∕C + 0.001 matrix compounds in LC–MS (and GC) measurements, 

chemical formulas of 124,782 NOM constituents derived 

from ESI FT-ICR-MS measurements of a Suwannee River 

Fulvic Acid Standard (SRFA II) were included [22].

Data cleanup

Data cleanup and calculations were performed with Python 

3.9.13. Each CSV file was imported, and several cleanup 

steps and basic chemical calculations were performed which 

are presented in the following bullet points:

•Masses below 100 Da and above 2000 Da were removed 

to obtain a reasonable GC- and LC-MS mass range.

•All inorganic compounds were removed (mainly present 

in the EPA DSSTox dataset).

•All salts were removed via periods in their SMILES 

code.

•All organometallic compounds were removed since 

they usually play a minor role in typical environmental 

matrices and in addition most of them can rather easily 

be distinguished from other organic molecules by their 

unique isotopic pattern. Approximately 5% organometal-

lic compounds were present in the three PubChem data-

bases. Only compounds containing C, H, N, O, P, S, Si, 

F, Cl, Br, and I were kept for further calculations.

•The exact mass was calculated for each compound from 

its molecular formula. In case of charged compounds 

(e.g., quaternary ammonium compounds), charges were 

removed for the mass calculation.

•The number of C, F, and H atoms and the total number 

of atoms per compound were calculated.

•Both exact MD (theoretical; sum of MDs of all elements 

in the chemical formula) and the calculable MD (MD = 

accurate mass − integer mass) were determined.

•Finally, m/C and MD/C were calculated for all com-

pounds. Additionally, the MD/C was calculated with the 

calculable MD.

In the following step, the EPA DSSTox and NORMAN 

database were combined and most overlapping compounds 

(the EPA DSSTox already contains part of NORMAN) were 

removed by keeping only unique SMILES and InChIKeys. 

Then all fluorine-containing compounds were removed. This 

final dataset contained 182,503 organic contaminants with-

out fluorine which are denoted as OCs in the following. The 

NOM dataset was kept in its original form with 124,782 

compounds containing C, H, O, N, S, and P.

For the PFAS dataset (210,091 PFAS), four parameters 

were calculated that describe the amount of fluorine in PFAS 

molecules in different ways: F/C ratio, H/F ratio, the mass 

percentage of fluorine (%mF), and the fraction of fluorine 

atoms per molecule (%nF).
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Data evaluation

Separation of PFAS from OCs and NOM

To determine how well PFAS can be separated from com-

pounds without fluorine (OCs and NOM) in the MD/C-m/C 

plot a MD/C vs. m/C domain from − 0.05 ≤ MD/C ≤ 0.025 

and 10 ≤ m/C ≤ 100 and was chosen which included > 99.8% 

of all compounds of the three groups. Compounds that fall 

out of this domain were not included in the data evaluation 

(mainly compounds with less than two C atoms and heavy 

elements such as I or Cl and P).

To determine the position of each class in the MD/C-m/C 

domain, this was subdivided in a rectangular grid of 2D bins. 

A grid size of either 70 × 70 or 100 × 100 bins was chosen 

which corresponds to bin sizes of 0.0011 MD/C × 1.28 m/C 

or 0.00075 MD/C × 0.9 m/C. For the binned data, a 2D his-

togram was calculated for all three compound groups. The 

resulting matrix with the number of compounds in each bin 

(counts) was normalized to the total number of compounds 

present to obtain the fraction of compounds relative to all 

compounds in each bin (the sum of the normalized matrix 

corresponds to 100%) (Fig. S3). To find the position of a cer-

tain percentage of compounds (e.g., 90%) around the region 

with highest density of compounds, the bins were summed 

up in decreasing order until the desired percentage criterion 

was reached (a schematic explanation of this procedure is 

depicted in Fig. S3). Now the matrix of PFAS can be com-

pared to the matrix of the other compound classes (OCs or 

NOM) to find the overlapping region of both classes and 

determine the fraction of compounds that overlap for both 

classes (Fig. S4). Since OCs with high amounts of heavy 

elements (e.g., Br or I) always overlap with some PFAS, 

the calculations were performed for different percentages of 

each class. With this general procedure, the overlap was sim-

ulated for different fluorine content by varying the param-

eters F/C, H/F, %mF, and %nF and considering PFAS that fall 

into the criterion (e.g., PFAS with %mF ≥ 50%).

Position of PFAS in the MD/C‑m/C plot as a function 

of fluorine content

To determine the distribution of F/C, H/F, %mF, and %nF 

in the MD/C-m/C plot for PFAS, the mean and standard 

deviation of PFAS with %mF > 50% in each bin of the 2D 

histogram were calculated (see Fig. S3b for a schematic 

explanation). The 2D matrices with the mean of F/C, H/F, 

%mF, and %nF in each bin were used to investigate how 

well single bins represent these parameters (F/C, H/C etc.) 

and therefore how well MD/C-m/C positions can be used 

to predict those (F/C, H/C etc.) for PFAS. Furthermore, 

the overall error distribution was determined from the 

standard deviation matrices to conclude on the precision 

of such a prediction.

Results and discussion

Separation of PFAS from NOM and organic 
contaminants (OCs)

The position of organic compounds in the MD/C-m/C 

plot depends on their average mass per C atom and their 

average MD per C atom which are both strongly corre-

lated with chemical composition. Molecules with multi-

ple heavy elements (e.g., halogens, O, S, P, heavy metals) 

rather than H are shifted to the lower right corner (lower 

MD/C and higher m/C). This can be used to separate 

features that are highly fluorinated from other organic 

contaminants (OCs) and NOM (Fig. 2). The positions for 

80%, 90%, and 95% of OCs (182,503 compounds from 

the EPA DSSTox and NORMAN database), typical NOM 

constituents (124,782), and PFAS (209,760 with more 

than one  CF2 or  CF3 group according to the OECD) were 

calculated and visualized in the MD/C-m/C plot. Their 

exact distribution in the MD/C-m/C domain is shown in 

2D histograms (Fig. S5).

Overall, many partly fluorinated PFAS which are domi-

nated by CH from the PubChem dataset overlap with both 

OCs and NOM while highly fluorinated PFAS are well 

separable if they are characterized by %mF >  ~ 65% or 

F/C ratios ≥  ~ 1.1 (Fig. 2). High fluorine content draws 

the compounds the lower right corner of the MD/C-m/C 

plot. In Fig. S6, another representation of the overlap is 

provided as additional information.

To put the overlap into a quantitative context, the sepa-

ration of PFAS from both NOM and OCs was simulated 

individually by varying F/C, H/F, %mF, and %nF (Fig. 3). 

In general, NOM compounds show more overlap with 

PFAS in the critical lower MD/C and higher m/C range. 

From these calculations, approximate boundaries for an 

efficient PFAS separation can be estimated. In the case 

of NOM, 90% of the PFAS are separated from 90% of 

the NOM constituents (or in other words less than 10% 

of PFAS are in overlapping regions with NOM features), 

if the F/C ratio of PFAS is higher than ~ 1.03, or the H/F 

ratio smaller than ~ 0.59, or the %mF higher than ~ 58% 

or the fraction of fluorine atoms in the chemical formula 

is at least ~ 36% (for details, see Fig. 3). For the OCs, 

the boundaries (90%/90%) are F/C ~ 0.65, H/F ~ 1.17, 

%mF ~ 47%, or %nF ~ 25%. Histograms for PFAS are given 

in Fig. 4, where non-separable PFAS that fall below the 

thresholds of F/C, %mF, and %nF or above H/F are covered 

by a grey area (90%/90% boundary). It is important to 
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note that the determined boundaries should be considered 

as smooth transitions, as they are shown in Fig. 3 and the 

PFAS in the grey area are not necessarily “non-separable”.

In principle, these calculations reflect a worst-case 

scenario because in typical HRMS measurements, only 

a much smaller number of features is present (especially 

because a sufficient 13C isotope signal is required which 

further reduces the feature number) that directly compete 

with potential PFAS in the MD/C-m/C plot. However, the 

potential overlap in real-world measurements is always 

highly dependent on the sample matrix. In the case of fish 

extracts measured by Kaufmann et al. (2022), a complete 

separation of PFAS from co-extracted matrix from liver 

and muscle tissue was achieved. We further included four 

MD/C-m/C plots of PFAS in extracts of agricultural soils 

(raw data from Bugsel and Zwiener 2020 [17]) to demon-

strate the applicability of the approach in the SI (details 

in Fig. S7).

In the case of the presence of compounds with low MD/C 

and high m/C (e.g., halogenated substances, organometallic 

compounds, and others), a distinct separation from PFAS 

might not always be possible. Nonetheless, such compounds 

can often be separated from PFAS by their distinct isotopic 

patterns (e.g., Cl, Br, many heavy metals). This is more 

difficult for compounds with I or high percentages of O, P, 

or S. The MD/C-m/C plot is therefore also highly useful to 

find other compound classes such as iodinated substances, 

since they are located at even higher m/C and lower MD/C 

values than PFAS. The MD/C-m/C approach for PFAS 

feature prioritization has a further key advantage over the 

use of the MD alone. Compounds with a high positive MD 

above + 0.5 Da (for the simplest case  (CH2)32 = 448.5008 Da, 

becomes more important with increasing mass) may errone-

ously interpreted as negative MD (rounding to the nearest 

integer) and hence incorrectly assigned to highly halogen-

ated compounds like PFAS (see Fig. S1). In particular, this 

becomes more important for samples with high-molecular 

weight PFAS. In the MD/C-m/C plot, this unavoidable issue 

becomes much less of a problem because such features (high 

H content and MD >  + 0.5 Da) are still separated by the m/C 

dimension. For example, m/C of  (CH2)32 = 14 compared to 

m/C of CHF (= 32) or  CF2 (= 50) (see Fig. S8).

To classify the positions of selected examples of known 

PFAS in the MD/C-m/C plot, they were included in Fig. 2d 

(abbreviations are given in the caption of Table 1). For high 

fluorine-containing PFAS, a separation is clearly possi-

ble with limitations in case of the telomer-based aqueous 

film-forming foam (AFFF) compound Capstone B and the 

Fig. 2  Positions of organic contaminants (OCs, green) from the 

EPA DSSTox and NORMAN (182,503), NOM (blue) (124,782), 

and PFAS (red) (all: 209,760) with different amounts of fluorine 

(according to mass percent F (%mF) (a–c) and F/C ratio (d–f)) in 

the MD/C-m/C plot. The contour lines delimit the positions of 80% 

(center), 90% (middle), and 95% (external) of each group. In case 

of PFAS with %mF ≥ 65% or F/C ≥ 1.1, an almost complete separa-

tion is possible. Details on the known PFAS shown in subplot (d) are 

given in Table 1. The  CHxF2-x-line (with 0 ≤ x ≤ 2) and the  CFx-line 

(with 0 ≤ x ≤ 2) are given as orientations (see also Fig. 1; for discrete 

data points of PFAS that fall on the  CHxF2-x-line and  CFx-line, see 

Fig. S2). Figure S6 provides another representation of the overlap as 

further information
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Table 1   m/C, MD/C, H/F, F/C, %mF, and %nF for well-known PFAS 

which are shown in Fig.  1. Abbreviations: SF5-PFOS, pentafluoro-

sulfanyl perfluorooctane sulfonic acid [29]; F53-b, 6:2 Cl-perfluoro 

ether sulfonic acid; PFO6TeDA, perfluoro- (3,5,7,9,11,13-hexaoxa-

tetradecanoic) acid [30]; PFOS, perfluorooctane sulfonic acid; C6O4, 

perfluoro ([5-methoxy-1,3-dioxolan-4-yl]oxy) acetic acid; GenX or 

HFPO-DA, hexafluoropropylene oxide dimer acid; ADONA, dode-

cafluoro-3H-4,8-dioxanonanoate; PFOA, perfluorooctanoic acid; 

6:2 diPAP, 6:2 polyfluoroalkyl phosphate diester; 6:2 FTOH, 6:2 

fluorotelomer alcohol; AmPr-FHxSA, N-dimethyl ammonio propyl 

perfluorohexane sulfonamide [31]; Capstone B (also 6:2 FTAB), 6:2 

fluorotelomer sulfonamide alkylbetaine [32]. For the predicted F/C, 

the table provided as Electronic Supplementary Material was used. 

Compounds without prediction fell either in bins outside the used 

MD/C-m/C domain or were located in bins with less than 5 entries 

which were excluded in data analysis.

Compound Formula m/C MD/C H/F F/C %mF %nF Predicted F/C

SF5-PFOS C8F21O3S2 76.0  − 0.012 0.05 2.63 66 60 -

F53-b C8HClF16O4S 66.5  − 0.012 0.06 2.00 57 52 2.0

Cl-PFOS C8HF16ClO3S 64.5  − 0.012 0.06 2.00 59 53 -

PFO6TeDA C7HF13O7 63.4  − 0.007 0.08 1.86 56 46 2.2

PFOS C8HF17O3S 62.5  − 0.008 0.06 2.13 65 57 2.2

C6O4 C6HF9O6 56.7  − 0.006 0.11 1.50 50 41 1.9

GenX C6HF11O3 55.0  − 0.004 0.09 1.83 63 52 1.9

ADONA C7H2F12O4 54.0  − 0.003 0.17 1.71 60 48 1.9

PFOA C8HF15O2 51.7  − 0.003 0.07 1.88 69 58 1.9

6:2 diPAP C16H9F26O4P 49.4  − 0.001 0.35 1.63 63 46 1.8

6:2 FTOH C8H5F13O 45.5  + 0.002 0.38 1.63 68 48 1.5

AmPr-FHxSA C11H13F13N2O2S 44.0  + 0.004 1.00 1.18 51 32 1.4

Capstone B C15H19F13N2O4S 38.0  + 0.006 1.46 0.87 43 24 1.2

Fipronil C12H4Cl2F6N4OS 36.3  − 0.005 0.67 0.50 26 20 -

Fluoxetine C17H18F3NO 18.2  + 0.008 6.00 0.18 18 8 -

Fig. 3  Simulation of the separation of PFAS dependent on their fluo-

rine content (> F/C, < H/F, > %mF, and > %nF) from NOM compounds 

and organic contaminants (OCs) in the MD/C-m/C plot for 80%, 90%, 

and 95% of both classes (NOM vs. PFAS and OCs vs. PFAS). Blue 

dots mark the position where 90% of PFAS overlap less than 10% 

with 90% of the other class. The secondary y-axis shows the PFAS 

fraction that is above (F/C, %mF, %nF) or below (H/F) each fluorine 

quantity parameter. The text within each subplot gives the exact flu-

orine quantity and how much PFAS fall into that range (PFAS that 

have > F/C, %mF, and %nF and for H/F PFAS that have < H/F) for 

90% of both classes. The underlying concept of the calculation of one 

data point is exemplified in Fig. S4
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pharmaceutical fluoxetine. The separation works also very 

well for ether-PFAS such as C6O4, ADONA, GenX, and 

PFO6TeDA due to an additional high O content. AmPr-

FHxSA (electrochemically fluorinated AFFF), 6:2 FTOH, 

and fipronil are examples (low MD/C due to 2 Cl atoms and 

high m/C resulting from a high fraction of heteroatoms) that 

fall in regions closer to some OCs and NOM. Fluoxetine 

has only one  CF3-group and is an example for a compound 

that cannot be prioritized due to the dominance of CH in 

the chemical formula. This is generally the case for all com-

pounds with low CF compared to CH groups which are 

therefore shifted to the upper left part of the MD/C-m/C-plot 

and hence overlapping with NOM constituents (CHO) and 

many other organic chemicals. Information on the F/C, H/F, 

%mF, and %nF of those PFAS examples are given in Table 1. 

In general, all examples with longer perfluoroalkyl (or per-

fluoroether) chains are in the vicinity of the  CHxF2-x-line 

as indicated in Fig. 2d (see also Fig. 1 and Eq. 1). This line 

can be used as a helpful tool to estimate the elemental com-

position of features that are located closely and helps as an 

orientation in the MD/C-m/C plot. Compounds with more 

H atoms are shifted upwards in MD/C (e.g., 6:2 FTOH, or 

the AFFF compounds) while the presence of 2 Cl atoms in 

fipronil results in a lower MD/C which shifts downwards 

(and a shift to the right at higher m/C).

Generally, the prioritization of features as potential PFAS 

in the MD/C-m/C plot should either be performed elliptically 

outwards from the  CF2 position (MD/C ≈ − 0.003 and m/C ≈ 

50) along the slope of the  CHxF2-x-line (see Eq. 1) or along the 

 CHxF2-x-line from right to left (increasing MD/C and decreas-

ing m/C). To facilitate the procedure, we propose to rotate the 

MD/C vs. m/C data by the angle of the  CHxF2-x-line and to 

shift the  CF2 position to the origin (0,0) (Eqs. 3 and 4):

where m/Cm and MD/Cm are the new shifted and rotated 

locations, m∕CCF
2

 and MD∕CCF
2

 are the respective  CF2 posi-

tions (49.9968, − 0.00319), and m is the positive slope of the 

 CHxF2-x-line (+ 5.23 ×  10−4). For prioritization of subsets of 

the features, suitable ranges for MD/Cm and MD/Cm can now 

be set more easily (e.g., ± 10 m/C and ± 0.001 MD/C) (see 

Fig. S9). Furthermore, if a continuous feature prioritization 

is desired (ranking), the elliptical radii of features from the 

shifted  CF2 position (0,0) can be calculated according to 

Eq. 5:

where r
CF

2

 corresponds to the radial distance from the  CF2 

position and λ is a factor that determines the aspect ratio 

of the ellipse. Since the m/C range of PFAS with high F 

content (e.g., %mF > 60%) is approximately 3000 times the 

MD/C range (see Figs. S9 and S10), a reasonable λ would 

(3)

m∕C
m
=
(

m∕C − m∕CCF
2

)

cos(m) −
(

MD∕C − MD∕CCF
2

)

sin(m)

(4)

MD∕C
m
=
(

m∕C − m∕CCF
2

)
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2

)
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2

=

√

(
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m

�
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2

Fig. 4  Histograms of the dis-

tributions of PFAS with larger 

parts than  CF2 or  CF3 (210,091 

compounds) from PubChem for 

F/C, H/F, %mF, and %nF. Grey 

areas indicate PFAS that can-

not be easily separated by the 

MD/C-m/C approach based on 

the 90%/90% boundaries from 

Fig. 3 since they overlap with 

other compounds. The grey 

areas are given according to 

the calculations based on OCs. 

The data for each histogram 

was separated in 200 bins. Note 

which molecular compositions 

of PFAS are frequent. Note that 

the PFAS inside the grey area 

are not necessarily “non-separa-

ble PFAS”
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be ~ 3000; however, this parameter should be adjusted. After 

calculating r
CF

2

 , features can be prioritized by sorting them 

by increasing r
CF

2

 . It should be noted that λ is an empiri-

cal parameter that should be interpreted as an approximate 

value.

Estimation of the degree of fluorination

To determine whether the degree of fluorination can be esti-

mated from the position of a PFAS feature in the MD/C-

m/C plot, the mean and standard deviations of PFAS with 

%mF > 50% in each MD/C-m/C bin (70 × 70 grid) were cal-

culated for F/C, H/F, %mF, and %nF (Fig. 5). Only PFAS with 

more than 50%  mF were used in this data analysis because 

50%  mF was approximately determined to be sufficient for a 

separation of PFAS from other compounds (see Fig. 3). Bins 

in which less than 5 PFAS are located were excluded from the 

analysis since 5 compounds have been considered as mini-

mum for statistical calculations like mean and standard devia-

tion. It is important to mention that the standard deviation in 

each bin is dependent on the grid size, since a very fine grid 

(only one compound per bin) would result in a variance of 

zero. We have chosen a grid size of 70 × 70 bins for this data 

evaluation (for the dependency of the standard error on grid 

size, see Fig. S11; further details on calculations in Fig. S3).

For F/C, H/F, %mF, and %nF, overall reproducible distribu-

tions in the MD/C-m/C plot were observed (Fig. 5). The F/C ratio 

increases with increasing m/C (from left to right). H/F shows a 

decreasing trend with decreasing MD/C with particularly small 

values slightly above and below the  CFx-line. %mF shows an ellip-

tical decreasing trend (along the  CHxF2-x-line and other specific 

positions) with increasing distance to the  CF2-point and max-

ima along the specific lines (Fig. 5). A similar distribution was 

observed for %nF; however, in the region higher than m/C = 50, 

it still increases with increasing m/C. For all four fluorine param-

eters (F/C, H/F, etc.), there are exceptions which originate from 

the underlying dataset.

To estimate how well the four fluorine parameters can be 

estimated from a position in the MD/C-m/C plot, they were 

predicted based on the respective calculated 2D mean matrices. 

Those predicted values were then correlated with the true val-

ues (see Fig. 6 for F/C, and Fig. S12 for H/C, %mF, and %nF). 

Obviously, for F/C and H/F, the strongest correlation (R2 = 0.88) 

was observed while for %nF and %mF, it was lower (0.72 and 

0.41, respectively). The distribution of the standard errors of the 

mean in all bins reveals that H/F has by far the largest standard 

error (see Fig. 7; the detailed standard deviations in each bin 

in Fig. S12). While the standard error distribution of all bins 

for F/C and %mF was the lowest (around ~ 7% ± approx. 7%), 

that for %nF was medium (range of ~ 25%), and that for H/F 

was very large (up to 300%). This results from the fact that for 

highly fluorinated compounds, H/F becomes very small and 

close to zero (H = 1 or even 0 if F is very high) and in case 

of the standard error, the standard deviation is divided by this 

very small value of H/F (see also H/F plot in Fig. S13 close to 

the origin). Therefore, a prediction of H/F is not possible with 

reasonable precision. However, the F/C ratio of a compound 

can be estimated depending on its position in the MD/C-m/C 

Fig. 5  Average F/C, H/F, 

%mF, and %nF for PFAS with 

%mF > 50% in the MD/C-m/C 

plot (70 × 70 bins). The F/C 

ratio can be roughly estimated 

from a feature position in the 

MD/C-m/C plot (for correlation, 

see Fig. 6). Plot titles (σM) pro-

vide the median overall standard 

error (for standard error 

distribution, see Fig. 7). Exact 

standard deviations in each bin 

are provided in Fig. S12. Due 

to the higher variability of H/F, 

%mF, and %nF independent on 

the position in the MD/C-m/C 

plot, no accurate predictions can 

be performed (see Fig. S13 for 

correlation plots)
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plot with meaningful accuracy (see Fig. 6). Examples for F/C 

predictions from the mean matrix for the above PFAS examples 

are given in Table 1. With the estimated F/C ratio, the number 

of F atoms can further be calculated, since the number of C 

atoms is known. Furthermore, with the mass and number of F 

atoms, even %mF can be estimated. For that purpose, an Excel 

sheet with the mean matrix (and standard deviation) of the F/C 

ratio and corresponding MD/C and m/C-bins is provided as 

Electronic Supplementary Material.

This general estimation approach, however, should be handled 

with care, because compounds in the MD/C-m/C plot can devi-

ate from a CHF composition strongly making predictions more 

difficult. Also, measurement artifacts (e.g., errors in 13C isotope 

intensity due to detector saturation) should be considered in this 

approach. Overall, however, such a prediction provides useful 

information and a rough estimate of fluorine content of a meas-

ured feature based only on accurate mass measurements.

Conclusions and implication for PFAS NTS

Overall, the MD/C-m/C approach is a highly promising tool for data 

reduction in NTS measurements and, therefore, to improve and accel-

erate non-targeted identification of highly fluorinated PFAS in highly 

complex samples. Since the prioritization does not require MS/MS 

data or several homologues, it is especially valuable in trace analysis 

approaches. It can efficiently be used to select potential PFAS candi-

dates with high fluorine content for subsequent MS/MS experiments 

at a high probability. This increases the identification throughput since 

broad MS/MS coverage can be time consuming (multiple measure-

ments per sample). Furthermore, during suspect screening approaches, 

the number of features can be substantially reduced to potential PFAS 

compounds so that the false positive rate (which is often very high, 

when using large PFAS lists) can be kept in a manageable extent. Spe-

cial care should be taken when considering features at very high or low 

signal intensity, because of increased uncertainty of the determina-

tion of the 13C isotope abundance (and therefore MD/C and m/C). 

In the case of signals at or near MS detector saturation (e.g., in highly 

contaminated samples), the number of C atoms will be likely overes-

timated, shifting a feature to a lower m/C (stronger overlap with CH 

compounds) and lower MD/C. Therefore, it must be noted that both 

values are always subject to a certain error (e.g., ± 10%). However, if 

the MD/C of a feature is close to − 0.003 and m/C close to 50, there is 

a high probability that this indicates a highly fluorinated compound. 

Additionally, when the structure of a compound is known, the intrinsic 

property of the MD/C-m/C to cluster compounds of high elemental 

similarity can be used to get potential information on features that plot 

closely to known compounds.

In particular, we want to highlight the advantages of this 

approach over the use of MD only. Additionally, the MD/C-m/C 

position allows preliminary estimates on the elemental composi-

tion of a feature of interest.

We recommend an inside-out sequence of feature prioritiza-

tion of HRMS data in an elliptical shape (starting from the  CF2 

location) along the  CHxF2-x-line (see e.g., Eqs. 3–5, the PFAS 

region shown in Fig. 2c, or Figs. S9 and S10).

In addition, besides PFAS, the MD/C-m/C approach is 

highly promising for other compound classes like iodinated 

Fig. 6  Predicted F/C ratios based on the MD/C-m/C position in the 

mean matrix of F/C (F/C subplot in Fig. 5 and the Excel table of the 

ESI) vs. calculated real F/C ratios for chemical formulas of 52,769 

PFAS with %mF > 50%. Predictions for H/F, %mF, and %nF are given 

in Fig. S13

Fig. 7  Distribution of the standard error of F/C, %mF, %nF, and H/F 

in all bins from the MD/C-m/C plot for the calculations in Fig.  5 

(for detailed standard deviations and calculations, see Figs. S3 and 

S12). While F/C, %mF, and %nF have reproducible errors, as H/F 

approaches close to zero, the standard error becomes very high due 

to division by a very small mean H/F (see also Fig. S13). Therefore, 

a reasonable prediction of H/F cannot be achieved from a position in 

the MD/C-m/C plot



 Zweigle J. et al.

1 3

compounds (e.g., iodine-containing disinfection byproducts 

which are highly toxic [33]) since they are even better sepa-

rated from non-halogenated features in both dimensions due 

to their high m/C and low MD/C from to the contribution of I. 

Overall, we hope that this approach will be adapted by a wide 

range of PFAS researchers as well as analytical laboratories.

Supplementary Information The online version contains supplementary 

material available at https:// doi. org/ 10. 1007/ s00216- 023- 04601-1.
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Fig. S 1: True mass defect (MD) vs calculable MD for PFAS, NOM [1], and organic contaminants (OCs). 
Obviously, numerous compounds exceed a mass defect of +0.5 Da, shifting them erroneously into the negative 
MD range which leads to overlapping with PFAS (left plot). This is not the case for NOM features. 

 
Fig. S 2: Examples for PFAS with %mF ≥ 60% that fall along the CHxF2-x and the CFx-line. The color bar 
corresponds to the respective %mF. For details on the lines see Equation 1 and 2. 
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Fig. S 3: Schematic explanation of matrix calculations. (a) To find the area of a certain percentage of compounds 
in the MD/C−m/C plot the 2D histogram was normalized to its sum (percent compounds in each entry) and a 
while loop was used to find the area of x% in decreasing order (see also Fig. S4). (b) For F/C, H/F, %mF, and 
%nF the mean and standard deviation matrices (see Fig. 5 and Fig. S12, for standard error distribution see Fig. 6) 
of PFAS with %mF > 50% that fall in each bin were calculated. The standard deviation matrix was divided by 
the mean matrix to obtain a matrix with the standard errors. For the grid size dependent standard error, the mean 
and standard deviation of the whole standard error matrix were plotted against grid size (Formulas for MeanMSE  
and σMSE, see also Fig. S11). 

 
Fig. S 4: Example for the calculation of the overlapping regions of PFAS with organic contaminants (OCs). 
(Left) 90% of PFAS with %mF > 30% vs. 90% of OCs and (right) PFAS with %mF > 50% vs. 90% of OCs in a 
100 × 100 binned grid. For continuous simulations see Fig. 5.
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Fig. S 5: 2D histograms of the positions of PFAS, organic contaminants (OCs), and NOM compounds in the MD/C−m/C plot. Data is shown both in linear and log scale. In total, 
210,091 PFAS, 159,236 OCs, and 124,782 NOM compounds are shown in a 70 × 70 bin grid.  
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Fig. S 6: Further representation of the overlap of PFAS with organic contaminants (OCs). (a) % Overlap of PFAS 
and OCs vs. percent compounds considered for calculating this overlap. (b) Similar calculation but only PFAS 
with %mF > 50% were considered. The % compounds considered was calculated by summing up bins in 
decreasing order of compounds present. 

 

Fig. S 7: Examples of four experimental MD/C-m/C plots from extracts of PFAS contaminated agricultural soils 
measured by Bugsel and Zwiener 2020 [2]. Samples were measured by high-performance liquid chromatography 
quadrupole time-of-flight mass spectrometry and MS1 features above a certain intensity threshold are shown as 
black dots (details on the samples, sample preparation and identification can be found in [2]). Red dots are 
features that were identified as PFAS (e.g., perfluoroalkyl acids, polyfluoroalkyl phosphate esters, fluorotelomer 
carboxylic acids etc.). Overall an efficient separation from a significant fraction of matrix features can be 
observed which is generally concentrated along the proposed lines (see equation 1 and 2). The vertical line 
highlights m/C of 50 (= CF2). Note: The sample numbers correspond to the sample numbers in [2]. 
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Fig. S 8: Positions of 90% 95% and, 97% of the organic contaminants (OCs) with the true and the calculable 
MD (determined by rounding: MD = Exact mass – Integer mass). It becomes obvious that the compounds with 
erroneously negative MD are unproblematic since they can be separated from PFAS in the m/C dimension. This 
is not the case when considering the MD alone (see Fig. S1). 

 
Fig. S 9: Shifting and rotating the MD/C−m/C data. (a) MD/C−m/C plot with calculated rCF2  as color bar 
according to Equation 5 with λ = 3000 for PFAS with %mF > 20%. (b) Data shifted to the origin and rotated by 
the slope of the CHxF2-x line according to Equation 3 and 4. (c) Compression of m/C dimension through the factor 
λ. 

 
Fig. S 10: Contour lines (black) of Equation 5 with λ = 3000 for PFAS prioritization in the MD/C−m/C plot. 
Positions of OCs (green), NOM (blue) and PFAS with %mF > 55% (red) are shown. The colored contour lines 
delimit the positions of 80% (center), 90% (middle), and 95% of each group (see also Fig. 2). 

True MD Calculable MD



 
 

S7 
 

 

Fig. S 11: Dependency of the mean of the standard error matrix and the standard deviation of the standard error 
matrix of F/C, H/F, %mF, and %nF on grid size (for schematic explanations see also Fig. S3b). 
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Fig. S 12: Standard deviation of F/C, H/F, %mF, and %nF (shown as color bars) for PFAS with %mF > 50% in 
the MD/C−m/C plot (70 × 70 bins). For standard error distribution see Fig. 7. Note that the large standard error 
distribution of H/F result from the fact that in selected bins with highly fluorinated substances H/F approaches 
close to zero. 

 
Fig. S 13: Predicted H/F, %mF, and %nF based on the MD/C−m/C position in the respective mean matrix vs. real 
values for 52769 PFAS with %mF > 50%. Note that the large standard error of H/F (see Fig. 7) results from the 
variability in the low H/F range (compounds with much higher number of F than H), where is gets closer to zero. 
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ABSTRACT: The limited availability of analytical reference
standards makes non-target screening approaches based on high-
resolution mass spectrometry increasingly important for the
efficient identification of unknown PFAS (per- and polyfluoroalkyl
substances) and their TPs. We developed and optimized a vendor-
independent open-source Python-based algorithm (FindPFΔS =
FindPolyFluoroDeltas) to search for distinct fragment mass
differences in MS/MS raw data (.ms2-files). Optimization with
PFAS standards, two pre-characterized paper and soil samples
(iterative data-dependent acquisition), revealed Δ(CF2)n, ΔHF,
ΔCnH3F2n−3, ΔCnH2F2n−4, ΔCnHF2n−5, ΔCnF2nSO3, ΔCF3, and
ΔCF2O as relevant and selective fragment differences depending on applied collision energies. In a PFAS standard mix, 94% (36 of
38 compounds from 10 compound classes) could be found by FindPFΔS. The use of fragment differences was applicable to a wide
range of PFAS classes and appears as a promising new approach for PFAS identification. The influence of mass tolerance and
intensity threshold on the identification efficiency and on the detection of false positives was systematically evaluated with the use of
selected HR-MS2-spectra (20,998) from MassBank. To this end, with the use of FindPFΔS, we could identify different unknown
PFAS homologues in the paper extracts. FindPFΔS is freely available as both Python source code on GitHub (https://github.com/
JonZwe/FindPFAS) and as an executable windows application (https://doi.org/10.5281/zenodo.6797353) with a graphical user
interface on Zenodo.

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a large and
diverse group of anthropogenic chemicals with unique
properties, such as stain-, oil-, and water repellency, and very
high stability against extreme temperature and pH conditions,
resulting from their strong C−F bonds.1,2 These characteristics
result in countless applications for PFAS, ranging from
consumer products such as textiles, aqueous film-forming
foams for firefighting to surfactants, and additives in industrial
manufacturing.3,4 Their widespread use resulted in the global
distribution of perfluoroalkyl acids (PFAAs) in all environ-
mental compartments including air,5 water,6,7 and soil,8 as well
as exposure of wildlife9 and humans.10 While the well-known
PFAAs perfluorooctanoic acid (PFOA) and perfluorooctane-
sulfonic acid (PFOS) are nowadays largely regulated as
persistent organic pollutants due to their PBT properties
(other long chain PFAAs are already proposed for listing),11

there are still more than 600 individual PFAS estimated to be
on the global market and in daily use.12 Other estimates are
higher and extraction of PFAS from literature and patents
revealed much higher numbers of structures (OECD
definition) which can potentially be used or present in the
environment.13 Furthermore, a combination of regulatory
measures and the high demand for alternatives results in
production and use of many not yet known PFAS. Although

there is a shift in production to shorter-chain and ether PFAS
with lower bioaccumulation potential,14 these substances are
still either persistent themselves or ultimately transform to
persistent transformation products (TPs).15,16 In addition, the
fact that numerous studies showed high fractions of unknown
organic fluorine in biota, environmental samples, and
consumer products further highlights the need of new
approaches to tackle identification of unknown PFAS.10,17−19

From an analytical point of view, the limited availability of
authentic reference standards considerably limits the number
and kind of routinely analyzed PFAS.20,21 Therefore, besides
target analysis, screening approaches with high-resolution mass
spectrometry greatly enhance the possibilities for the
identification of new PFAS and their TPs.22 On the MS1-
level (scan), there are several promising approaches for the
identification of unknown PFAS including classical suspect-
screening,23,24 and Kendrick mass defect (KMD) analysis
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which takes advantage of typical repeating units of PFAS
homologues (e.g., CF2).

8,25−27 Furthermore, specific in-source
fragments (in-source fragmentation flagging) such as C2F5

−

were successfully used to identify PFAS in water.28 Similar
approaches were applied with data-independent acquisition
using PFAS-specific fragments and neutral losses.29,30 Diag-
nostic fragments were also combined with in silico
fragmentation prediction as automated PFAS NTS software
on MS (KMD analysis) and MS2-level.31 Further methods
focusing on computational approaches with in silico predicted
fragments and PFAS TPs also exist.32,33 However, the above-
mentioned methods also have drawbacks: Suspect-screening is
often limited due to high false positive rates and high
uncertainties if MS2 information is missing. Diagnostic
fragments are only described for a limited number of known
PFAS classes and in silico models with rule-based or
combinatorial fragmentation are not able to predict fragments
formed by molecular rearrangements sufficiently.34

Besides diagnostic PFAS fragments, the use of neutral losses
strongly increased the information on PFAS identity in several
studies.35−37 Here, mainly only mass differences of one
fragment to the observed molecular ion were used (e.g.,
[M−H−HF]−). Despite the large variety of chemical
structures of PFAS, they include common substructures such
as perfluoroalkyl chains (CnF2n+1−R), perfluoro-ether groups
(CnF2n+1−O−CmF2m−R), or just a CF3-group in the case of
compounds with low F-content such as, for example, pesticides
and pharmaceuticals.38 Hence, MS2-fragmentation patterns of
PFAS typically contain several fragment specific mass differ-
ences associated with these common substructures. Therefore,
we investigated in this work a comprehensive use of mass
differences for PFAS identification in accurate mass MS2 data.
This general approach has several advantages: Mass differences
are more generally applicable for truly non-targeted approaches
because they occur between different, so far not pre-defined
fragment ions, in contrast to diagnostic fragments which need
to be known beforehand. Similar statements were hypothesized
by Wang et al. 2020.36 Additionally, diagnostic fragments of
TPs may be shifted compared to the precursor compound by a
certain mass, making detection via diagnostic fragments
sometimes more difficult, while their mass differences often
remain identical. An advantage of MS2 fragment differences
compared to KMD analysis is the identification of single
compounds which do not occur in a homologous series.
Because the advantages of mass differences were only partly
used and discussed in past publications, the main goal of the
present study was to investigate their occurrence and use for
PFAS identification in more detail and provide an algorithm to
extract and use relevant fragment differences from HR-MS2-
data. Therefore, an in-house written algorithm (FindPFΔS =
FindPolyFluoroDeltas) based on Python 3.9.7 was developed,
optimized, and validated with analytical PFAS standards (38
substances from 10 compound classes), 2 previously
characterized PFAS-coated paper extracts, 2 soil extracts and
finally with a larger extent of spectra retrieved from MassBank
database.39,40 The focus here was on PFAS according to the
OECD definition.38 The impact of selected fragment differ-
ences, applied collision energies (CEs), and parameters such as
mass tolerance and intensity thresholds on the rate of correct
identifications versus false positive detections were inves-
tigated. FindPFΔS is provided open source on GitHub (source
code), as well as an executable windows application.

■ MATERIALS AND METHODS

FindPFΔS Code. A fully automated Python (3.9.7) data
processing workflow was developed to find PFAS in high-
resolution MS/MS data. Raw data input is achieved by the
MS2-format (.ms2), which is a simple and commonly used
format to store and exchange vendor-independent MS2 raw
data.41,42 MS2 files can easily be generated vendor-
independently by using the open source MSConvert software
from the ProteoWizard tools (centroid data, only one CE at a
time recommended; for details see Figure S1).43

In the first step, raw data (.ms2) (all precursor masses, their
TIC intensity, RT and all MS2 fragment peaks) are imported
via Pyteomics, an open source Python MS package.44 The
subsequent steps of the algorithm are presented simplified
(details in Supporting Information, Section S1):

• Data, background, and noise reduction (frequently
occurring background masses, noise below a certain
threshold in spectra).

• Calculate the differences between each peak in all MS2-
spectra [n MS2 peaks result in n(n − 1)/2 mass
differences].

• Search differences for defined mass shifts (e.g., ΔCF2

and ΔC2F4) and save data.
• Rank data according to intensity or number of

occurrences of selected mass shifts.
• Optional: search for diagnostic fragments and/or

compare precursor masses to a suspect list.

A simplified scheme and explanations how to use the
graphical user interface (GUI) and which output files are
generated by FindPFΔS are given in Figure S1.
Converted MS2-files (generated with MSConvert) from

several vendor raw data files [Agilent (.d), Bruker (.baf), AB
Sciex (.wiff), Shimadzu (.lcd), Thermo (.raw)] were tested for
error-free data reading and evaluation with FindPFΔS.
Note that this workflow was initially written in MATLAB

R2021b (9.11.0.1809720) [reads in ddMS2 XML-files (.CEF)
resulting from the Agilent “FindByAutoMSMS” algorithm] for
which reason some tasks for data evaluation were also
performed in MATLAB.

Chemicals and Sample Preparation. The specifications
and origins of chemicals are shown in the Supporting
Information (Table S1). A PFAS standard mixture (20 μg/
L) containing 38 different compounds from 10 compound
classes [13 PFCAs, 8 PFSAs, 4 FTCAs, 3 PASF-based PFAS
(diSAmPAP, N-EtFOSAA, PFOSA), 2 FTUCAs, 2 diPAPs, 2
PFECAs [HFPO-DA (GenX), ADONA], 2 PFESAs (F-53B),
6:2 FTSA, and 6:6 PFPiA; acronyms in Table S1] was
prepared in MeOH for optimization of the ddMS2-method and
the validation of FindPFΔS. Two raw paper samples (P1 and
P2, provided by the Fraunhofer Institute, for details see40) and
two agricultural soil samples (S1 contaminated with PFAS, S2
without known contamination, but background input) were
used to test and verify the performance of FindPFΔS in real
sample matrix (sample preparation details in Supporting
Information, Section S2).

Non-Target Analysis and Data Acquisition. Measure-
ments were performed using high-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry
(HPLC-QTOF-MS). Compounds were separated using a 1260
Infinity HPLC system (Agilent Technologies, Waldbronn,
Germany) equipped with a Poroshell 120 EC-C18 column (2.1
mm × 100 mm) with a particle size of 2.7 μm at a flow rate of
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0.3 mL/min (Oven temperature = 40 °C) coupled to a 6550
QTOF-mass spectrometer (Agilent Technologies, Santa Clara,
USA). A 23 min gradient program (A: 95/5 H2O/MeOH + 2
mM NH4Ac; B: 95/5 MeOH/H2O + 2 mM NH4Ac) was
applied and the ESI source was operated in the negative mode
(Tables S2 and S3 for details).
Data were acquired in an iterative data-dependent MS/MS

mode (ddMS2 or AutoMSMS) with static and rolling exclusion
lists (details in Supporting Information, Section S2 and Figure
S2). Each measurement sequence included a solvent and an
extraction blank and a quality control for every 20th sample
(PFAS standard mixture). Data acquisition started at 1 min
(prior waste line) with 3 scans/s in the MS (m/z 100−1700)
and in the MS/MS range (m/z 70−1700). MS/MS was
acquired from m/z 70 to include diagnostic fragments such as
PO3

−, H2PO4
−, and SO3

−. The threshold for precursor
selection was set to 1000 counts with a narrow isolation
width (≈1.3 m/z). Two different CEs (20 and 40 eV) and a
linear, mass-dependent CE were used for MS/MS experiments

[ = +m zCE ( / ) 4 15 eV
m z/

100
, formula based on fragmentation

experiments of known PFAS] for precursor m/z-dependent
collision.

Retrospective Analysis. For selected PFAS MS2 spectra,
the number of all mass differences was calculated to find the
most important differences for single substances, and substance
classes by combining multiple spectra of each PFAS class. The
number was calculated by counting the occurrences of all
differences within a certain mass tolerance. Note that typically
the isotope peaks also contribute to this number.
Furthermore, to also consider intensity, a number weighted

by intensity (Niw) was determined by assigning the lower
intensity of two fragments x and y to their difference and
summing up the intensities of all identical fragment differences
(within a mass tolerance).

=

=

N I n( )x y

n

N

x yiw, ,

0

, min

x y,

(1)

The lower intensity was chosen because always the lower
fragment peak determines whether a difference can be
calculated or the peak disappears in noise which is essential
for sensitivity. A large Niw means that a difference is both
frequent and has a high intensity.

Application of FindPFΔS to MassBank. To determine
ideal mass tolerance and intensity threshold and quantify their
influence on identification- and false positive rate, FindPFΔS
was applied to the database MassBank.39 Only HR-MS2 spectra
(QTOF- and FT-MS instruments) with ≥ 2 peaks
(prerequisite for mass differences) were included resulting in
20,998 MS2-spectra from 1921 compounds (filtered by unique
compound name). MassBank spectra were mainly searched for
ΔCF2, ΔHF, and ΔCF3 and compounds with chemical
formulae ≥ 3 F atoms [942 spectra F≥3 from 99 compounds
F≥3 (40 with perfluoroalkyl chain); searching via SMILES
[“C(F)(F)F”] showed that >94% have a CF3-group (including
perfluoroalkyl chains)] were considered as hits (details in
Supporting Information, Section S3).

■ RESULTS AND DISCUSSION

Retrospective Analysis with PFAS Standards and
Paper Extracts. The retrospective analysis was performed
with numerous PFAS spectra (standards and pre-characterized

paper extracts).40 The most frequent and most intense
fragment mass differences (Δfragments) were calculated to
identify the most important ones and further to deduce
general rules of fragmentation. The intensity of Δfragments was
calculated based on the lower intense fragment. The overall
procedure is exemplified in Figure 1 for the MS/MS spectrum

of 4:2/6:2 diPAP. The most important mass differences for
4:2/6:2 diPAP at 40 eV are ΔHF, ΔC2F4, and larger
differences with general formulae ΔCnH3F2n−3 and
ΔCnH2F2n−4. While just by number, ΔHF is the most
important difference, ΔC2F4 is both frequent and has a high
relative intensity, as shown by the intensity weighted number
(Niw in Figure 1).
With this procedure, all 38 PFAS MS/MS spectra were

investigated for their mass differences at different applied CEs.
Furthermore, these calculations were also performed for
substance classes such as PFCAs, PFSAs, diPAPs, fluoro-
telomer mercapto alkyl phosphates (FTMAPs), FTSAs, and
some important PFAS in-source fragments (all fragment mass
difference plots for compound classes in Figure S4). The
overall results are summarized in Table 1 and are discussed in
the following.

ΔCF2. ΔCF2 is the most general difference for PFAS
because it occurs when the perfluoroalkyl chain is fragmented
twice between two different CF2 units (Table 1 row 1).
Depending on the functional group, either the perfluoroalkyl
chain itself (CnF2n+1) or the other rest R keeps the charge
(examples in Table 1), meaning that besides typical CnF2n+1

−

Figure 1. Example of the calculation of the number of mass
differences in the spectrum of 4:2/6:2 diPAP (m/z = 688.9825) at 40
eV from paper extract P2. Note: MS/MS peaks below m/z 100 are
not shown (H2PO4

− and PO3
−). (a) Spectrum of 4:2/6:2 diPAP (n

peaks). (b) Calculated mass difference spectrum [n(n − 1) mass
difference peaks]. Each mass difference gets the intensity value of the
fragment with the lower intensity. (c) Number of each mass difference
(tolerance ±1 mDa). (d) Number of each mass difference weighted
by the intensities (Niw) of the respective fragments (see eq 1).
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fragments, R−CnF2n+1 fragments also occur. Furthermore,
longer perfluoroalkyl chains also lead to multiples of ΔCF2

[Δ(CF2)n]. The occurrence of Δ(CF2)n can be used to get
additional structural information regarding the chain length of
the precursor. Because the extent of fragmentation strongly
depends on CE for a given structure, functional group and
molar mass, CEs of 20, 40 eV and higher according to a linear
dependency on mass were used to achieve meaningful PFAS
fragmentation (MS/MS spectra with ΔCF2 in Figure S5).
While for PFCAs and FTCAs, usually a CE of 20 eV was
sufficient even for long-chain homologues (up to C18), PFSAs,
diSAmPAP, ADONA, and, for example, 6:6 PFPiA needed
much higher CEs. The occurrence of ΔCF2 in spectra of
further compound classes such as pesticides or pharmaceuticals
with only one CF3-group will be discussed in the next section.

ΔC2F4. ΔC2F4 also appears in the context of the
perfluoroalkyl chain cleavage [Δ(CF2)2]; however, it can also
occur from telomer-based PFAS such as diPAPs or FTMAPs
which typically occur as mixtures of homologues with C2F4-
repeating units (Table 1 row 2).45 ΔC2F4 is generated by
fragmentation if one or the other telomer-chain breaks off, if
they differ by C2F4 [formula: n:2/(n + 2):2 (e.g., 6:2/8:2
diPAP)] (Figure S6 for ΔC2F4 examples). ΔC2F4 was also
often observed in combination with the loss or addition of
H2O [Δ(C2F4 ± H2O)]. To our best knowledge, the use of
mass differences made up by a combination of two losses such
as Δ(C2F4−H2O) has not been reported in literature before.
Generally, for diPAPs and FTMAPs, CEs of 20 and 40 eV were
sufficient, while 60 eV led to decreased numbers of fragments
(Figure S7). For these substance classes, a further
fragmentation of the perfluoroalkyl chain was not observed

(independent of CE), meaning that n:2/n:2 diPAPs/FTMAPs
neither form ΔCF2 nor ΔC2F4.

ΔHF. For telomer-based PFAS, ΔHF becomes the relevant
difference (CH bound in vicinity to a CF2-group), but also
other PFAS (e.g., H-substituted PFCAs) typically have one or
more neutral HF losses [Δ(HF)n] during fragmentation when
forming C�C and eventually C�C bonds (Table 1 row
3).35−37,46

ΔHF was observed for FTSAs, FTCAs, FTUCAs,
diPAPs, and FTMAPs and can also appear in combination with
one or two CO2 losses from carboxylic acids [Δ(HF)n(CO2)m
with n, m = 1,2]37 (examples in Figure S8).35−37,46

Furthermore, in combination with ΔC2F4, the HF loss also
combines to the difference Δ(C2F4−HF). ΔHF was also
observed for more organofluorine compounds (next section).

ΔCnH3F2n−3. The R−CH2−CH2−C2n−2F2n−3 moiety of
telomer-based PFAS is a further unique structural feature
that can be used for identification. When cleaved off in the
collision cell while forming a C�C bond (Table 1, row 4), the
differences ΔCnH3F2n−3 can form depending on the chain
length (n = 6, 8, 10, etc.; note: perfluoroalkyl chain length =
n−2). The fragment can even occur twice for PFAS with two
telomer chains. These differences were further observed in
combination with one or two HF losses or H2O loss
(ΔCnH2F2n−4; ΔCnHF2n−5; ΔCnH3F2n−3H2O). One major
advantage of those differences is that they reveal the PFAS
chain length (examples in Figure S9). To our best knowledge,
the use of these mass differences was reported for the first time.

ΔCnF2nSO3. PFAS with sulfonate groups directly attached to
a perfluoroalkyl chain generate the useful difference
ΔCnF2nSO3. However, PFSAs, PFESAs, or Cl-PFESAs often
barely form fragments and typically need higher CEs than
other PFAS with similar masses35 (Table 1 row 5, spectra in

Table 1. Summary of the Most Important Observed Fragment Mass Differences (Δfragments), Their Proposed Underlying
Fragmentation Reactions, Compound Classes They Occur in, and Examples of Compounds Where They Were Observeda

aR refers to any organic or inorganic rest and is exemplified for several compounds (see right column). Fragment mass differences highlighted in
blue were not observed in this study but found in MS/MS spectra from literature. Note: besides the identified fragmentation reactions there might
be more that generate these mass differences.
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Figure S10). ΔCnF2nSO3 was also observed elsewhere in
combination with a HF loss and CF2O for H-substituted Cl-
PFESAs (ΔCnF2nSO3HF and ΔCnF2nSO3HFCF2O).21,36

ΔCF3. All compounds with at least one CF3-group are
considered as PFAS. Mainly compounds with a CF3-group
attached to an aromatic or heterocyclic ring and without any
extended perfluoroalkyl chain form ΔCF3 during fragmenta-
tion, especially observed for compounds with low F-content
(next section).

ΔCF2O. Not only for ether PFAS such as PFESAs, PFECAs,
and perfluoroalkyl ether alcohols but also for unsaturated
perfluoroalkyl alcohols (UPFAs) and Cl-substituted UPFAs,
ΔCF2O was observed in several MS/MS spectra by others,
showing its importance for these substance classes.21,35,36

Besides ΔCF2O, Wang et al. 2018 described further differences
such as ΔOCF 2CO 2 , ΔC 2H 4F 2O 2 , ΔC 2H 4F 2O 3 ,
ΔHFCH2CO2, and ΔHFOCH2CO2 for several (unsaturated)
polyfluorinated ether PFAS.35

In general, the list of meaningful mass differences can be
easily extended to detect further PFAS or other compounds
(e.g., novel ether PFAS, aromatic PFAS, or chlorofluorocar-
bons, etc.) which have not yet been considered in our
work.47,48

Application to MassBank. To evaluate how mass
tolerance and intensity threshold are affecting the identification
efficiency and the rate of false positive detection, FindPFΔS
was applied to a subset of mass spectra in MassBank. It is
important to note that MassBank comprises both PFAS with
low F-content (≈60% with F≤7) and PFAS with perfluoroalkyl
chains (≈40%; compound distribution in Figure S3). When
using ΔCF2 the number of detected compounds depended on
the used mass tolerance and intensity threshold [see Figure 2;
F≥3 compounds detected in Table S4 (±1 mDa and 1% base
peak normalized intensity)]. It becomes obvious that by
increasing the mass tolerance from ±0.05 to ±1 mDa, the
identification rate increased on average between 20 and 25%,

while the fraction of false positives did not change much
(lower end of S-shaped curve). Mass tolerances above ±1
mDa, however, increased the false positives rapidly (examples
in Table S5 and Figure S17), resulting in too many false
positive assignments above ±2 mDa (also dependent on
intensity threshold). It is important to note that the applicable
mass tolerance depends on the mass accuracy of the acquired
data. It should therefore be adjusted for each instrument type
and acquisition parameters (MassBank spectra are from
different instruments and different vendors).
In contrast, the intensity threshold showed an opposite

trend: the false positive rate increased if the relative intensity of
fragments is decreased (the curve shifts upward). However, by
also considering smaller peaks, more compounds are detected
correctly by FindPFΔS (curve shifts to the right). From 3 to
1%, there was a big difference, showing that false positives
mainly arise from low intensity peaks, which is due to the
strong increase of the number of peaks with the decrease in
relative intensity (Figure S11). Observed trends for ΔCF3,
ΔHF, and combination of all three differences are shown in
Figures S12 and S13.
Nearly all PFAS with perfluoroalkyl chains (e.g., PFCAs,

PFSAs, N-Et- and N-MeFOSAA, FOSAA, and 6:2 FTUCA)
present in MassBank were detected via FindPFΔS (Table S4
and Figure S14). However, FindPFΔS was also able to detect a
much wider range of F-containing compounds such as
pharmaceuticals and pesticides with CF3-groups (Table S4;
note: in MassBank often several spectra with different CEs are
available per compound). This shows the general broad
application range of FindPFΔS for non-target screening
purposes. The detection of compounds is strongly dependent
on the used differences: in case of ΔCF2, compounds from the
whole F-containing range were detected (F3 up to F27) in
MassBank (but nearly all high F-content compounds; Figure
S14), while ΔCF3 and ΔHF were much more selective for
compounds of lower F-content (mainly F≤6; Figure S15),
which is very beneficial for preselection of specific compounds
in HR-MS2-data.
MassBank fragment annotations of positively assigned

fragments by FindPFΔS were used to distinguish true from
false positive differences and to identify the chemical formulae
leading to false positive identifications. Also, compounds with
only 3 F atoms showed ΔCF2, which was not further
investigated in detail (spectra in Figure S16). False positive
differences arose from combinations of fragments such as
(CH4OS−N) = 49.9978 Da mimicking ΔCF2 (= 49.9968) or
(C3−O) = 20.0051 mimicking ΔHF (= 20.0062), all at a mass
tolerance of 1 mDa (more false positive ΔCF2 differences in
Table S5 and Figure S17). It is important to note that besides
the above discussed universal differences, other differences are
much more selective. For instance, spectra of 8:2 monoPAP-
and diPAP were easily detected in MassBank by FindPFΔS
when using ΔC8H3F13, which was highly selective resulting in
not even one single false positive detection [2 out of 20,998
spectra detected, mass tolerance ±1 mDa, intensity threshold =
3%]. For ΔC10H3F17 (10:2 monoPAP detected) and
ΔC2F4SO3 [9Cl-PF3ONS (F-53B) detected], similar results
were observed.
Finally, two general rules for the use of mass differences

were deduced from the application to MassBank: (1)
increasing mass differences can statistically be composed of
more possible chemical formulae, but they are also
exponentially less frequent (Figure S18). Furthermore,

Figure 2. Percentage of false positive spectra findings vs correctly
assigned unique compound spectra detected by FindPFΔS in selected
MassBank spectra for the difference ΔCF2 (hit: compounds with at
least three fluorine atoms). The mass tolerance was varied in the
following order: ±(0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1, 2, 3, 5, 7.5, and
10 mDa) for five intensity thresholds (1, 3, 5, 7.5, and 10%). Note:
data points are partially labeled. For detailed calculations, see
Supporting Information, Section S3.
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precursor masses which are smaller than the mass difference do
not give any false positives. (2) mass differences with negative
mass defects lead to less false positives because their chemical
formulae have higher specificities due to the involvement of
elements with negative mass defects. For example, ΔHF led to
much more false positives (MD = +0.006) than ΔCF2 or ΔCF3

(MD = −0.003 and −0.005), which is presumably due to the
higher probability of the occurrence of the (C3−O) difference
in spectra of the huge number of CHO compounds (Figure
S13).

Validation with PFAS Standards, Paper, and Soil
Extracts. For systematic validation, FindPFΔS was applied to
the PFAS standard mix, two paper and two soil samples with
known PFAS contamination at three CEs (20, 40 eV and a CE
linearly dependent on mass; iterative ddMS2, three injections
per sample). All identified compounds in paper and soil
samples discussed in this section have MS/MS information
and one standard per homologous series and are therefore
considered as level 2a for homologues and level 1 if a reference
standard is available according to the identification levels by
Schymanski et al. 2014 and to the new levels for PFAS.8,49,50

PFAS Standards. When using ΔCF2, ΔC2F4, ΔHF, and
ΔC2F4SO3 together (tolerance ±1 mDa, absolute intensity
threshold = 1000 counts), 94% of all compounds were
correctly assigned by FindPFΔS. Only PFBA and PFPeA were
not found due to missing fragment ions (for PFBA also at 5
and 10 eV no fragments were found except for the loss of
CO2). At 20 eV however, PFPeA was found resulting in 97%
detection. Several PFCAs, FTCAs, and HFPO-DA (GenX)
were identified as in-source fragments (e.g., [M−H−CO2]

−,
presumably due to fragmentation in ion- source and funnel).
The results clearly show that the use of mass differences works
efficiently for a variety of PFAS classes. ΔCF2O was suspected
for ether PFAS such as ADONA but was not observed in this
work, however, in the literature (e.g., for 4:4 PFESA).21

Paper Extracts. Now we applied the algorithm to extracts of
previously characterized paper samples40 [differences: ΔCF2,
ΔC2F4, ΔHF, ΔCnH3Fn−3 (n = 8, 10, 12), ΔCnF2nSO3 (n = 2,
3), Δ(C2F4−H2O), and Δ(C2F4−HF); tolerance ±1 mDa;
absolute intensity threshold = 1000 counts]. In the paper
extract P1 several homologues of FTSAs (e.g., 6:2 up to 12:2),
FTMAPs (e.g., 6:2/8:2 up to 8:2/12:2 and numerous isomers;
Figure S6), and PFCAs were found by FindPFΔS. P2 showed
numerous diPAP homologues (4:2/6:2 up to 12:2/12:2 with
several isomers) and PFCAs with similar chain lengths (C7 to
C13). FTMAPs and diPAPs were assigned efficiently only at CE
= 40 eV, while higher CEs led to insufficient fragments. The
identification results in paper samples are similar as described
by Bugsel et al. 2021.40 In addition, further tentatively assigned
PFAS have been detected with FindPFΔS according to specific
fragment differences (see the following section).
Soil Extracts. In the contaminated soil extract (identical

search criteria as used for paper extracts) homologues of
diPAPs, PFCAs, PFSAs, N-EtFOSAA, and diSAmPAP were
found, while in the extract from the PFAS free soil sample only
one precursor mass with three HF losses could be found but
not further identified. The absence of mass difference matches
in the non-contaminated soil sample clearly shows that almost
no false positive detections were observed despite the complex
composition of the soil matrix.
Generally, it is important to note that FindPFΔS was always

applied first to a MeOH blank injection. All precursor masses
in the blank were manually discarded whenever they appeared

in a sample. Noisy spectra of bad quality were also manually
excluded. Generally, the data reduction based on mass
differences worked very efficiently for samples as shown in
Figure 3 where the differences in all triggered MS/MS spectra

are compared to the spectra selected by FindPFΔS for ΔCH2

(hydrocarbons) and ΔCF2 (PFAS). These plots can also be
used to get a first idea whether to expect PFAS in a sample.

Identification of Unknowns in Paper Extracts. Besides
the discussed compounds, in both paper extracts, further
compounds found by FindPFΔS could be tentatively
identified. For example, within the spectrum of m/z
1036.9709, the differences ΔC2F4 and ΔCnH3Fn−3 (n = 8,
10) were detected, indicating a telomer-based PFAS with both
6 and 8 perfluorinated carbon atoms (Figure 4). The mass
spectrum shows a similar fragmentation pattern compared to
6:2/8:2 FTMAP (including H2PO4

− and PO3
−) but two

fragments and the molecular ion are shifted by 15.9931 Da
which is reasonably oxygen (= 15.9949 Da). Further fragments
of m/z 1036.9709 can be assigned to the loss of water (18.01
Da), leading to the assumption that one thioether group is
oxidized to a sulfoxide (spectra and further information in

Figure 3. Efficient data reduction by selection of meaningful mass
differences. (a) 216 triggered spectra in the PFAS standard (black) are
reduced to 109 spectra by the more general mass difference ΔCH2 for
hydrocarbons (blue) and further to 21 spectra by the PFAS-specific
mass difference ΔCF2 (orange) (CE = 20 eV, mass tolerance = ±2
mDa, second iterative injection). (b) 2318 triggered spectra in the
paper extract P2 are reduced to 121 spectra considering the mass
differences ΔC2F4 and/or ΔHF (orange) typical for PFAS (CE = 40
eV, mass tolerance = ±1 mDa). Note that in the paper extract P2,
mainly telomer-based PFAS are present which do not generate ΔCF2

because the perfluoroalkyl chain cannot be further fragmented; see
the discussion of ΔC2F4. These plots can further be used to get a first
idea whether to expect PFAS in a sample.
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Figures S19−S21). A loss of OH was observed elsewhere for
sulfoxides such as, for example, methiocarb sulfoxide
supporting this observation. In total, 6 O homologues of
FTMAP (C2F4-repeating unit, with isomers evidenced by MS/
MS) were detected via FindPFΔS. The FTMAP sulfoxides are
either oxidative TPs of FTMAP-treated papers or technical
byproducts formed during FTMAP production.
FindPFΔS found further 6 O2 homologues of FTMAP (and

isomers evidenced by MS/MS) with similar MS/MS patterns.
Either both S atoms are oxidized (two sulfoxide groups) or one
S is oxidized to a sulfone-group (−SO2−). Partially resolved
chromatographic double peaks support this observation
(Figure S22). FTMAP sulfoxides with different chain lengths
[for example n:2/(n + 2):2] form isomers due to the position
of O. Suspect screening for accurate masses of FTMAPs with
three oxygen atoms also resulted in four peaks. Due to low
abundances (Figure S22) only one MS/MS spectrum could be
acquired, which is in good agreement with the other spectra
(Figure S20). Further oxidation of the FTMAP sulfones
consequently yields FTSAs which were already described in
literature and detected in the paper extract.40,51 Considering all
pieces of information, the identification level is 2b.50 Besides
being present in the paper sample, some FTMAP sulfoxides/
sulfones have been retrospectively found (by accurate mass,
Figure S23) in a contaminated soil sample where FTMAPs and
FTSAs were previously identified,40 indicating their presence
also in environmental samples. Similar observations were made
for diPAPs in paper extract P2. Here, in total five homologues
of hydroxylated diPAPs were observed (based on ΔC2F4 and
ΔCnH3Fn−3 from FindPFΔS) which are likely TPs of diPAPs
(details in Figures S24 and S25). Hydroxylation of the C2H4-
groups can also potentially occur for other telomer-based
PFAS.

■ CONCLUSIONS

The overall results demonstrate well that specific fragment
mass differences considerably improve the discovery and the
classification of untargeted PFAS in HR-MS2-data. The
algorithm FindPFΔS also detects single PFAS which are not
members of homologues series but requires MS2-data of
sufficient quality. Therefore, MS2-spectra have to be inspected
manually to reduce false positives. In general, we recommend a
stepwise NTS workflow which starts with the use of suitable,
single fragment differences at low mass tolerances and rather

high intensity thresholds. In the next steps, multiple differences
with less strict parameters may be used to increase the number
of detected PFAS but also the risk to detect false positives. We
recommend using a linear mass-dependent CE if there is no
information available on the structure of the PFAS of interest.
The output of FindPFΔS can be easily enhanced by further
specific mass differences of PFAS which were not yet in focus.
FindPFΔS could be also applied to MS2-data from data-
independent acquisition (e.g., all ion fragmentation, SWATH,
etc.) which appears still to be challenging due to the high
number of mass fragments and the superimposed spectra of
coeluting compounds. The general approach of using mass
differences can also be transferred to other compound classes
which are characterized by specific mass fragmentation
patterns.
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D.; Lohmann, R.; Ng, C. A.; Scheringer, M.; Wang, Z. Environ. Sci.:
Processes Impacts 2020, 22, 2307−2312.
(16) Li, F.; Duan, J.; Tian, S. T.; Ji, H. D.; Zhu, Y. M.; Wei, Z. S.;
Zhao, D. Y. Chem. Eng. J. 2020, 380, 122506.
(17) Yeung, L. W. Y.; Mabury, S. A. Environ. Chem. 2016, 13, 102−

110.
(18) Aro, R.; Carlsson, P.; Vogelsang, C.; Kärrman, A.; Yeung, L. W.
Chemosphere 2021, 283, 131200.
(19) Aro, R.; Eriksson, U.; Kärrman, A.; Chen, F.; Wang, T.; Yeung,
L. W. Y. ACS ES&T Water 2021, 1, 2087−2096.
(20) McCord, J.; Strynar, M. J. Environ. Sci. Technol. 2019, 53,
4717−4727.
(21) Kang, Q.; Gao, F.; Zhang, X.; Wang, L.; Liu, J.; Fu, M.; Zhang,
S.; Wan, Y.; Shen, H.; Hu, J. Environ. Int. 2020, 139, 105686.
(22) Ruan, T.; Jiang, G. Trac. Trends Anal. Chem. 2017, 95, 122−

131.
(23) Yukioka, S.; Tanaka, S.; Suzuki, Y.; Echigo, S.; Kärrman, A.;
Fujii, S. Water Res. 2020, 184, 116207.
(24) Wang, R.; Ching, C.; Dichtel, W. R.; Helbling, D. E. Environ.
Sci. Technol. Lett. 2020, 7, 954−960.
(25) Strynar, M. J.; Dagnino, S.; McMahen, R.; Liang, S.; Lindstrom,
A. B.; Andersen, E.; McMillan, L.; Thurman, M.; Ferrer, I.; Ball, C.
Environ. Sci. Technol. 2015, 49, 11622−11630.
(26) Barzen-Hanson, K. A.; Roberts, S. C.; Choyke, S.; Oetjen, K.;
McAlees, A.; Riddell, N.; McCrindle, R.; Ferguson, P. L.; Higgins, C.
P.; Field, J. A. Environ. Sci. Technol. 2017, 51, 2047−2057.
(27) Jacob, P.; Barzen-Hanson, K. A.; Helbling, D. E. Environ. Sci.
Technol. 2021, 55, 2346−2356.

(28) Liu, Y.; Pereira, S.; Martin, J. W. Anal. Chem. 2015, 87, 4260−

4268.
(29) Hensema, T. J.; Berendsen, B. J. A.; van Leeuwen, S. P. J.
Chemosphere 2021, 265, 128599.
(30) Gonzalez de Vega, R.; Cameron, A.; Clases, D.; Dodgen, T. M.;
Doble, P. A.; Bishop, D. P. J. Chromatogr., A 2021, 1653, 462423.
(31) Koelmel, J. P.; Stelben, P.; McDonough, C. A.; Dukes, D. A.;
Aristizabal-Henao, J. J.; Nason, S. L.; Li, Y.; Sternberg, S.; Lin, E.;
Beckmann, M.; Williams, A. J.; Draper, J.; Finch, J. P.; Munk, J. K.;
Deigl, C.; Rennie, E. E.; Bowden, J. A.; Godri Pollitt, K. J. Anal.
Bioanal. Chem. 2022, 414, 1201−1215.
(32) Getzinger, G. J.; Higgins, C. P.; Ferguson, P. L. Anal. Chem.

2021, 93, 2820−2827.
(33) Getzinger, G. J.; Ferguson, P. L. ACS ES&T Water 2021, 1,
1240−1251.
(34) Chao, A.; Al-Ghoul, H.; McEachran, A. D.; Balabin, I.; Transue,
T.; Cathey, T.; Grossman, J. N.; Singh, R. R.; Ulrich, E. M.; Williams,
A. J.; Sobus, J. R. Anal. Bioanal. Chem. 2020, 412, 1303−1315.
(35) Wang, Y.; Yu, N.; Zhu, X.; Guo, H.; Jiang, J.; Wang, X.; Shi, W.;
Wu, J.; Yu, H.; Wei, S. Environ. Sci. Technol. 2018, 52, 11007−11016.
(36) Wang, X.; Yu, N.; Qian, Y.; Shi, W.; Zhang, X.; Geng, J.; Yu, H.;
Wei, S. Water Res. 2020, 183, 115989.
(37) Li, Y.; Yu, N.; Du, L.; Shi, W.; Yu, H.; Song, M.; Wei, S.
Environ. Sci. Technol. 2020, 54, 3407−3416.
(38) Wang, Z.; Buser, A. M.; Cousins, I. T.; Demattio, S.; Drost, W.;
Johansson, O.; Ohno, K.; Patlewicz, G.; Richard, A. M.; Walker, G.
W.; White, G. S.; Leinala, E. Environ. Sci. Technol. 2021, 55, 15575−

15578.
(39) Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y.; Ikeda, T.; Suwa, K.;
Ojima, Y.; Tanaka, K.; Tanaka, S.; Aoshima, K.; Oda, Y.; Kakazu, Y.;
Kusano, M.; Tohge, T.; Matsuda, F.; Sawada, Y.; Hirai, M. Y.;
Nakanishi, H.; Ikeda, K.; Akimoto, N.; Maoka, T.; Takahashi, H.; Ara,
T.; Sakurai, N.; Suzuki, H.; Shibata, D.; Neumann, S.; Iida, T.;
Tanaka, K.; Funatsu, K.; Matsuura, F.; Soga, T.; Taguchi, R.; Saito, K.;
Nishioka, T. J. Mass Spectrom. 2010, 45, 703−714.
(40) Bugsel, B.; Bauer, R.; Herrmann, F.; Maier, M. E.; Zwiener, C.
Anal. Bioanal. Chem. 2022, 414, 1217−1225.
(41) McDonald, W. H.; Tabb, D. L.; Sadygov, R. G.; MacCoss, M.
J.; Venable, J.; Graumann, J.; Johnson, J. R.; Cociorva, D.; Yates, J. R.,
3rd Rapid Commun. Mass Spectrom. 2004, 18, 2162−2168.
(42) Deutsch, E. W. Mol. Cell. Proteomics 2012, 11, 1612−1621.
(43) Chambers, M. C.; Maclean, B.; Burke, R.; Amodei, D.;
Ruderman, D. L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, B.;
Egertson, J.; Hoff, K.; Kessner, D.; Tasman, N.; Shulman, N.; Frewen,
B.; Baker, T. A.; Brusniak, M. Y.; Paulse, C.; Creasy, D.; Flashner, L.;
Kani, K.; Moulding, C.; Seymour, S. L.; Nuwaysir, L. M.; Lefebvre, B.;
Kuhlmann, F.; Roark, J.; Rainer, P.; Detlev, S.; Hemenway, T.;
Huhmer, A.; Langridge, J.; Connolly, B.; Chadick, T.; Holly, K.;
Eckels, J.; Deutsch, E. W.; Moritz, R. L.; Katz, J. E.; Agus, D. B.;
MacCoss, M.; Tabb, D. L.; Mallick, P. Nat. Biotechnol. 2012, 30, 918−

920.
(44) Levitsky, L. I.; Klein, J. A.; Ivanov, M. V.; Gorshkov, M. V. J.
Proteome Res. 2019, 18, 709−714.
(45) Gebbink, W. A.; Ullah, S.; Sandblom, O.; Berger, U. Environ.
Sci. Pollut. Res. 2013, 20, 7949−7958.
(46) Trier, X.; Granby, K.; Christensen, J. H. Environ. Sci. Pollut. Res.
Int. 2011, 18, 1108−1120.
(47) Myers, A. L.; Jobst, K. J.; Mabury, S. A.; Reiner, E. J. J. Mass
Spectrom. 2014, 49, 291−296.
(48) Li, X.; Chevez, T.; De Silva, A. O.; Muir, D. C. G.; Kleywegt, S.;
Simpson, A.; Simpson, M. J.; Jobst, K. J. Environ. Sci. Technol. 2021,
55, 15912−15920.
(49) Schymanski, E. L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.;
Singer, H. P.; Hollender, J. Environ. Sci. Technol. 2014, 48, 2097−

2098.
(50) Charbonnet, J. A.; McDonough, C. A.; Xiao, F.;
Schwichtenberg, T.; Cao, D.; Kaserzon, S.; Thomas, K. V.;
Dewapriya, P.; Place, B. J.; Schymanski, E. L.; Field, J. A.; Helbling,
D. E.; Higgins, C. P. Environ. Sci. Technol. Lett. 2022, 9, 473−481.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c01521
Anal. Chem. 2022, 94, 10788−10796

10795



(51) Lee, H.; Mabury, S. A. Environ. Sci. Technol. 2011, 45, 8067−

8074.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c01521
Anal. Chem. 2022, 94, 10788−10796

10796

 Recommended by ACS

Optimization of Parameters for ROI Data Compression for
Nontargeted Analyses Using LC–HRMS
Sonia Schöneich, Robert E. Synovec, et al.
DECEMBER 23, 2022

ANALYTICAL CHEMISTRY READ 

MS2Tox Machine Learning Tool for Predicting the
Ecotoxicity of Unidentified Chemicals in Water by Nontarget
LC-HRMS
Pilleriin Peets, Anneli Kruve, et al.
OCTOBER 21, 2022

ENVIRONMENTAL SCIENCE & TECHNOLOGY READ 

PICA: Pixel Intensity Correlation Analysis for Deconvolution
and Metabolite Identification in Mass Spectrometry Imaging
Yonghui Dong, Asaph Aharoni, et al.
JANUARY 03, 2023

ANALYTICAL CHEMISTRY READ 

AntDAS-DDA: A New Platform for Data-Dependent
Acquisition Mode-Based Untargeted Metabolomic Profiling
Analysis with Advantage of Recognizing Insource Fragme...
Xing-Cai Wang, Yuanbin She, et al.
JANUARY 04, 2023

ANALYTICAL CHEMISTRY READ 

Get More Suggestions >



S1

Supporting Information

FindPFΔS: Non-target screening for PFAS – 

Comprehensive data mining for MS2 fragment mass 

differences

Jonathan Zweigle,+ Boris Bugsel,+ Christian Zwiener+,*

+Environmental Analytical Chemistry, Center for Applied Geoscience, University of Tübingen, 

Schnarrenbergstraße 94-96, 72076 Tübingen, Germany

*Corresponding author

Contents
S1 FINDPFΔS ALGORITHM, GRAPHICAL USER INTERFACE AND OUTPUT ...................................................................................2

FindPFΔS algorithm ................................................................................................................................................................................2

Figure S 1: Graphical user interface of FindPFΔS ..................................................................................................................................3

S2 CHEMICALS, SAMPLE PREPARATION AND DATA ACQUISITION .............................................................................................4

Chemicals. ...............................................................................................................................................................................................4

Table S 1: Summary of the 38 PFAS ......................................................................................................................................................4

Sample preparation. .................................................................................................................................................................................4

Table S 2: Summary of instrument and ESI source parameters ..............................................................................................................5

Table S 3: Gradient program ...................................................................................................................................................................5

Data acquisition .......................................................................................................................................................................................5

Figure S 2: Iterative ddMS2. ....................................................................................................................................................................6

S3 MASSBANK CALCULATIONS...............................................................................................................................................6

Figure S 3: Distribution of F-containing compounds in MassBank........................................................................................................7

S4 FRAGMENT DIFFERENCES AND MS2 SPECTRA .....................................................................................................................8

Figure S 4: Mass ......................................................................................................................................................................................8

Figure S 5: ΔCF2 spectra. ........................................................................................................................................................................9

Figure S 6: ΔC2F4 spectra ......................................................................................................................................................................10

Figure S 7: diPAP fragments dependent on applied CE........................................................................................................................10

Figure S 8: ΔHF spectra ........................................................................................................................................................................11

Figure S 9: ΔCnH3F2n-3 and ΔCnH2F2n-4 spectra. .....................................................................................................................................11

Figure S 10: ΔCnF2nSO3 spectra.............................................................................................................................................................12

S5 APPLICATION OF FINDPFΔS TO MASSBANK ....................................................................................................................12

Figure S 11: Histogram of the number of intensities within the MassBank dataset .............................................................................12

Table S 4: Examples of unique correctly detected compounds by FindPFΔS in MassBank ................................................................12

Figure S 12: False positive vs. correct detections for ΔCF3 and ΔHF...................................................................................................13

Figure S 13: False positive vs. correct detection for combinations of mass .........................................................................................13

Figure S 14: Distribution of found compounds with ΔCF2 ...................................................................................................................14

Figure S 15: Distribution of found compounds with ΔCF3 and ΔHF....................................................................................................14

Figure S 16: Arbitrary examples of correctly detected spectra by FindPFΔS within the MassBank....................................................15

Figure S 17: Arbitrary examples of false positive detected spectra by FindPFΔS within the MassBank.............................................16

Table S 5: False positive........................................................................................................................................................................17

Figure S 18: Exponential decrease of the frequency of integer mass....................................................................................................17

S6 IDENTIFICATION OF UNKNOWNS .......................................................................................................................................18

Figure S 19: MS/MS spectra of FTMAP, FTMAP sulfoxide and FTMAP disulfoxide/sulfone...........................................................18

Figure S 20: MS/MS spectrum of 6:2/8:2 FTMAP sulfoxide-sulfone ..................................................................................................19

Figure S 21: Proposed fragmentation reactions.....................................................................................................................................19

Figure S 22: EICs (scan) of 6 homologous of FTMAP sulfoxides and FTMAP disulfoxides/FTMAP sulfones .................................20

Figure S 23: EICs of FTMAPs, FTMAP sulfoxide and one FTMAP disulfoxide/sulfone in the soil extract.......................................20

Figure S 24: MS/MS spectra of the tentatively identified Hydroxy-diPAPs ........................................................................................21

Figure S 25: EICs (scan) of 5 Hydroxy-diPAP homologous.................................................................................................................21

REFERENCES .........................................................................................................................................................................22



S2

S1 FindPFΔS algorithm, graphical user interface and 

output

FindPFΔS algorithm: Explanation of each step performed by the FindPFΔS algorithm is 

given in the following:

 All identical precursor masses (m/z) that appear n-times with MS2-spectra can be 

removed (user specific input, e.g. 20 times), because these are typically persistent 

background signals originating from the analytical system with no peak shape.

 Cleanup of each MS2-spectrum with a certain intensity threshold (e.g. 1000 counts 

or 5%) to remove noise and background peaks.

 Find all associated MS2-spectra (identical precursor m/z but more than one MS2-

spectrum over the chromatographic peak) and store only the spectrum with the 

highest TIC precursor intensity (peak maximum or highest TIC selected for 

MS/MS).

 Calculate the differences between each peak in all MS2-spectra [n MS2 peaks result 

in n(n-1)/2 mass differences]. 

 Search within fragment mass differences for defined mass differences (ΔFragments) 

of interest at a defined mass tolerance in mDa. (user input, e.g. 1 mDa and 

ΔFragments e.g. ΔCF2 and ΔC2F4).

 Save data of all precursor masses with n positively matched ΔFragments (user specific 

input, e.g. n = 3 means that at least 3 differences are required for a positive match) 

in their MS2 spectra.

 Rank the positively assigned spectra according to their precursor TIC intensity or 

their number of detected mass differences ΔFragments (n).

 Optional: Compare positively assigned precursor masses with a suspect list at a 

defined mass tolerance (user specific input, e.g. 1 mDa).

 Optional: Search for diagnostic fragments within MS2-spectra of positively 

assigned masses. (e.g. C3F7
−, C4F9

−, SO3F− etc.).

 Optional: Screen both precursor- and fragment masses for abundant mass 

differences. The repeated occurrence of identical mass differences indicates 

abundant repeating units.

 Generate KMD plots for precursor masses.
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Figure S 1: Graphical user interface of FindPFΔS (programmed with PySimpleGUI), a schematic workflow, and 

the generated output files. (1) Specification of file path to the .ms2-file (MS2 files can be generated vendor 

independently from raw data by using the MSConvert software from the ProteoWizard tools; prerequisite on raw 

data: FindPFΔS only works for centroid data. If data was acquired in the profile mode, centroid data can be 

generated with the “peak picking” function of MSConvert when converting raw data to MS2-files. It is further 

recommended to use FindPFΔS with only one collision energy at a time (or e.g. one linear formula). If multiple 

collision energies were acquired, each collision energy can be separately converted to one MS2-file by using the 

“subset” function of MSConvert). (2) Input of desired fragment mass differences (separated by space) either as 

chemical formula or exact mass. It is recommended to start by using only one difference per run to keep the 

results simple in the beginning and to later use multiple differences. (3) Number of differences desired for positive 

assignment: e.g. a difference has to be present at least 3 times per spectra (1 by default). (4) Absolute mass 

tolerance (Da). It is recommended to start with a small tolerance (≤0.001 Da, depending on mass accuracy of the 

instrument) to keep the high false positive rates low in the beginning. (5) Radio button to specify whether relative 

of absolute intensities should be used. (6) Absolute or relative intensity threshold for fragments that should be 

considered. (7) Mass tolerance (Da) to remove persistent background precursor masses that are triggered n-times 

for MS2. (8) Number n above which precursor masses should be excluded from data evaluation (e.g. if a 

compound is triggered 20 times for MS2 it is likely a background signal without a peak shape. Important note: If 

the instrument algorithm stays on one precursor to collect several spectra, this number has to be chosen larger, 

otherwise FindPFΔS will potentially exclude compounds of interest). (9) Checkbox to decide whether multiple 

spectra from identical precursors should be merged together (e.g. if a chromatographic peak has 5 MS2 scans 

only the spectrum with the highest precursor intensity will be considered for data evaluation). Note: If unchecked, 

the data evaluation will take much more time because every single MS2-spectrum in the dataset will be searched 

for fragment differences. (10) Radio button to decide how the data should be sorted. (11) Specifies how many 

spectra of positive precursors should be plotted. (12) Optional file path for a suspect list to compare hits found 

by FindPFΔS. (13) Radio button to specify whether the data was acquired in positive or negative ionization, 

which is necessary to specify for suspect screening. Note that either only [M–H]– or [M+H]+ adducts can be 

considered for suspect comparison. (14) Desired mass tolerance (Da) for suspect comparison. (15) Optional input 

for a list with diagnostic fragment. All spectra detected by FindPFΔS will additionally be searched for the given 

diagnostic fragments. (16) Checkbox whether the MS1 masses should be screened for abundant repeating units 

(unchecked by default; Note: If checked, the runtime can increase drastically). (17) Mass tolerance to screen for 

homologous series within the MS1 masses. (18) Minimum number of homologues to be assigned as a series. (19) 

Button to run FindPFΔS.
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S2 Chemicals, sample preparation and data acquisition

Chemicals. Water, methanol (MeOH) and ammonium acetate (NH4Ac) for analysis and 

extraction were LC-MS grade and purchased from Fisher scientific. PFAS standards (with 

acronyms) are given in Table S1.

Table S 1: Summary of the 38 PFAS used in the standard mixture and their origin. [PFCAs = Perfluoroalkyl 

carboxylic acids, PFSAs = Perfluoroalkyl sulfonic acids, PASF = Perfluoroalkane sulfonyl fluoride (PFOSA = 

Perfluorooctanesulfonamide, N-EtFOSAA = N-Ethylperfluoro-1-octanesulfonamidoacetic acid, diSAmPAP = N-

Ethyl perfluorooctane sulfonamide ethanol–based phosphate diester acid), FTCAs = Fluorotelomer carboxylic 

acids, FTUCAs = Fluorotelomer unsaturated carboxylic acids, diPAPs = Polyfluorinated dialkylated phosphate 

esters, PFECAs = Perfluoroalkyl ether carboxylic acids (HFPO-DA = Hexafluoropropylene oxide-dimer acid, 

ADONA = Dodecafluoro-3H-4,8-dioxanonanoate), PFESAs = Perfluoroalkyl ether sulfonic acids (9Cl-PF3ONS 

= 9-Chlorohexadecafluoro-3-Oxanone-1-Sulfonic Acid, 9Cl-PF3OUdS = 11-Chloroeicosafluoro-3-

oxaundecane-1-sulfonic acid), 6:2 FTSA = 6:2 Fluorotelomer sulfonic acid, 6:6 PFPiA = 6:6 Perfluoroalkyl 

phosphinic acid]

Substance Origin Substance Origin

PFCAs PASF-based PFAS

PFBA Wellington Laboratories PFOSA Wellington Laboratories

PFPeA Wellington Laboratories N-EtFOSAA Wellington Laboratories

PFHxA Wellington Laboratories diSAmPAP Wellington Laboratories

PFHpA Wellington Laboratories FTCAs

PFOA Wellington Laboratories 6:2 FTCA Wellington Laboratories

PFNA Wellington Laboratories 8:2 FTCA Wellington Laboratories

PFDA Wellington Laboratories 5:3 FTCA Wellington Laboratories

PFUdA Wellington Laboratories 7:3 FTCA Wellington Laboratories

PFDoA Wellington Laboratories FTUCAs

PFTrDA Wellington Laboratories 6:2 FTUCA Wellington Laboratories

PFTeDA Wellington Laboratories 8:2 FTUCA Wellington Laboratories

PFHxDA Wellington Laboratories diPAPs

PFODA Wellington Laboratories 6:2 diPAP Toronto Research Chemicals

PFSAs 8:2 diPAP Wellington Laboratories

PFBS Wellington Laboratories PFECAs

PFPeS Wellington Laboratories HFPO-DA (GenX) Wellington Laboratories

PFHxS Wellington Laboratories ADONA Wellington Laboratories

PFHpS Wellington Laboratories PFESAs

PFOS Wellington Laboratories 9Cl-PF3ONS (F-53B) Wellington Laboratories

PFNS Wellington Laboratories 11Cl-PF3OUdS (F-53B) Wellington Laboratories

PFDS Wellington Laboratories Others

PFDoS Wellington Laboratories 6:2 FTSA Wellington Laboratories

6:6 PFPiA Toronto Research Chemicals

Sample preparation. The two paper samples were cut into squares (10 × 10 cm, ≈ 0.4 g) with 

MeOH rinsed scissors and 5 g portions of soil were weighted in PP tubes and samples were 

covered with 20 mL MeOH. The tubes were placed in the overhead-shaker overnight and 

eventually sonicated for 1 h. 7 mL of supernatant was removed (soil samples were centrifuged 

beforehand, 15 min @ 4000 rcf) and split in two 3.5 mL fractions which were evaporated until 
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dryness under a gentle N2-stream (40 °C) and redissolved in 0.35 mL MeOH leading to a 10-

fold enrichment. Afterwards, all extracts were centrifuged for 10 min @ 8900 rcf and the 

supernatant was taken for analysis. Additionally, always extraction blanks were prepared for 

consideration of background contamination.

Table S 2: Summary of instrument and ESI source parameters of the 6550 QTOF-MS.

Instrument Parameters

Gas Temp (°C) 150

Gas Flow (L/min) 16

Nebulizer pressure (psig) 35

Sheath gas temperature (°C) 380

Sheath gas flow (L/min) 12

Fragmentor voltage (V) 360

Scan Source Parameter

Capillary voltage (V) 3000

Nozzle voltage (V) 300

Table S 3: Gradient program used for HPLC separation. A = 95/5 H2O/MeOH + 2 mM NH4Ac and B = 95/5 

MeOH/H2O + 2 mM NH4Ac. Flow = 0.3 mL/min.

Time (min) A (%) B (%)

0 85 15

2.0 30 70

5.0 10 90

10.0 0 100

15.0 0 100

15.1 85 15

22.0 85 15

Data acquisition. During iterative ddMS2 a rolling exclusion list was automatically generated 

during multiple sample injections to subsequently exclude peaks at a certain RT window which 

were already selected for MS/MS experiments in prior injections. This greatly enhances the 

MS/MS coverage (see Figure S2).1 An additional static exclusion list (generated from MeOH 

blank injections) was used to exclude persistent background signals originating from the 

analytical system over the complete RT-range. During selected injections active exclusion was 

enabled allowing the QTOF to exclude each triggered m/z for a certain RT after acquiring a 

certain number of MS/MS scans, which further increased the number of precursors selected 
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for MS/MS. For each measurement 2 to 5 µL of sample was injected followed by a threefold 

needle wash with isopropanol.
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Figure S 2: Iterative ddMS2. (a) Peak height of precursors triggered for MS/MS during iterative ddMS2, showing 

the strongly enhanced coverage of small peaks with multiple injections. (b) Average peak height of all triggered 

peaks of each injection.

S3 MassBank calculations

MassBank was downloaded from the MoNA website (MassBank of North America, 

https://mona.fiehnlab.ucdavis.edu/downloads) as a JSON-file and was preprocessed with 

Python. 20998 single HR-MS2-spectra (with at least 2 peaks) were searched for ΔCF2, ΔC2F4 

and ΔCF3 (and selected others) since the PFAS present in MassBank are mainly compounds 

with one CF3-group and some perfluorinated compounds while only very few telomer-based 

PFAS (often with insufficient fragments) are present (see Figure S3). Mass tolerance and 

intensity threshold were subsequently changed [mass tolerance: ±(0.05, 0.075, 0.1, 0.25, 0.5, 

0.75, 1, 2, 3, 5, 7.5, 10 mDa), relative intensity threshold: 10, 7.5, 5, 3, 1%] and the percentage 

of identification and false positive rates were calculated. All compounds having a sum 

formulae with ≥ 3 fluorine atoms [in MassBank: 942 single spectra F≥3 from 99 unique 

compounds F≥3; it was also searched via SMILES (‘C(F)(F)F’) showing that more than 94% 

of the 942 spectra are from compounds with a CF3-group (including PFAS with perfluoroalkyl 
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chains since they also have one CF3-group)] were considered as hits. 40 of the 99 compounds 

are PFAS with perfluoroalkyl chains (more than 7 fluorine atoms) (161 of 942 spectra). On 

the one hand, these results are considered as best-case scenario, since multiple spectra at 

different CEs per compound were present (see Equation S1-2). On the other hand, the number 

of spectra against which FindPFΔS was tested is much larger than the number of spectra 

acquired in a typical ddMS2-run. Positive and false positive assigned spectra were manually 

inspected for correctness.

The percent of identification was calculated by dividing the number of unique hits with at least 

3 fluorine atoms by the number of all unique compounds in MassBank with at least 3 fluorine 

atoms:

% compounds found =  
Unique hits F ≥  3

All unique compounds in MassBank F ≥  3

⋅ 100 % (S1)

The rate of false positive spectra was calculated by dividing all spectra of compounds with at 

least 3 fluorine atoms by the total number of spectra found by FindPFΔS:

% false positive spectra =  (1 ― All hits F ≥  3

All hits ) ⋅ 100 % (S2)

Figure S 3: Distribution of F-containing compounds in MassBank. Total number of spectra (942 spectra) 

containing at least 3 fluorine atoms (filtered by chemical formula) and unique compound spectra (filtered by 

name) containing at least 3 F (99 compounds).
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S4 Fragment differences and MS2 spectra
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losses of HF in the PFAS standard and paper extract P2. Mass tolerance ±1 mDa, intensity threshold 1000 counts. 

Those differences typically occur when at least one H is bound to a C neighboring a CF2-group.
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Figure S 9: ΔCnH3F2n-3 and ΔCnH2F2n-4 spectra. Examples of spectra found with ΔCnH3F2n-3 and ΔCnH2F2n-4 

(highlighted in green) from the paper sample extracts. Mass tolerance ±1 mDa, intensity threshold 1000 counts. 

Note the perfluoroalkyl chain length equals n-2.
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Figure S 10: ΔCnF2nSO3 spectra. Examples of spectra containing ΔCnF2nSO3 (highlighted in purple) from the 

PFAS standard mixture. Mass tolerance ±1 mDa, intensity threshold 1000 counts.

S5 Application of FindPFΔS to MassBank

Figure S 11: Histogram of the number of intensities within the MassBank dataset, showing the high frequency 

of peaks ≤3% relative intensity.

Table S 4: Examples of unique correctly detected compounds by FindPFΔS in MassBank with the difference 

ΔCF2, a mass tolerance of ±1 mDa and relative intensity threshold of 1%. Note: very few compounds appear 

twice due to the filtering by unique compound name.

Compound name Chemical 

formula

Compound name Chemical 

formula
Mabuterol C13H18ClF3N2O Nilotinib C28H22F3N7O

Flunixin C14H11F3N2O2 Flurtamone C18H14F3NO2

Niflumic acid C13H9F3N2O2 Picolinafen C19H12F4N2O2

Norfenfluramine C10H12F3N Perfluorobutane sulfonic acid (PFBuS) C4HF9O3S

N-Nitrosofenfluramine C12H15F3N2O Flunitrazepam C16H12FN3O3

Diflufenican C19H11F5N2O2 Flunixine C14H11F3N2O2

Fluazifop C15H12F3NO4 Fluometuron C10H11F3N2O

Fipronil C12H4Cl2F6N4OS 6:2 fluorotelomer unsaturated carboxylic acid C8H2F12O2

Fipronil-sulfone C12H4Cl2F6N4O2S Celecoxib C17H14F3N3O2S

Fipronil-sulfide C12H4Cl2F6N4S Perfluorooctanesulfonic acid C8HF17O3S

Perfluoroheptanoic acid C7HF13O2 Perfluorotetradecanoic acid C14HF27O2

Perfluorooctanoic acid C8HF15O2 Fipronil desulfinyl C12H4Cl2F6N4

Perfluorononanoic acid C9HF17O2 Fluvoxamine C15H21F3N2O2

Perfluorodecanoic acid C10HF19O2 Fluticasone propionate C25H31F3O5S

N-Ethylperfluoroctansulfonamid C10H6F17NO2S N-Ethylperfluorooctane sulfonamidoacetic acid C12H8F17NO4S

Tritosulfuron C13H9F6N5O4S Flonicamid C9H6F3N3O



S13

1-(3-

(Trifluoromethyl)phenyl)piperazine

C11H13F3N2 Flecainide C17H20F6N2O3

Sitagliptin C16H15F6N5O Fluazifop-butyl C19H20F3NO4

Perfluorooctane sulfonamidoacetic 

acid

C10H4F17NO4S Lansoprazole C16H14F3N3O2S

N-methylperfluorooctane 

sulfonamidoacetic acid

C11H6F17NO4S N-MeFOSAA C11H6F17NO4S

Oxyfluorfen C15H11ClF3NO4 Perfluorooctanoic acid (PFOA) C8HF15O2

Trifloxystrobin C20H19F3N2O4 Perfluorononanoic acid (PFNA) C9HF17O2

Triflusulfuron-methyl C17H19F3N6O6S Perfluorodecanoic acid (PFDA) C10HF19O2

Efavirenz C14H9ClF3NO2 Perfluoroundecanoic acid (PFUnDA) C11HF21O2

Isoxaflutole C15H12F3NO4S Perfluorododecanoic acid (PFDoDA) C12HF23O2

Haloxyfop C15H11ClF3NO4 Perfluorotridecanoic acid (PFTrDA) C13HF25O2

Flufenamic acid C14H10F3NO2 Perfluorotetradecanoic acid (PFTeDA) C14HF27O2

Acifluorfen C14H7ClF3NO5 Thiazopyr C16H17F5N2O2S
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Figure S 12: False positive vs. correct detections for ΔCF3 and ΔHF. Percentage of correctly assigned unique 

compound spectra with ΔCF3 and ΔHF (hit: compounds with at least 3 fluorine atoms) detected by FindPFΔS in 

the MassBank plotted against the rate of false positive detected total spectra. Numbers correspond to the mass 

tolerance in mDa (only one curve fully labeled, 1 mDa marked for all), colors to intensity thresholds.
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Figure S 13: False positive vs. correct detection for combinations of mass differences. Percentage of correctly 

assigned unique compound spectra (hit: compounds with at least 3 fluorine atoms) detected by FindPFΔS in the 

MassBank plotted against the rate of false positive detected total spectra. Comparison of different mass 

differences and combinations with an intensity threshold of 3%. Note that by using ΔHF the number of false 

positives strongly increased. Numbers correspond to the mass tolerance in mDa (only one curve fully labeled, 

1 mDa marked for all).
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Figure S 14: Distribution of found compounds with ΔCF2. % spectra found and % compounds found when using 

ΔCF2 with FindPFΔS in MassBank for different F-containing compounds depending on mass difference [legend 

= ±(0.5, 0.75, 1 and 2 mDa)] with a fixed intensity threshold of 3%. Note: F26 and F34 are diPAP spectra, F16 is 

9Cl-PF3ONS with 3 peaks which were found when using other mass differences. F7 is PFBA (only 2 peaks), F9 

and F11 are PFBA and PFHxA which were not detected due to insufficient fragments. Missing F amounts means 

that no such compounds were present in MassBank.

Figure S 15: Distribution of found compounds with ΔCF3 and ΔHF. % spectra found and % compounds found 

with ΔCF3 and ΔHF in MassBank for different F-containing compounds depending on mass difference with a 

fixed intensity threshold of 3%. Compare to Figure S14. 
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Figure S 16: Arbitrary examples of correctly detected spectra by FindPFΔS within the MassBank dataset (mass difference ΔCF2, mass tolerance ±1 mDa, intensity threshold 

3%). Note that there can still be false positives within correct detected spectra.
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Figure S 17: Arbitrary examples of false positive detected spectra by FindPFΔS within the MassBank dataset (mass difference ΔCF2, mass tolerance ±1 mDa, relative intensity 

threshold 3%).
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Table S 5: False positive differences for ΔCF2. Examples of fragments from MS/MS spectra in MassBank which 

led to false positive hits for the mass difference ΔCF2 (= 49.9968 Da). Highlighted in blue are sometimes observed 

false positives which actually arose from compounds containing one F.

Fragment 1 Fragment 2 Difference 

contributing 

atoms

Exact 

Mass (Da)

Deviation from 

ΔCF2 (mDa)

C8H9OS C7H5N CH4OS – N 49.9978 0.99

C15H13NO4 C8H15NO6 C7 – H2O2 49.9945 2.3

C17H13N2 C13H13NO C4O – N 49.9918 4.9

C13H7N4 C11H9N2 C2N2 – H2 49.9904 6.4

C33H38O4 C33H36O H2O3 50.0004 3.6

C14H8N4 C10H9O C4F – OH 49.9956 1.2

C15H8ClFN C12H4N3O C3H4ClF 49.9975 0.7

C11H13O3 C8H12OF C3HO2 – F 49.9992 2.5

Mass difference

Figure S 18: Exponential decrease of the frequency of integer mass differences with increasing mass difference 

within 20998 HR-MS/MS spectra in MassBank. Note: y-axis is in log-scale. R2 for the fit until mass difference 

400 Da equals 0.992.
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S6 Identification of unknowns
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Figure S 19: MS/MS spectra of FTMAP, FTMAP sulfoxide and FTMAP disulfoxide/sulfone [6:2/8:2 and 8:2/8:2 

with additional isomers (telomer chain length and position of oxygen)] at 40 eV in paper extract P1. Highlighted 

are the oxygen shifts of the fragments from the different oxidation states.
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Figure S 20: MS/MS spectrum of 6:2/8:2 FTMAP sulfoxide-sulfone at 40 eV in paper extract P1.
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Figure S 21: Proposed fragmentation reactions for FTMAP sulfoxide, FTMAP disulfoxide/sulfone and FTMAP 

disulfoxide-sulfone homologues. Note that the position of the S=C double bond was not determined.
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5x10

0

1

+/- EIC(804.9694) Scan 17_Paper_4528_ddMS2_40eV_1it_Inj2.d

9.582

14.084

5x10

0

+/- EIC(904.9630) Scan 17_Paper_4528_ddMS2_40eV_1it_Inj2.d

10.579

11.219
15.240

5x10

0

+/- EIC(1004.9566) Scan 17_Paper_4528_ddMS2_40eV_1it_Inj2.d

11.558

12.162

4x10

0

+/- EIC(1104.9503) Scan 17_Paper_4528_ddMS2_40eV_1it_Inj2.d

12.394

4x10

0

+/- EIC(1204.9439) Scan 17_Paper_4528_ddMS2_40eV_1it_Inj2.d

13.248

Counts vs. Acquisition Time (min)
8 9 10 11 12 13 14 15 16

C
o

u
n

ts
 (

-)
C

o
u

n
ts

 (
-)

C
o

u
n

ts
 (

-)
C

o
u

n
ts

 (
-)

C
o

u
n

ts
 (

-)

RT (min)

10:2/10:2 Hydroxy-diPAP

8:2/10:2 Hydroxy-diPAP

8:2/8:2 Hydroxy-diPAP

6:2/8:2 Hydroxy-diPAP

6:2/6:2 Hydroxy-diPAP

Figure S 25: EICs (scan) of 5 Hydroxy-diPAP homologous in the paper extract P2. The two peaks presumably 

arise from different positions of the OH-group. All Hydroxy-diPAPs have a slightly shorter RT compared to 

diPAPs as expected for hydroxylated compounds. Hydroxy-diPAPs were also retrospectively found based on 

their accurate mass (and RT shift with respect to diPAPs) in a soil from the region around Rastatt (Hügelsheim).



S22

References

1. Koelmel, J. P.; Kroeger, N. M.; Gill, E. L.; Ulmer, C. Z.; Bowden, J. A.; Patterson, R. E.; Yost, 

R. A.; Garrett, T. J., Expanding Lipidome Coverage Using LC-MS/MS Data-Dependent Acquisition 

with Automated Exclusion List Generation. J Am Soc Mass Spectrom 2017, 28, (5), 908-917.

2. Bugsel, B.; Bauer, R.; Herrmann, F.; Maier, M. E.; Zwiener, C., LC-HRMS screening of per- 

and polyfluorinated alkyl substances (PFAS) in impregnated paper samples and contaminated soils. 

Anal Bioanal Chem 2021.



 
 

105 

Appendix 3 

Publication 3 

PFAS-Contaminated Soil Site in Germany: Nontarget Screening 
before and after Direct TOP Assay by Kendrick Mass Defect and 

FindPF∆S 

 

Jonathan Zweigle,+∥ Boris Bugsel,+∥ Klaus Röhler,‡ Alexander Haluska,‡ Christian Zwiener+,*
 

+Environmental Analytical Chemistry, Department of Geosciences, University of Tübingen, 

Schnarrenbergstraße 94-96, 72076 Tübingen, Germany 

‡Hydrogeochemistry, Department of Geosciences, University of Tübingen, Schnarrenbergstraße 94-96, 

72076 Tübingen, Germany ∥The authors contributed equally to this work and share first authorship. 

 

Published in: Environmental Science and Technology 57(16), 6647-6655. 

DOI: 10.1021/acs.est.2c07969 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Reprinted with permission from Environmental Science & Technology: Zweigle, J., Bugsel, B., Röhler, K., 
Haluska, A. A., & Zwiener, C. (2023). PFAS-Contaminated Soil Site in Germany: Nontarget Screening before 
and after Direct TOP Assay by Kendrick Mass Defect and FindPF∆S. Environ Sci Technol, 57(16), 6647-
6655. https://doi.org/10.1021/acs.est.2c07969 



PFAS-Contaminated Soil Site in Germany: Nontarget Screening
before and after Direct TOP Assay by Kendrick Mass Defect and
FindPFΔS

Jonathan Zweigle,∥ Boris Bugsel,∥ Klaus Röhler, Alexander Arthur Haluska, and Christian Zwiener*

Cite This: Environ. Sci. Technol. 2023, 57, 6647−6655 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Soil contaminations with per- and polyfluoroalkyl substances
(PFAS) are of great concern due to their persistence, leading to continuous,
long-term groundwater contamination. A composite sample from contami-
nated agricultural soil from northwestern Germany (Brilon-Scharfenberg,
North Rhine-Westphalia) was investigated in depth with nontarget screening
(NTS) (Kendrick mass defect and MS2 fragment mass differences with
FindPFΔS). Several years ago, selected PFCAs and PFSAs were identified on
this site by detection in nearby surface and drinking water. We identified 10
further PFAS classes and 7 C8-based PFAS (73 single PFAS) previously
unknown in this soil including some novel PFAS. All PFAS classes except for
one class comprised sulfonic acid groups and were semi-quantified with PFSA
standards from which ∼97% were perfluorinated and are not expected to be
degradable. New identifications made up >75% of the prior known PFAS
concentration, which was estimated to >30 μg/g. Pentafluorosulfanyl (−SF5)
PFSAs are the dominant class (∼40%). Finally, the soil was oxidized with the direct TOP (dTOP) assay, revealing PFAA precursors
that were covered to a large extent by identified H-containing PFAS and additional TPs (perfluoroalkyl diacids) were detected after
dTOP. In this soil, however, dTOP + target analysis covers <23% of the occurring PFAS, highlighting the importance of NTS to
characterize PFAS contaminations more comprehensively.

KEYWORDS: PFAS, high-resolution mass spectrometry, nontarget screening, TOP assay, TOP direct, fragment mass differences,
FindPFΔS, Kendrick mass defect

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) form an
exclusively man-made group of substances.1 According to the
OECD definition, all substances with a perfluorinated methyl
group (−CF3) or a perfluorinated methylene group (−CF2−)
are considered PFAS.2 The online database PubChem contains
more than 6 million individual compounds that meet this
definition.3 This considerable number of substances results
from the unique properties that PFAS offer and their wide
range of applications: for example, they are used as repelling
agents in textiles and food contact materials and as surfactants
in aqueous film-forming foams (AFFFs) and in the electronics
and semiconductor industry.4−7 While the stability of PFAS is
advantageous for industry, this property has disadvantages for
their environmental behavior. Due to their wide range of
applications and persistence, PFAS have become a major
environmental concern as more and more PFAS-contaminated
sites are discovered.8−10 For many of the PFAS-contaminated
sites, it is vastly problematic that the individual PFAS are only
partially known. Compared to the 6 million PFAS in the
PubChem database, only a few PFAS are usually detected and
quantified by target analysis.11

To address this problem, the total oxidizable precursor
(TOP) assay and modifications (conversion via UV/TiO2), as
well as hydrolysis-based reactions, are applied to estimate the
amount of PFAA precursors (i.e., compounds that can be
oxidatively converted to PFAAs or hydrolyzed to, e.g.,
fluorotelomer alcohols), which are not captured by conven-
tional target analysis.12−15 In brief, the TOP assay oxidizes
PFAS precursors to PFAAs by hydroxyl radicals. An increase in
PFAA concentrations after the TOP assay can therefore be
attributed to unknown precursors and therefore is a means to
estimate the amount of precursors. Although the TOP assay is
a valuable tool that only requires a triple-quadrupole (QqQ)
instrument for the estimation of the PFAS pollution at
contaminated sites, only those precursors that form PFCAs
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and PFSAs as oxidation or hydrolysis products can be
detected.16 For example, many of the novel replacement
compounds such as GenX, ADONA, or C6O4 belong to the
group of perfluorinated ether carboxylic acids (PFECAs),
which cannot be converted to PFCAs in the TOP assay.17

In 2006, a small-scale PFAS-contaminated site in Germany
(Brilon-Scharfenberg, North Rhine-Westphalia) was discov-
ered.18 Presumably, the application of inorganic and organic
waste materials on agricultural areas led to PFAS-contaminated
soils and receiving rivers. Target analytes included PFCAs and
PFSAs, with the highest measured concentration of 33,900 ng/
L perfluorooctanoic acid (PFOA) in the Steinbecke River.
Recently, Röhler et al. (2022) applied the direct TOP (dTOP)
assay to one of the contaminated agricultural soils (BS-NRW)
and found a high production of PFAAs, which indicates the
presence of so-far undetected precursors.19 However, a full
characterization of the contaminated site is crucial to estimate
further environmental impacts since a contamination with
precursors can act as a long-term source by a continuous
transformation to PFAAs, which can leach to receiving rivers
and groundwater bodies.

The objective of this study was to apply (i) nontarget
screening (NTS) approaches based on Kendrick mass defect
analysis and fragment mass differences (FindPFΔS)20 to
characterize the contamination of the BS-NRW site and (ii)
NTS after the dTOP assay to screen for possible oxidation
products that are not measured by conventional target analysis.

■ MATERIALS AND METHODS

Chemicals and Reagents. Origin and specifications of
used chemicals are given in the SI (Section S1).
Field Site. The soil sample was collected in October 2021

from a 10 ha PFAS-contaminated agriculture site in Brilon-
Scharfenberg, North Rhine-Westphalia (BS-NRW), Germany.
The site is suspected to have periodically received a PFAS-
containing compost between 2004 and 2006. However, the
origin of the PFAS is not known. More details about the field
site can be found in previous publications.18,21

Sample Preparation and dTOP Assay. The composite
sample (1 g) was weighed in a 50 mL Falcon tube, covered
with 10 mL of MeOH, and put to an overhead shaker
overnight. After sonication for 1 h, the mixture was centrifuged
(at 4000 rcf for 10 min) and 1 mL of aliquots from the
supernatant were taken for subsequent analysis with high-
resolution mass spectrometry (HRMS). An extraction blank
without adding soil to the centrifuge tube was also prepared
and measured. For the dTOP assay, briefly, 100 mg of the soil
sample was weighed in 100 mL glass bottles and 10 ng of
internal standards was spiked (C4−C12 PFCAs, C4, C6, and C8

PFSAs). A volume of 100 mL of a 200 mM potassium
persulfate and 500 mM sodium hydroxide solution was then
added. The bottles were then put in an oven at 85 °C for 7 h
and shaken periodically. After adjustment to pH 7 and solid-
phase extraction (Chromabond HR-XAW, Macherey-Nagel),
the SPE eluates were dried and reconstituted with 50/50
MeOH/H2O (v/v) and analyzed by LC-HRMS. Details on
solid-phase extraction are given in the SI (Section S1).
NTS Data Acquisition. Soil extracts and SPE eluates from

dTOP were analyzed with HPLC-QTOF-MS. Compound
separation was achieved with an Agilent 1260 Infinity HPLC
system (Poroshell 120 EC-C18 column; 2.1 mm × 100 mm; 2.7
μm particle size; 40 °C) at a flow rate of 0.3 mL/min, which
was coupled to an Agilent 6550 QTOF-mass spectrometer. A

23 min gradient program was used ((A) 95/5 H2O/MeOH +
2 mM NH4Ac and (B) 5/95 H2O/MeOH + 2 mM NH4Ac)
and the ionization source was operated separately in positive
and negative modes (details in Tables S1 and S2).

The QTOF was operated in the iterative data-dependent
MS2 (ddMS2) mode [3 scans/s in MS (m/z 100−1700) and
MS/MS range (m/z 70−1700)] with both static exclusion
(generated from blank injections) and a rolling exclusion list,
which subsequently excluded already triggered masses from
previous injections to maximize MS2 coverage. Precursors
above 1000 counts were selected (narrow isolation width ≈ 1.3
m/z) and actively excluded for 0.5 min after acquiring three
spectra. All experiments were performed with a linear m/z-

dependent collision energy ( m zCE( / ) 3 15 eV
m z/

100
= + ). The

injection volume was 5 μL and samples were measured at least
in 3 iterations but up to 6. A three-fold needle wash in three
separate vials with isopropanol was applied between each
injection. Each measurement series included two blanks and a
PFAA standard solution to monitor instrument drift.
Semi-Quantification via PFSAs. All identified PFAS that

comprised sulfonic acid headgroups (−SO3
−) were semi-

quantified based on calibration curves of C4−C10 and C12

PFSAs (0.1, 1, 5, 10, and 20 μg/L) with the respective carbon
chain length. Therefore, all slopes were extrapolated up to C16

and used to estimate concentrations (cestim) for identified PFAS
in soil (Figure S1). One PFAS class with a carboxylic
headgroup (perfluorinated ether carboxylic acids) was similarly
semi-quantified with PFCAs ([M − H]− and [M − H −
CO2]− ions). Soil extracts were measured in dilutions of 1:10
to decrease matrix effects for semi-quantification. Matrix effects
in this 1:10 diluted soil extract were quantified for C5−C12, C14

PFCAs and C4, C6, and C8 PFSAs with the use of isotopically
labeled internal standards (see Table S3). All matrix effects
were in the range between 93 and 112%. Due to the strong
structural similarity of most identified PFAS to PFSAs in
combination with the observed general weak dependency of
PFSA chain length on the ESI efficiency, we expect the semi-
quantification to be comparatively accurate. This is further
supported by the similar polarity shown by the RT vs chain
length correlation (see the next section and Figure 3).
NTS Workflow and Data Mining. In the first step, MS1-

peak-finding was performed with the FindByMolecularFeature
(MFE) algorithm (Agilent MassHunter Qualitative Software;
peak height ≥ 600 counts; [M − H]−, [M + Cl]−, [M +
HCOO]−, and [M + CH3COO]− adducts), resulting in 5294
features in the ESI− mode (soil extract). CSV files with m/z,
RT, and peak area were extracted and analyzed for (CF2)n-
based Kendrick mass defect with a Python script (at least 5
homologues, 5 mDa absolute mass tolerance). This resulted in
43 homologous series (HS, 526 features, including multiples
resulting from isomeric chromatographic peaks), which were
manually inspected, compared to extraction and solvent blanks,
and inspected for their characteristic RT shift with increasing
m/z. Twenty-five HS (206 features) were manually discarded
due to detection in blanks, very low intensities, bad peak shape,
or no systematic RT shift.

In the following step, FindPFΔS20 was used to extract
potential PFAS masses by the occurrence of characteristic
fragment mass differences [Δ(CF2)n, n = 1−3; ΔCF3(CF2)n, n
= 0−2; ΔCF(CF2)n, n = 0−3; ΔF; ΔSF5; ΔCF2O; and ΔHF;
absolute mass tolerance 2 mDa, minimum MS2 intensity 3000
counts; further details in the SI (Section S2 and Figure S2)] in
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their MS2 spectra (6 iterations with the total 4268 unique MS2

spectra; persistent background masses removed by
FindPFΔS), which resulted in 208 potential hits (including

multiples resulting from variance in mass accuracy). This m/z
list was compared to the m/z list from KMD analysis to
remove overlapping masses and was further reduced by

Table 1. Summary of All Identified PFAS in the Soil Sample and Their Behavior during the dTOP Assaya

aCompounds are sorted according to their decreasing estimated concentration in soil. Observed carbon chain lengths are given as the sum of n + m
+ o + p. Since all compounds were observed as complex isomeric mixtures (evidenced by chromatography and MS/MS), the positions of, for
example, double bonds, ether bonds, or further branched isomers could not be determined and are therefore given as variables. Note that the
variables can also be 0 and in special cases their positions are exchangeable. More details are provided in Figure 1. Compound classes marked with a

were previously identified in this soil,18,21 classes without mark were previously unknown in the BS-NRW soil, and classes marked with N were to
our best knowledge not reported in the literature before.
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removing [M + 1], [M + 2] (from both 34S and two 13C
atoms) isotopes (which are often selected for MS/MS in later
iterations if they have very high intensities) as well as dimers
and further adducts (adducts and dimers were exported from
CEF files (XML) from the MFE) to 40 masses, which were
then manually investigated. Finally, the resulting total mass list
was used for manual identification. Mass spectrometry
fragmentation theory, typical PFAS properties (e.g., negative
mass defect, decreasing mass defect with increasing chain
length, etc.), and an RT vs total chain length correlation were
used to increase confidence (Figure 3). To improve
identification performance, an additional Python script was
used to automatically annotate MS2 peaks in the MS2 spectra
of interest with 934 diagnostic fragments for PFAS (collected
from Koelmel et al. 202222) and assign fragment mass
differences of interest, which greatly enhanced the efficiency
during manual visual MS2 spectra inspection. Peaks identified
as PFAS were manually checked for being in-source fragments.
Due to complex isomeric mixtures (multiple peak maxima),
both RTs (see Table S4) and especially peak shapes were
compared to exclude potential in-source fragmentation
(examples in Figure S3) since for selected overlapping peaks,
checking the RT alone is not sufficient. This workflow was
similarly applied to the SPE eluate after dTOP oxidation in
both negative and positive ionization modes.

■ RESULTS AND DISCUSSION

Identified PFAS and PFAS Classes. With the application
of KMD analysis (MS1) and FindPFΔS (MS2 fragment mass
difference approach), besides previously detected PFAAs, 10
PFAS substance classes with multiple homologues and 7 C8-
based PFAS could be identified in the BS-NRW soil extract, all
of which exclusively comprised sulfonic acids (one exception).
This allowed a semi-quantification (cestim) based on PFSA and
PFCA calibration standards. In the following, structurally
related compounds will be discussed together in decreasing
order of their estimated concentration in the soil (for more
details, see Table 1 and Figure 1). Further detailed information
to support all PFAS identifications (chromatograms and
annotated MS/MS spectra) is provided in the SI.

Pentafluorosulfanyl Perfluoroalkyl Sulfonic Acids (SF5-
PFSAs). C7−C11 SF5-PFSAs were identified with the highest
estimated concentration of ∑cestim ∼12.5 μg/g soil with the
highest concentrations of the C8 and C9 homologues. The sum
concentration of SF5-PFSAs made up more than ∼40% of all
identified PFAS in the BS-NRW sample. Mixtures of different
linear and branched isomers (evidenced by partially separated
peaks and MS/MS) were detected, which indicate an
electrochemical fluorination-based origin. SF5-PFSAs showed
characteristic CF2 mass shifts (= 49.9968 Da) and SF5

−

fragments (EICs and MS/MS details in Figures S4 and S9).
Unsaturated SF5-PFSAs (U-SF5-PFSAs) were identified at

much lower concentrations (∑cestim ∼0.4 μg/g; Figures S5 and
S10). Furthermore, a C8 ether-SF5-PFSA was detected with
FindPFΔS (cestim ∼0.02 μg/g; Figures S8 and S11) in even
lower concentrations and four U-ether-SF5-PFSA homologues
(∑cestim ∼9.4 ng/g; Figures S6 and S12) were identified.
Figure 2 exemplifies how powerful fragment mass differences
are based on a U-ether-SF5-PFOS MS/MS spectrum. ΔCF2

already detects most of the fragments, while matches with 932
PFAS diagnostic fragments miss several peaks because the
fragments are not present in the list. U-SF5-PFSAs were
previously identified in an AFFF formulation;22 however, to
the best of our knowledge, the occurrence of ether-SF5-PFSAs
and U-ether-SF5-PFSAs are reported for the first time in the
environment, and no entry in PubChem was found. The
relative chain length distribution of SF5-PFSAs was similar to
U-SF5-PFSAs, while the distribution of U-SF5-PFSAs and U-
ether-SF5-PFSAs was almost identical, which indicates that
they are related side products. Since SF5-PFSAs are
perfluorinated and were not transformed in the dTOP assay
(see the following section), the unsaturated SF5-PFSAs are
expected to be side products rather than transformation
products. In general, PFAS with SF5 groups were detected in
AFFFs and commercial products,7,22,23 in biosolids and organic
waste,24 as well as in landfill leachates,25 and waste water
related to electronics fabrication,26 however, to our knowledge
never as the primary PFAS contamination. Barzen-Hanson et
al. (2017)7 found SF5-PFAS in 3M patents from 199227 and
detected them in technical products but not in groundwater.
The patent states that their hydrophobic and oleophobic

Figure 1. (a) Percentage of identified PFAS classes based on the estimated concentrations of all identified PFAS. Previously identified PFAS in the
BS-NRW soil are shown as gray-shaded areas with italic gray labels.18,21 New identifications make up more than 77% of the total found PFAS based
on cestim. (b) Heatmap of the estimated concentrations (cestim, log scale) for each homologue of the respective compound class. For more details on
PFAS structures, see Table 1.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07969
Environ. Sci. Technol. 2023, 57, 6647−6655

6650



performance can be even superior to the CF3 group, making
them ideal for repellent coatings for textiles and papers. We
found another patent from 1994 by the same authors for the
electrochemical production of pentafluorosulfanyl fluorides.28

Due to the fact that SF5-PFSAs seem to be the major PFAS
contaminants in the BS-NRW soil, it is reasonable to assume
that the contamination of the BS-NRW soil goes back to
specific sources and unknown products. Previously reported
SF5-PFAS in environmental samples were minor contaminants
compared to other detected PFAS.7,25

Perfluoroalkyl Sulfonic Acids (PFSAs). C4, C6, and C8

PFSAs were already detected in 2006 in the BS-NRW soil
(later also C9−10),18,21 in the adjacent creek Steinebecke, in
following downstream rivers such as the Möhne River, and in
drinking water.18 With a total concentration of 5.4 μg/g, C4,
C6, and C8 PFSAs contributed 18% of the identified PFAS,
with PFDS being present at the highest concentrations (PFSAs
were confirmed by authentic reference standards; Figures S4
and S13). Further C11−16 PFSAs were detected by NTS with a
total concentration of 3.8 μg/g (composing 13% of all
identifications). Partially co-eluting peaks in the chromato-
grams hint to linear and branched isomers of all PFSAs. We
further identified unsaturated PFSAs (U-PFSAs), which
exhibited a dominance of C8−C16 chain lengths with a total
estimated concentration of ∑cestim ∼3.6 μg/g, which
demonstrates their high importance. Their fragmentation
patterns confirmed their linear or branched structure but
excluded cyclic structures such as perfluoroethylcyclohexane
sulfonate or related homologues (commonly known as
PFECHS) due to the systematic observation of (CF2)nSO3

−

and F(CF2)nC2F2
− fragments with several CF2 units. U-PFSAs

were identified as several positional isomers since they likely
occurred as mixtures where the double bond position cannot
be easily located (EICs and MS/MS in Figures S4 and S14).
Furthermore, twice unsaturated PFSAs (di-U-PFSAs) were
detected at ∑cestim ∼0.3 μg/g (C13−C16; Figures S6 and S15).

Ether-Perfluoroalkyl Sulfonic Acids (Ether-PFSAs). Ether-
PFSAs were found with ∑cestim ∼1.1 μg/g with a similar
carbon chain length distribution as U-PFSAs (discussed later),
while C14-ether-PFSA showed the highest concentrations
(EICs and MS/MS in Figures S5 and S16). Ether-PFSAs
were also identified in their unsaturated form (U-ether-PFSAs)
at lower concentrations at about 0.9 μg/g (Figures S5 and
S17).
Chlorinated Perfluorooctanesulfonic Acid (Cl-PFOS). Cl-

PFOS was found with FindPFΔS based on MS2 fragment mass
differences. Only a C8 homologue with different positional
and/or branched isomers was observed (cestim ∼1.0 μg/g) (EIC
and MS/MS in Figures S8 and S18). This indicates that this
compound was likely used exclusively as a C8-based
homologue. The position of the Cl was not explicitly
determined; however, the fragmentation pattern indicated its
position between the third and the fifth C (from the functional
group, see Figure S19). However, MS/MS was not acquired
over the whole chromatographic peak, allowing more potential
Cl-positions. Furthermore, Cl2-PFOS was detected at approx-
imately two orders of magnitude lower intensity, indicating it
to be a potential impurity from synthesis.
Perfluorocarboxylic Acids (PFCAs). C6−C8 PFCAs were

previously identified in BS-NRW and detected at a
concentration of 0.55 μg/g.18 PFOA (C8) was the dominating
homologue (90% of the concentration), and longer-chained
homologues had very low intensities and were therefore
excluded in the semi-quantitative estimation (Figures S6 and
S20). PFCAs comprised branched isomers observed by several
partially co-eluting peaks, suggesting that they may be
transformation products of branched precursors. The domi-
nance of PFOA is in good agreement with the potentially
degradable polyfluorinated (H-containing) precursors and the
results from dTOP oxidation (see the following and next
section).
Ether-Perfluorocarboxylic Acids (Ether-PFCAs). C8 and

C11−C16 ether-PFCAs were detected (∑cestim ∼0.08 μg/g),
with C14 being the main homologue (Figures S7 and S21).
Besides PFCAs, ether-PFCAs were the only compound class
with a carboxylic acid functional group. They were, therefore,
semi-quantified based on PFCAs. Chromatographic separation
again indicated branched isomers, which were not investigated
in more detail. Due to limited information from the MS/MS
spectra, the position of the ether bond could not be
determined.
Hydrogen-Substituted PFSAs (Potential PFAS Precursors).

Several H-substituted PFSAs were identified in the BS-NRW
soil. H-PFSAs (C6−C10) were the polyfluorinated PFAS
detected in the highest estimated concentrations of ∑cestim

of ∼0.55 μg/g soil with C8 making up >80% (Figures S7 and
S22). Based on MS/MS data only, the position of the
hydrogen could not be determined. H2-PFOS (or n:1 PFOS,
cestim ∼0.1 μg/g) and H-U-PFOS (cestim ∼0.08 μg/g) were
detected via FindPFΔS because no further homologues were
observed (Figures S8, S23, and S24). Furthermore, U-H3-
PFOS U-H2-PFOS and H-di-U-PFOS were identified in
estimated concentrations of ∼0.04, ∼0.04, and ∼0.02 μg/g,
respectively (Figures S8 and S25−S27). In each case, the
position of the H atoms could not be readily determined due
to complex isomeric mixtures.

All above-discussed PFAS are classified as identification level
2b according to Charbonnet et al. (2022).29 We are aware that
our identifications are limited by the exact positions of double

Figure 2. Example of an MS/MS spectrum of an unsaturated-ether-
SF5-perfluorooctanesulfonic acid. Fragments were detected via
fragment differences (CF2, red; O, purple) and matches with a list
of diagnostic fragments (blue). It clearly shows how powerful
fragment mass differences such as ΔCF2 are, which can detect almost
all fragments.
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bonds and/or hydrogen or chlorine atoms. But we still
assigned identification level 2b because from an environmental
point of view, each isomer has to be added to the
contamination. Further evidence is provided by numerous
matching fragment mass differences (FindPFΔS) and a strong
match of the RT with the RT model (Figure 3). ESI
measurements in the positive mode did not lead to any
meaningful identification.

Interestingly, the dominant semi-quantified part of the
identified PFAS (>97%) was perfluorinated and is, therefore,
not expected to degrade in a short time frame on the
contaminated soil in BS-NRW. This is of particular importance
because the fraction of previously unknown PFAS on this site
corresponds to over ∼75% of all reported PFAS. Only six
classes that make up approximately 3% of all semi-quantified
PFAS in the sample are polyfluorinated and may potentially act
as precursors on this field site (Table 1). Therefore, an
estimated 3% of the overall contamination seems to
continuously produce PFCAs over time. Due to slow
biotransformation, this PFCA supply was also suspected to
be the cause of long-term tailings in column tests observed by
Röhler et al. (2021).21 The fact that most of the H-containing
PFAS are C8-based is in good agreement with the observed
PFCA formation during the dTOP assay oxidation. Further
details on degradability and persistence are discussed in the
following TOP assay section.
dTOP Assay NTS and PFAS Stability. We performed

NTS of soil samples after dTOP (postTOP) and in
comparison to the non-oxidized extract (preTOP). Therefore,
we examined the stability of all identified PFAS during dTOP
by comparing their peak intensities in the original soil extract
to those after dTOP. An NTS workflow was used to find
potential unknown PFAS oxidation products, which may be
present in addition to the well-investigated PFCAs and PFSAs.

Due to the general aqueous experimental setup of the dTOP
assay, we observed a high chain length discrimination for all

identified perfluorinated PFAS (Figure 4), which expressed
itself in a decreasing ApostTOP/ApreTOP ratio with increasing

chain length. This observation was not unexpected, which is
why PFAAs are typically corrected by internal standards in
order to correct this loss during the TOP assay.13,30 However,
since reference standards are not available for most of our
identified PFAS, such a correction was not possible. Due to the
strong correlation of log(ApostTOP/ApreTOP) with the PFAS
carbon chain lengths, we conclude that sorption was the reason
for decreasing intensities postTOP with increasing chain length
rather than oxidation. Similar relationships were typically
observed for PFAAs in sorption experiments (logKd vs chain
length).31,32 We also see a clear trend for the sorption behavior
for different PFSAs, which may be useful for further
investigations. At a given carbon chain length, a decreasing
sorption can be observed in the order from SF5-PFSAs, U-SF5-
PFSAs, ether-PFSAs, PFSAs, U-ether-PFSAs, U-PFSAs to di-
U-ether-PFCAs, resulting in more than an order of magnitude
difference of the ApostTOP/ApreTOP ratio between SF5-PFSAs and
di-U-ether-PFCAs for this specific soil sample. Since most
perfluorinated PFAS are typically not transformed by OH-
radical-initiated reactions, sorptive losses to soil during the
dTOP assay are reasonable and further confirm the
hypotheses.

Furthermore, polyfluorinated PFAS (e.g., H-PFSAs, H2-
PFSAs, H3-PFSAs, etc.) have not been found after dTOP
oxidation, which reveals their potential for complete oxidation.
Furthermore, this corroborates correct compound assignments
since all proposed structures offer favorable attack sites for OH
radicals (e.g., H atoms). From an analytical point of view, it is
very important that polyfluorinated compounds made up only
∼3% of all identified PFAS in the soil. As such, this reveals that
>77% (based on our identifications) of the contamination was
hidden prior to our NTS approach. Neither target analysis nor
TOP assay or a combination of both would unravel the
identity or quantity of those PFAS, highlighting the high
importance of applying NTS approaches. To counteract the
highlighted flaws of the TOP assay, we emphasize the

Figure 3. Correlation of total chain length (including ether bonds and
SF5 groups, excluding the charge-carrying polar sulfonic acid group
and the carboxylic acid group in the case of ether-PFCAs) and
chromatographic retention time (RT). Single substances are marked
as crosses, and the only class with a carboxylic acid group is marked as
diamonds. Besides accurate mass, MS/MS evidence from fragment
mass differences and diagnostic fragments, and characteristic CF2

mass shifts, the strong correlation for all identified compounds (R2 =
0.86) provides further confidence in the form of a simple RT vs chain
length model. Note that small peaks of further homologues were
partially included in the correlation, while they were excluded from
semi-quantification.

Figure 4. Correlation of the logarithmic ratio of peak areas of
identified PFAS after dTOP oxidation (SPE eluate) and before dTOP
(soil extract) with carbon chain length (R2 > 0.98). The decreasing
trend of log(ApostTOP/ApreTOP) with increasing chain length represents
the increasing loss of PFAS due to sorption to soil particles. Similar
sorption relationships (linear relationship of logKd vs carbon chain
length) were often observed for PFAAs, supporting the idea of
sorption rather than transformation.31,32 Note: Teal X indicates an
outlier of the di-U-ether-PFCAs, which likely resulted from rather
small chromatographic peaks.
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importance of internal standard correction and suggest an
additional extraction step of the remaining soil particles after
the dTOP assay with an appropriate organic solvent in the
original vessel. It must be noted that even a correction with
internal standards cannot account for possible differences that
occur between spiking PFAAs directly to the dTOP assay
solution and “aged” PFAAs, which were sorbed to the soil
already for many years.

Besides PFAA formation, NTS after dTOP oxidation
revealed C6−C10 perfluoroalkyl diacids with a carboxylic and
a sulfonic acid group (PFCSA), which were found by KMD
analysis. In MS/MS, they showed both a neutral loss of CO2

and an abundant SO3
− fragment as expected from the two

functional groups. The RTs of these PFCSAs were much
shorter than for both PFCAs and PFSAs, which likely results
from two charges due to proton dissociation in solution. We
estimated their concentration (based on [M − H]− and [M −
H − CO2HF]− ions) after dTOP to ∼41 ng/g, which is slightly
less than the formation of PFSAs (≈ 64 ng/g).19 This
demonstrates that besides PFCAs and PFSAs, other TPs can
become important in the TOP assay. Röhler et al. (2022)
estimated 2.2 mg/kg precursors in the soil of BS-NRW based
on PFAA formation after dTOP.19 In total, our semi-
quantitative approach estimated oxidizable, polyfluorinated
precursors at 0.82 mg/kg, which is at a rather similar level
(about 37% of 2.2 mg/kg). Two possible reasons could cause
the discrepancy between both approaches: (i) the occurrence
of further precursors not captured by our NTS approach or (ii)
systematic errors in the semi-quantitative approach, which
commonly lead to differences in the estimated concentrations
in the range of a factor of two.
Fragment Mass Differences vs Diagnostic Fragments vs

Homologous Series. In this work, we combined established
PFAS-screening methods, such as homologous series detection
and diagnostic fragment screening, with our novel approach of
mass difference screening (FindPFΔS).20 To illustrate the
possibilities and limitations between the usage of a diagnostic
fragment database (here mainly the list from Koelmel et al.
(2022)22 with 872 F-containing fragments) and fragment mass
differences (14 mass differences), we performed a simple
comparison by using an HRMS/MS datafile from the PFAS-
contaminated soil extract. In the first iterative measurement of
the soil extract, 65 precursor masses were found by both
approaches plus 17 only by fragment mass differences and plus
5 only by diagnostic fragments. Within the MS/MS
fragmentation patterns in all detected precursor masses, 148
fragments were found by both approaches; in addition, 203
fragments were only found by the 14 mass differences and 73
fragments were only found by diagnostic fragments (Figure 5).
These numbers illustrate that a combination of both
approaches is most efficient and can explain more fragments
than each single approach on its own. Furthermore, screening
for mass differences with FindPFΔS found the same
compound classes that were also detected as homologous
series; however, it further detected single substances. This
underlines the effectiveness of the mass difference approach
and opens new possibilities in the identification of PFAS that
do not occur as homologous series.
Environmental Implications. Previous studies included

target analysis coupled with the TOP assay to estimate the
overall pollution of contaminated sites. Skutlarek et al. (2006)
found that PFOA was the major contaminant among the
investigated PFAAs in surface waters downstream of the BS-

NRW site.18 Sixteen years later, we discovered that PFCAs had
much lower soil concentrations than many other PFAS. In our
study, we showed that NTS revealed major, previously
unknown contaminants that supposedly contaminated the
whole ecosystem and potentially also found their way into
nearby drinking water, showing that TOP and target analysis
are insufficient to characterize the PFAS burden in this type of
contamination.

Advanced analytical screening techniques are essential to
identify and characterize contaminated field sites to further
estimate the overall pollution. However, this does not address
the root of the problem: the disposal of contaminated waste on
agricultural soils like the herein-discussed BS-NRW site or
other PFAS-impacted sites (e.g., the Rastatt case in SW
Germany). These examples reveal the problematic nature of
material recycling promoted by circular economy. During the
recycling of material streams, unintended recycling of
persistent contaminants has to be excluded. But this is rather
challenging due to analytical limitations in detecting and
identifying all trace organic compounds. The application of the
precautionary principle may even prevent material recycling on
agricultural soils like this is already largely practiced for sewage
sludge (e.g., in Baden-Württemberg and other countries). To
protect soil, groundwater, and drinking water, the discharge of

Figure 5. Exemplary comparison of two approaches to detect PFAS
fragments in ddMS2 data of the BS-NRW soil extract: based on
fragment mass differences or on a list of diagnostic fragments (DFs).
(a) Number of detected fragments based on 14 characteristic mass
differences (violet) or on 872 fluorine-containing DFs (teal). (b)
Comparison of unique detected fragments by both approaches: 203
unique fragments were only detected via mass differences, 148 were
found by both approaches, and 73 only by the list of DFs. (c) Number
of precursor masses of the MS/MS spectra that were either found
exclusively by mass differences, DFs, or by both approaches. Since a
fragment mass difference is always made up of two fragments, the
criteria for positive assignment of precursor MS/MS spectra via
diagnostic fragments were also set to two fragments. To keep false-
positive fragments or mass differences as small as possible, the mass
tolerance was 1 mDa and the intensity threshold of the fragments was
at a minimum of 3000 counts.
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PFAS into the environment has to be considered as an issue of
highest priority and must be discontinued.33
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(4) Glüge, J.; Scheringer, M.; Cousins, I.; DeWitt, J. C.; Goldenman,
G.; Herzke, D.; Lohmann, R.; Ng, C.; Trier, X.; Wang, Z. An overview

of the uses of per-and polyfluoroalkyl substances (PFAS). Environ.
Sci.: Processes Impacts 2020, 22, 2345−2373.

(5) Schellenberger, S.; Liagkouridis, I.; Awad, R.; Khan, S.;
Plassmann, M.; Peters, G.; Benskin, J. P.; Cousins, I. T. An Outdoor
Aging Study to Investigate the Release of Per- And Polyfluoroalkyl
Substances (PFAS) from Functional Textiles. Environ. Sci. Technol.
2022, 56, 3471−3479.

(6) Trier, X.; Taxvig, C.; Rosenmai, A. K.; Pedersen, G. A. PFAS in
paper and board for food contact: Options for risk management of poly-
and perfluorinated substances. Nordic Council of Ministers, 2018.

(7) Barzen-Hanson, K. A.; Roberts, S. C.; Choyke, S.; Oetjen, K.;
McAlees, A.; Riddell, N.; McCrindle, R.; Ferguson, P. L.; Higgins, C.
P.; Field, J. A. Discovery of 40 Classes of Per- and Polyfluoroalkyl
Substances in Historical Aqueous Film-Forming Foams (AFFFs) and
AFFF-Impacted Groundwater. Environ. Sci. Technol. 2017, 51, 2047−
2057.

(8) Bugsel, B.; Zwiener, C. LC-MS screening of poly-and
perfluoroalkyl substances in contaminated soil by Kendrick mass
analysis. Anal. Bioanal. Chem. 2020, 412, 4797−4805.

(9) McCord, J.; Strynar, M. Identification of Per- and Polyfluor-
oalkyl Substances in the Cape Fear River by High Resolution Mass
Spectrometry and Nontargeted Screening. Environ. Sci. Technol. 2019,
53, 4717−4727.

(10) Washington, J. W.; Rosal, C. G.; McCord, J. P.; Strynar, M. J.;
Lindstrom, A. B.; Bergman, E. L.; Goodrow, S. M.; Tadesse, H. K.;
Pilant, A. N.; Washington, B. J.; Davis, M. J.; Stuart, B. G.; Jenkins, T.
M. Nontargeted mass-spectral detection of chloroperfluoropolyether
carboxylates in New Jersey soils. Science 2020, 368, 1103−1107.

(11) Shoemaker, J.; Tettenhorst, D., Method 537.1: Determination of
Selected Per-and Polyfluorinated Alkyl Substances in Drinking Water by
Solid Phase Extraction and Liquid Chromatography/Tandem Mass
Spectrometry (LC/MS/MS); US Environmental Protection Agency, Office
of Research and Development, National Center for Environmental
Assessment: Washington, DC, 2018.

(12) Houtz, E. F.; Sedlak, D. L. Oxidative conversion as a means of
detecting precursors to perfluoroalkyl acids in urban runoff. Environ.
Sci. Technol. 2012, 46, 9342−9349.

(13) Janda, J.; Nödler, K.; Brauch, H.-J.; Zwiener, C.; Lange, F. T.
Robust trace analysis of polar (C 2-C 8) perfluorinated carboxylic
acids by liquid chromatography-tandem mass spectrometry: method
development and application to surface water, groundwater and
drinking water. Environ. Sci. Pollut. Res. 2019, 26, 7326−7336.

(14) Nikiforov, V. A. Hydrolysis of FTOH precursors, a simple
method to account for some of the unknown PFAS. Chemosphere
2021, 276, No. 130044.

(15) Zweigle, J.; Bugsel, B.; Capitain, C.; Zwiener, C. PhotoTOP:
PFAS Precursor Characterization by UV/TiO2 Photocatalysis.
Environ. Sci. Technol. 2022, 56, 15728−15736.

(16) Göckener, B.; Lange, F. T.; Lesmeister, L.; Gökçe, E.; Dahme,
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 52 

S1 Chemicals, reagents, and sample preparation 53 

Water, methanol (MeOH), ammonium acetate (NH4Ac) were LC-MS grade and purchased 54 

from Fisher scientific. The origin of perfluoroalkyl sulfonic acids (PFSAs; C4 – C10 and C12) 55 

and perfluoroalkyl carboxylic acids (PFCAs; C4 – C14 and C16) for semi-quantification of 56 

identified PFAS was Wellington laboratories. 57 

Solid phase extraction 58 

The cartridges (Chromabond HR-XAW, 3mL, 200 mg, Macherey-Nagel) were conditioned 59 

with 6 mL of 0.1 % NH4OH in MeOH with 3 mL of MeOH and 6 mL H2O. The samples were 60 

passed through the cartridge using a vacuum at approximately one drop per second. Afterward, 61 

the cartridges were washed with 6 mL H2O and sucked dry under vacuum until visually no 62 

liquid was left. Elution was achieved with 3 mL MeOH and 6 mL of MeOH with 0.1 % NH4. 63 

S2 Non-target screening 64 

Table S 1: Gradient elution of the HPLC-QTOF method. A = 95/5 H2O/MeOH + 2 mM NH4Ac and B = 95/5 65 

MeOH/H2O + 2 mM NH4Ac. 66 

Time (min) A (%) B (%) 

0 85 15 

2.0 30 70 

5.0 10 90 

10.0 0 100 

15.0 0 100 

15.1 85 15 

22.0 85 15 

  67 
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Table S 2: Summary of instrument and scan source parameters used for HPLC-QTOF measurements. 68 

Instrument Parameters  

Gas Temp (°C)  150 

Gas Flow (L/min)  16 

Nebulizer pressure (psig)  35 

Sheath gas temperature (°C) 380 

Sheath gas flow (L/min) 12 

Fragmentor voltage (V) 380 

Scan Source Parameter  

Capillary voltage (V)  3000 

Nozzle voltage (V)  300 
 69 

Table S 3: Quantification of matrix effects for selected PFCAs and PFSAs in the 1:10 diluted soil extract. A 70 

blank sample and the soil extract were spike with the internal standards (Origin: Wellington laboratories) and 71 

measured in duplicates to calculate the matrix effect. 72 

Compound Internal standard Matrix effect 

PFPeA M5PFPeA 108 ± 7% 
PFHxA M5PFHxA 108 ± 6% 
PFHpA M4PFHpA 107 ± 5% 
PFOA M8PFOA 105 ± 9% 
PFNA M9PFNA 101 ± 3% 
PFDA M6PFDA 107 ± 1% 
PFUdA M7PFUdA 93 ± 1% 
PFDoA MPFDoA 96 ± 2% 
PFTeDA M2PFTeDA 98 ± 2% 
PFBS M3PFBS 112 ± 9% 
PFHxS M3PFHxS 110 ± 6% 
PFOS M8PFOS 104 ± 4% 

 73 

 74 

Figure S 1: Regression of the slopes of calibration curves (0.1, 1, 5, 10 and 20 µg/L) of C4 – C10 and C12 PFSAs 75 

from a PFAA reference standard mixture. Note that the responses of PFSAs were not strongly chain length 76 

dependent. PFAS with a sulfonic acid group and chain lengths from C4 to C16 were semi-quantified with intra- 77 

and extrapolated slopes. 78 
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FindPFΔS: 80 

To find the most relevant fragment mass differences in the BS-NRW soil extract the most 81 

frequent mass differences in spectra that have e.g. several Δ(CF2)n were plotted (Figure S2). 82 

The resulting differences and selected others (ΔSF5, ΔCF2O, and ΔHF) were then used for 83 

NTS. For further details on FindPFΔS see Zweigle et al. 2022.3  84 

 85 

Figure S 2: Frequent fragment mass differences in 196 MS/MS spectra in the first iteration of the soil extract 86 

potentially identified as PFAS with FindPFΔS vs. not as hits classified spectra (274). The most frequent mass 87 

differences were Δ(CF2)n, ΔCF(CF2)n, ΔCF3(CF2)n, and ΔF. Besides those fragments which are powerful to 88 

generally find compounds that are likely PFAS, there are more specific differences such as ΔSF5 which further 89 

help in structure elucidation. 90 

 91 

Figure S 3: Comparison of selected peak shapes to distinguish individual compounds from in-source 92 

fragmentation. The left two subplots are examples of the co-elution of typical in-source fragments of PFCAs and 93 

PFCSAs, while the right four show distinct differences of peak shapes and RT for unsaturated PFAS compared 94 

to potential saturated PFAS precursors, which clearly disprove the unsaturated PFAS as in-source fragments of 95 

the saturated PFAS. Note that from peaks with multiple maxima from complex isomeric mixtures RT alone is 96 

often an insufficient criterium.97 
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 98 

Table S 4: Retention times (RTs) (min) of all identified PFAS. It is important to note that due to complex isomeric mixtures for selected compounds (see e.g., longer chain PFCAs 99 

in Figure S4) no unique RT can be determined (here we chose the peak center) since those isomeric mixture can result in multiple peak maxima. Therefore, peak shapes together 100 

with RT should always be checked carefully to clearly distinguish in-source fragmentation from coelution of individual compounds (for examples see Figure S3). 101 

Carbon chain 

length 

PFSAs SF5-PFSAs U-PFSAs U-SF5-PFSAs Ether-PFSAs U-ether-

PFSAs 

di-U-

PFSAs  

H2-PFSAs H-U-

PFSAs  

Cl-

PFOS 

H-PFSAs 

C6 
 

7.7 
        

5.9 

C7 7.1 8.0 7.2 7.6 
      

6.4 

C8 7.6 8.4 7.5 7.9 
  

7.0 6.9 6.8 7.6 6.9 

C9 8.0 8.9 7.9 8.4 8.0 7.7 
    

7.2 

C10 8.3 9.2 8.2 8.8 8.4 8.0 7.5 
   

7.7 

C11 8.9 9.7 8.8 9.2 8.9 8.4 7.8 
   

8.1 

C12 9.4 10.2 9.2 9.7 9.4 9.0 8.4 
   

8.6 

C13 9.9 
 

9.8 
 

9.9 9.4 8.7 
    

C14 10.4 
 

10.2 
 

10.5 9.9 9.2 
    

C15 10.9 
 

10.7 
 

11.0 10.2 9.7 
    

C16 
    

11.6 10.8 10.2 
    

            

Carbon chain 

length 

H3-U-PFSAs U-ether-SF5-PFSAs H2-U-PFSAs H-di-U-PFSAs Ether-SF5-

PFSAs 

di-U-ether-

PFSAs 

Ether-

PFCAs 

PFCAs PFCAs-

CO2 

PFCSAs 
 

C6 
       

6.1 6.1 1.4 
 

C7 
       

6.6 6.6 3.4 
 

C8 6.3 8.0 6.7 6.7 8.4 
  

7.1 7.1 4.7 
 

C9 
 

8.5 
     

7.6 
 

5.0 
 

C10 
 

8.9 
   

7.7 9.2 8.2 
 

5.3 
 

C11 
 

9.5 
   

8.0 9.6 8.6 
   

C12 
     

8.4 10.2 9.0 
   

C13 
     

8.9 10.7 9.6 
   

C14 
     

9.3 11.1 10.1 
   

C15 
     

9.8 
     

C16 
     

10.2 
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 103 

 104 

Figure S 4:  Extracted ion chromatograms (EICs) of perfluoroalkyl sulfonic acids (PFSAs, n = 7−15), pentafluorosulfanyl perfluoroalkyl sulfonic acids (SF5-PFSAs, n = 6−12) 105 

and unsaturated PFSAs (U-PFSAs, n = 6−14). Note that due to simultaneously occurring isomers (e.g. branched isomers or positional isomers) chromatographic peaks are only 106 

partially resolved. 107 

  108 

448.9328

498.9296

548.9264

598.9232

648.9200

698.9168

748.9136

798.9104

848.9072

RT (min)

C
o

u
n

ts
 (

-)

Perfluoroalkyl sulfonic acids (PFSAs)
Pentafluorosulfanyl perfluoroalkyl 

sulfonic acids (SF5-PFSAs)

RT (min)

506.9017

556.8985

606.8953

656.8921

706.8889

806.8825

756.8857

F(CF2)nSO3
- SF5(CF2)nSO3

-

RT (min)

Unsaturated perfluoroalkyl 

sulfonic acids (U-PFSAs)

CF(CF2)nSO3
- 460.9328

510.9296

560.9264

610.9232

660.9200

710.9168

760.9136

810.9104

860.9072



 
 

S7 
 

 109 

Figure S 5: Extracted ion chromatograms (EICs) of unsaturated pentafluorosulfanyl perfluoroalkyl sulfonic acids (U-SF5-PFSAs, n = 5−10), ether perfluoroalkyl sulfonic acids 110 

(Ether-PFSAs, n = 8−15) and unsaturated ether PFSAs (U-ether-PFSAs, n = 6−13). Note that due to many simultaneously occurring isomers (e.g. branched isomers or positional 111 

isomers) chromatographic peaks are only partially resolved. 112 
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 115 

Figure S 6: Extracted ion chromatograms (EICs) of twice unsaturated perfluoroalkyl sulfonic acids (2-U-PFSAs, n = 4−12, n ≠ 5), perfluoroalkyl carboxylic acids (PFCAs, n = 116 

5−13, note that several intensities were very low) and unsaturated ether pentafluorosulfanyl PFSAs (U-ether-SF5-PFCAs, n = 6−9). Note that due to many simultaneously 117 

occurring isomers (e.g. branched isomers or positional isomers) chromatographic peaks are only partially resolved. 118 
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 120 

Figure S 7: Extracted ion chromatograms (EICs) of H-PFSAs (n = 6−12), twice unsaturated ether PFSAs (2-U-ether-PFSAs, n = 6−12), and ether-PFCAs (n = 10−14). Note that 121 

due to many simultaneously occurring isomers (e.g. branched isomers or positional isomers) chromatographic peaks are only partially resolved.122 
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 123 

Figure S 8: Extracted ion chromatograms (EICs) of Cl-PFOS, H2-PFOS, H2-U-PFOS, H-U-PFOS, H-di-U-124 

PFOS, H3-U-PFOS, and SF5-ether-PFOS. Note that due to many simultaneously occurring isomers (e.g. branched 125 

isomers or positional isomers) chromatographic peaks are only partially resolved. Note that those compounds 126 

were exclusively detected by FindPFΔS via fragment mass differences because they did not occur as homologues. 127 

 128 

Figure S 9: Fragmentation spectrum of m/z 606.8967 @ 33.2 eV and a narrow isolation window (± 0.7 Da), 129 

identified as a SF5-PFSA. The exact position of the SF5-group remains undetermined, partially resolved peaks 130 

indicate further, branched isomers. 131 
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 132 

Figure S 10: Fragmentation spectrum of m/z 618.8970 @ 33.6 eV and a narrow isolation window (± 0.7 Da), 133 

identified as an unsaturated SF5-PFSA. The exact position of both the SF5-group and the double bond remain 134 

undetermined, chromatographic split peaks indicate further, branched isomers. 135 

 136 

Figure S 11: Fragmentation spectrum of m/z 622.8920 @ 33.7 eV and a narrow isolation window (± 0.7 Da), 137 

identified as unsaturated SF5-ether-PFSA. The exact position of both the SF5-group and the ether linkage remain 138 

undetermined, chromatographic split peaks indicate further, branched isomers. 139 
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 140 

Figure S 12: Fragmentation spectrum of m/z 634.8953 @ 34.1 eV and a narrow isolation window (± 0.7 Da), 141 

identified as an unsaturated ether SF5-PFSA. The exact positions of the SF5-group, the double bond and the ether 142 

group remain undetermined, chromatographic split peaks indicate further, branched isomers. 143 

 144 

Figure S 13: Fragmentation spectrum of m/z 498.9298 @ 30.0 eV and a narrow isolation window (± 0.7 Da), 145 

identified as a PFSA. Split chromatographic peaks indicate further branched isomers. 146 
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 147 

Figure S 14: Fragmentation spectrum of m/z 460.9334 @ 28.8 eV and a narrow isolation window (± 0.7 Da), 148 

identified as U-PFSA. The exact position of the double bond remains undetermined, chromatographic split peaks 149 

indicate further, branched isomers. 150 

 151 

Figure S 15: Fragmentation spectrum of m/z 722.9180 @ 36.7 eV and a narrow isolation window (± 0.7 Da), 152 

identified as a di-unsaturated PFSA. The exact positions of the double bonds remain undetermined, 153 

chromatographic split peaks indicate further, branched isomers. 154 

 155 
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 156 

Figure S 16: Fragmentation spectrum of m/z 564.9218 @ 32.0 eV and a narrow isolation window (± 0.7 Da), 157 

identified as an ether-PFSA. The exact position of the ether group remains undetermined, chromatographic split 158 

peaks indicate further, branched isomers. 159 

 160 

Figure S 17: Fragmentation spectrum of m/z 526.9251 @ 32.0 eV and a narrow isolation window (± 0.7 Da), 161 

identified as an unsaturated-ether-PFSA. The exact position of the ether linkage and the double bond remain 162 

undetermined, chromatographic split peaks indicate further, branched isomers. 163 
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Figure S 18: Fragmentation spectrum of m/z 514.9010 @ 30.5 eV and a narrow isolation window (± 0.7 Da), 165 

identified as Cl-PFOS. The exact position of the chlorine atom remains undetermined, chromatographic split 166 

peaks indicate further, branched isomers. The relative abundance of the M+2 isotope (36.9 % measured vs. 37.5 167 

% theoretical) further confirms a chlorinated compound. 168 

 169 

Figure S 19: Fragmentation spectrum of Cl-PFOS (m/z 514.9010 @ 30.5 eV) indicating the position of the Cl-170 

atom to be at the third up to the fifth C-atom (from the functional group). It is important to note, however, that 171 

MS/MS was not acquired over the whole peak making more positions possible. 172 
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 173 

Figure S 20: Fragmentation spectrum of m/z 412.9664 @ 27.4 eV and a narrow isolation window (± 0.7 Da), 174 

identified as a PFCA. 175 

 176 

Figure S 21: Fragmentation spectrum of m/z 828.9354 @ 39.9 eV and a narrow isolation window (± 0.7 Da), 177 

identified as an ether-PFCA. The exact location of the ether linkage remains undetermined. 178 
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 179 

Figure S 22: Fragmentation spectrum of m/z 480.9396 @ 29.4 eV and a narrow isolation window (± 0.7 Da), 180 

identified as H-PFOS. The exact position of the hydrogen atoms remains undetermined, chromatographic split 181 

peaks indicate further, branched isomers. 182 

 183 

 184 

Figure S 23: Fragmentation spectrum of m/z 462.9490 @ 28.9 eV and a narrow isolation window (± 0.7 Da), 185 

identified as H2-PFOS. The exact position of the hydrogens remain undetermined, chromatographic split peaks 186 

indicate further, branched isomers. 187 
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 188 

Figure S 24: Fragmentation spectrum of m/z 442.9427 @ 28.3 eV and a narrow isolation window (± 0.7 Da), 189 

identified as unsaturated H-PFOS. The exact position of the hydrogen remains undetermined, chromatographic 190 

split peaks indicate further, branched isomers. 191 

 192 

Figure S 25: Fragmentation spectrum of m/z 406.9620 @ 27.2 eV and a narrow isolation window (± 0.7 Da), 193 

identified as unsaturated H3-PFOS. The exact positions of the double bonds and the hydrogen atoms remain 194 

undetermined, chromatographic split peaks indicate further, branched isomers. 195 



 
 

S19 
 

 196 

Figure S 26: Fragmentation spectrum of m/z 424.9520 @ 27.8 eV and a narrow isolation window (± 0.7 Da), 197 

identified as unsaturated H2-PFOS. The exact positions of the double bond and the hydrogen atoms remain 198 

undetermined, chromatographic split peaks indicate further, branched isomers. 199 

 200 

Figure S 27: Fragmentation spectrum of m/z 404.9460 @ 27.2 eV and a narrow isolation window (± 0.7 Da), 201 

identified as unsaturated H-di-unsaturated PFOS. The exact positions of the double bonds and the hydrogen atom 202 

remain undetermined, chromatographic split peaks indicate further, branched isomers.  203 
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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a huge group of anthropogenic chemicals with unique properties that are 
used in countless products and applications. Due to the high stability of their C-F bonds, PFAS or their transformation prod-
ucts (TPs) are persistent in the environment, leading to ubiquitous detection in various samples worldwide. Since PFAS are 
industrial chemicals, the availability of authentic PFAS reference standards is limited, making non-target screening (NTS) 
approaches based on high-resolution mass spectrometry (HRMS) necessary for a more comprehensive characterization. 
NTS usually is a time-consuming process, since only a small fraction of the detected chemicals can be identified. Therefore, 
efficient prioritization of relevant HRMS signals is one of the most crucial steps. We developed PFΔScreen, a Python-based 
open-source tool with a simple graphical user interface (GUI) to perform efficient feature prioritization using several PFAS-
specific techniques such as the highly promising MD/C-m/C approach, Kendrick mass defect analysis, diagnostic fragments 
 (MS2), fragment mass differences  (MS2), and suspect screening. Feature detection from vendor-independent MS raw data 
(mzML, data-dependent acquisition) is performed via pyOpenMS (or custom feature lists) with subsequent calculations for 
prioritization and identification of PFAS in both HPLC- and GC-HRMS data. The PFΔScreen workflow is presented on 
four PFAS-contaminated agricultural soil samples from south-western Germany. Over 15 classes of PFAS (more than 80 
single compounds with several isomers) could be identified, including four novel classes, potentially TPs of the precursors 
fluorotelomer mercapto alkyl phosphates (FTMAPs). PFΔScreen can be used within the Python environment and is easily 
automatically installable and executable on Windows. Its source code is freely available on GitHub (https:// github. com/ 
JonZwe/ PFASc reen).

Keywords PFAS · Non-target screening · Feature prioritization · HRMS · Open-source software · Mass defect · MD/C-
m/C · KMD

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large 
group of anthropogenic chemicals characterized by contain-
ing multiple C-F bonds [1, 2]. Due to their unique properties, 

they are used in a wide array of daily products and different 
industrial applications [3]. Their high chemical resistance 
and water and oil repellency lead to the production of PFAS 
with a variety of different chemistries [4]. Due to the high 
stability of C-F bonds, the perfluoroalkyl chains of PFAS 
exhibit an intrinsic persistence that leads to a worldwide 
distribution of PFAS and their terminal transformation prod-
ucts (TPs) such as perfluoroalkyl acids (PFAAs) which were 
extensively produced and used in the past [5–8]. Nowadays, 
the number of known PFAS ranges from thousands to mil-
lions, depending on the definition and source of information. 
According to the updated OECD definition, all chemicals 
containing a  CF3 or isolated  CF2 group are considered PFAS, 
which has increased the number of PFAS considerably [9, 
10]. Global regulatory efforts restricted the production of 
selected longer-chain PFAAs such as perfluorooctanoic 
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acid (PFOA) and perfluorooctanesulfonic acid (PFOS) due 
to their persistence, bioaccumulation potential, and adverse 
effects on humans and the environment [11]. This resulted 
in the production of replacement compounds of rather simi-
lar persistence, increasing the number of different PFAS on 
the global market that are also eventually emitted into the 
environment [12]. Therefore, PFAS are considered to be 
regulated as a chemical class in the European Union in the 
future [13].

Several studies have shown that considerable fractions of 
organically bound fluorine (e.g., extractable organic fluorine) 
in environmental and human samples cannot be explained 
sufficiently by routinely analyzed PFAS (target screening), 
which usually include less than 50 analytes [14–17]. Since 
almost no fluorinated organic compounds occur naturally, 
unknown fractions of organically bound fluorine are clear 
indications of anthropogenic chemicals [18].

Due to the sheer number of different PFAS that transform 
into an even larger number of unknown TPs, a comprehen-
sive use of authentic reference standards is usually not pos-
sible and most likely will not be soon [19, 20]. The fact 
that PFAS are industrial chemicals that often underlie the 
trade secrets even complicates the availability of standards. 
Therefore, non-target screening (NTS) based on high-reso-
lution mass spectrometry (HRMS) is necessary for a more 
comprehensive characterization of PFAS [21, 22]. Several 
studies have shown that target analysis is insufficient to cap-
ture PFAS present in complex samples, which can easily 
result in the overlooking of important compounds even when 
present in high concentrations [23]. NTS approaches led to 
the identification of more than 750 novel PFAS in various 
samples in the past worldwide, showing their high relevance 
in analytical approaches [22, 24]. Since NTS is typically a 
time-consuming and often partially manual process, efficient 
prioritization techniques are needed to separate detected 
matrix components from the analytes of interest (often a 
data reduction from  ~ 5000 detected compounds to 10–100 
identified analytes or even less) [25].

The intrinsic properties of PFAS (with a certain fluorine 
percentage) allow the use of several techniques for their 
prioritization [21, 26]: The chemical mass defect (MD) of 
PFAS is typically lower  (MDF =  − 0.0016 Da) than the one 
of hydrocarbons  (MDH =  + 0.0078 Da) and has been used 
to remove detected features outside a predefined MD range 
(e.g.,  − 0.25 to  + 0.1 Da) [27–29]. However, this range is 
not fixed, and depending on the structure, it is important to 
know that hydrocarbons of higher mass that exceed a MD 
of  + 0.75 Da can also fall into the same range. Similarly, 
polyfluorinated PFAS with a high H content may bear a posi-
tive MD exceeding + 0.1 Da. Recently, a promising approach 
based on the MD normalized to the carbon number (MD/C) 
vs. the mass normalized to the carbon number (m/C) was 
proposed to separate PFAS much more efficiently from other 

hydrocarbon features in HRMS data which was further sys-
tematically evaluated for  ~ 200,000 PFAS from chemical 
databases [26, 30]. The carbon number can be easily esti-
mated for all HRMS features by using the relative abundance 
of the M+1 isotope (13C). PFAS have a much higher m/C 
when their mass is dominated by fluorine (e.g., m/C ~ 50), 
while hydrocarbons of similar mass are dominated by car-
bon (m/C ~ 14), allowing a convenient separation. Details 
on the MD/C-m/C approach are summarized in Zweigle 
et al. [26]. Especially, the m/C dimension can be used to 
remove large fractions of non-PFAS features when applied 
appropriately. This is illustrated in Fig. 1 with a 2D histo-
gram of the MD/C-m/C locations of over 50,000 features 
from previous HRMS measurements of PFAS-contaminated 
soils and grease-repelling papers, where a clear separation 
of potentially highly fluorinated compounds is observed 
(region around m/C ≈ 40, MD/C =  − 0.002). It is important 
to note, however, that the MD/C-m/C separation works bet-
ter the higher the percentage of fluorine in a molecule is, 
with an accordingly higher F/C and a lower H/F ratio [26]. 
Like the MD, the MD/C-m/C approach cannot separate, for 
instance, hydrocarbons with one or two  CF3 groups from 
other hydrocarbons.

Fig. 1  2D histogram of the number of compounds (log scale) (com-
pound density) in the MD/C-m/C plot of 19 measured samples used 
from several paper and soil extracts, standards, and blanks (19 sam-
ples with 51,589 features from [23, 31, 32]). Hydrocarbon features 
are located usually below m/C of 25 with a clearly positive MD/C 
(position 1), while at a certain C number the MD exceeds + 0.5 Da 
yielding a position of a mathematical negative MD/C (position 2). 
Highly fluorinated compounds or compounds with other heavy het-
eroatoms are strongly shifted to higher m/C values (position 3). It 
becomes obvious that even with these high numbers of features in 
several samples from several different matrices, potential PFAS fea-
tures with a certain fraction of fluorine within the molecule are effi-
ciently separated from most matrix components. The gray lines mark 
the  CHxF2-x-line (0 ≤ x ≤ 2) and the  CFx-line (0 ≤ x ≤ 2) (for details on 
the MD/C-m/C plot, see Zweigle et al. [26])
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Besides the MD and MD/C-m/C approach, the Kendrick 
mass defect (KMD) analysis to detect homologous series 
of PFAS (e.g., with  CF2 or  CF2O as repeating units) is of 
great relevance since it allows the grouping of structurally 
related PFAS, simplifying their identification [27, 33]. In 
the  MS2 data, lists of PFAS-specific diagnostic fragments 
(DFs) as well as fragment mass differences and neutral 
losses can be used to prioritize fragmentation spectra [28, 
31, 34]. These techniques are often combined with suspect 
screening by matching accurate mass (or further evidence) 
with PFAS lists [22, 35].

KMD, DFs, fragment mass differences, and especially 
suspect screening with large lists (e.g., PFASMASTER, 
gathering over 12,000 compounds [36]) in combination 
with complex samples (thousands of features) are prone to 
a high number of false-positive detections (depending on 
mass tolerance) that often need to be excluded manually, 
which is a time-consuming process. Even with extremely 
high mass resolution, naturally occurring compounds can 
still mimic certain PFAS-specific repeating units such as 
 CF2, complicating KMD analysis and making retention 
time shifts a necessary criterion [37]. Therefore, if the 
number of features can be preliminarily reduced by the 
MD/C-m/C approach before applying those techniques, a 
faster and more accurate NTS workflow can be performed, 
decreasing both computational and manual effort regard-
ing the further inspection of the features. Although many 
of the above discussed PFAS-specific techniques for prior-
itization and identification are applied, they are often not 
performed in a systematic way using open-source software 
[38]. Therefore, it is important to combine the data pro-
cessing in a more systematic step-wise procedure.

To facilitate the non-targeted screening of PFAS in com-
plex samples, we developed PFΔScreen, an open-source 
Python-based software tool with a simple graphical user 
interface (GUI) that combines the discussed techniques 
to efficiently prioritize PFAS in LC- or GC-HRMS data 
acquired with electrospray (ESI) or atmospheric pressure 
chemical ionization (APCI). PFΔScreen can be applied 
vendor-independently either on mass spectrometric raw 
data (mzML, automated feature finding via pyOpenMS) or 
on custom feature lists (external feature finding by other 
software tools). The PFΔScreen workflow presented here 
is then applied to four PFAS-contaminated agricultural 
soil extracts from south-western Germany (Rastatt case 
[27, 39]), where several PFAS classes, including novel 
PFAS, were identified. The advantages of the combined 
workflow are discussed in detail. The source code is avail-
able via GitHub and can be easily automatically installed 
and executed via batch files on Windows within the Python 
environment. The Python source code can also be executed 
on other operating systems within the Python environment 
(without automatic installation).

Materials and methods

PFΔScreen workflow

PFΔScreen is a fully automated tool for detection and pri-
oritization of potential PFAS features (LC- or GC-HRMS 
with ESI or APCI source) in raw mass spectrometric 
data written in Python (3.9.13) (Fig. 2). PFΔScreen is 
structured in several individual Python functions that are 
executed from one main file that allows data and param-
eter input via a simple GUI programmed with the tkinter 
library (Fig. S1). It can easily be automatically installed 
and executed on Windows using batch files. Detailed 
instructions on installation and functionality are provided 
in the SI. Input MS raw data can be converted vendor-
independently from data-dependent acquisition  (ddMS2) 
files into the mzML data format (.mzML) by using the 
MSConvert software from ProteoWizard [40, 41]. Only 
mzML files with centroided spectra and one collision 
energy (CE) should be used. If profile data was acquired 
and  MS2 spectra from several different CEs per precur-
sor m/z are present, the peak picking (for centroiding) 
and subset functions (to keep only one desired CE) from 
MSConvert can be used to generate the correct mzML 
input files.

In the following, the three main functionalities of 
PFΔScreen are explained in the same order as they can be 
executed in the GUI (Fig. 2 and Fig. S1).

FeatureFinding

The first step usually performed in NTS is detection of 
features in the MS raw data characterized by chromato-
graphic peak shapes of coeluting isotopes, resulting in a 
list of m/z, retention time (RT), and peak area. This task is 
performed with pyOpenMS, a Python interface to the C++ 
OpenMS library [42–46]. For feature detection, the Fea-
tureFinderMetabo algorithm is used, which is designed for 
metabolites and small molecules [47–49]. Three param-
eters (mass error (ppm), intensity threshold, and an isotope 
model for more accurate detection of coeluting isotopo-
logues) can be specified. The most important parameter is 
the intensity threshold, which is highly dependent on the 
instrument used, sample, and the underlying NTS ques-
tion. After feature finding in the  MS1 data,  MS2 spectra 
can be aligned to their respective precursors by specify-
ing an m/z and RT tolerance. Only one unique  MS2 spec-
trum with the highest precursor intensity is assigned to the 
respective  MS1 precursor.

With PFΔScreen, a single sample with a correspond-
ing (optional) blank can be processed at a time. Blank 
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correction is performed by setting an m/z and RT toler-
ance as well as a fold change with the desired increase of 
abundance in the sample compared to the blank. Features 
appearing in both sample and blank within the specified 
criteria are removed from the dataset. After preprocess-
ing, the raw data is ready for specific PFAS prioritization. 
If feature finding by an external software is desired (e.g., 
vendor software), the following steps can also be per-
formed by loading a feature table (.csv, that requires m/z, 
RT, and intensities of the [M] and [M+1] isotopes) into 
PFΔScreen without feature detection via OpenMS. How-
ever, the raw mzML files are still needed to assign  MS2 
data to the features in the feature table (see SI). Besides 
pyOpenMS, the mass spectrometric Python library Pyt-
eomics is used for selected calculations [50, 51].

PFASPrioritization

The PFAS prioritization workflow is intended in an iter-
ative manner: after feature detection, the MD/C-m/C 
plot should firstly be manually inspected to determine 

reasonable boundaries to remove most of the detected fea-
tures (e.g.,  ~ 90%) that cannot be PFAS due to their MD/C-
m/C locations (depending on the underlying question). After 
determination of these cutoffs, the PFAS feature prioritiza-
tion can be executed again focused on a subset of features, 
which will strongly decrease false positives in KMD analy-
sis, fragment matching, and suspect screening where the 
respective parameters can be adjusted accordingly without 
a strong increase of wrong assignments. Since the execution 
time of PFΔScreen is usually below 1 min (e.g., for  ~ 4000 
spectra per sample), input parameters can easily be varied to 
test their influence on the outcome. After execution, a folder 
is generated named after the sample file where important 
results are saved, including a summary in an Excel sheet 
which is formatted as a table that can be easily inspected, 
sorted, and subset for a faster overview of the results as 
well as an additional CSV file that includes the same data 
(Fig. S2). Important plots are saved in the interactive HTML 
format which can easily be opened in any browser, allow-
ing zooming and data inspection with interactive tooltips 
(Fig. S3).

Fig. 2  Schematic overview of the PFΔScreen workflow in the struc-
ture of the GUI (Fig. S1). The FeatureFinding tab (1) allows detection 
of feature via pyOpenMS in MS raw data followed by  MS2 alignment 
and blank correction resulting in a feature list for a sample of inter-
est. PFAS feature prioritization (2) includes techniques such as the 
MD/C-m/C approach, KMD analysis, fragment matching, and frag-

ment mass differences which generates a strongly reduced feature 
list of potential PFAS. The data from this list can be visualized and 
verified by the RawDataVisualization tool (3) together with other out-
put files such as interactive HTML plots which allow efficient NTS 
(Fig. S3–S5)
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In the workflow to prioritize features according to their 
likelihood of being PFAS, several pieces of evidence are 
calculated individually for all detected features in the first 
place. For all  MS1 features, the number of carbon atoms, 
MD, and both MD/C and m/C dimensions are determined. 
To detect homologues series (HS), the KMD (with a pre-
defined repeating unit required; e.g.,  CF2) is calculated 
and corresponding features belonging to a certain HS are 
aligned by providing a unique HS number (parameters: 
mass tolerance, minimum number of homologues).

For all  MS2 spectra, fragment mass differences are 
calculated comprehensively. Therefore, all fragment dif-
ferences within each  MS2 spectrum are calculated and 
matched against a predefined list of PFAS typical mass 
differences (e.g., ΔCF2, ΔC2F4, ΔHF, ΔC10H3F17, more 
details can be found in [31]). This allows an efficient 
detection of fragments indicative for PFAS without prior 
knowledge on their actual mass [23, 31]. Furthermore, a 
list of typical PFAS diagnostic fragments (DFs, approxi-
mately 900 fragments) from literature are automatically 
matched with all fragmentation spectra (which is easily 
extendable) [52, 53]. Both negative and positive fragments 
are considered depending on the measurement polarity 
which can be specified in the GUI. The most important 
parameter is the  MS2 noise threshold, used to specify the 
lowest  MS2 intensity to be considered for DF, and mass 
difference matching. It is important to select a suitable 
instrument-specific threshold as a too low input value 
may result in a high number of false-positive annotations. 
Besides a mass tolerance for fragment matching, a mini-
mal number of positive DFs or mass differences can be 
specified to flag a  MS2 spectrum as potential hit.

To enhance annotation in the  MS2, fragments that have 
a defined mass difference to another already annotated 
fragment (accurate mass match and therefore also a chemi-
cal formula) are also annotated by subtraction or addi-
tion of the respective mass difference (e.g., ΔC2F4) to an 
annotated chemical formula (e.g.,  C12H5F12O4S + ΔC2F4). 
This allows the calculation of unknown chemical formulas 
for fragment masses that are not present in the list of DFs 
(see Fig. S6).

In the third step, suspect screening by accurate mass 
match (with mass tolerance) can be performed. We used 
a custom PFAS suspect list format (.csv) which currently 
includes PFAS from the NIST suspect list [54]. This list 
which includes compound name, SMILES, chemical for-
mula, and exact mass can easily be modified or extended 
with data from other suspect lists (e.g., from NORMAN 
or the CompTox Dashboard). For suspect screening, three 
adducts can be chosen which are [M–H]− for negative polar-
ity, and both [M+H]+ and  [M]+ for positive polarity (com-
pounds such as betaines present in various AFFF formula-
tions are often detected as  M+ ions) [55].

RawDataVisualization

After feature finding or the complete workflow, the MS 
raw data can be directly visualized via the PFΔScreen GUI 
(Fig. 2 and S4).

EIC extractor Extracted ion chromatograms (EICs) can be 
generated by accurate m/z (e.g., from the Excel or CSV 
results file) and inspected in an external window. Several 
masses can be extracted together (comma separated) to 
investigate coelution or RT shifts. To verify the systematic 
RT shifts of detected HS, a repeating unit can be specified 
(e.g.,  CF2) and n EICs are extracted at once (Fig. 2 and S4), 
allowing fast checking for reasonable peak shapes and elu-
tion order of suspected masses.

MS1 extractor To visualize single  MS1 spectra, a certain RT 
of interest can be specified. Theoretical isotope patterns of 
chemical formulas from suspect hits can then be plotted on 
top of the experimental  MS1 isotope pattern (Fig. 2 and S4).

MS2 extractor MS2 spectra can also be directly accessed via 
the GUI by inputting the accurate m/z value. If DFs and 
fragment mass differences were detected, they are displayed 
within the respective  MS2 spectrum (Fig. S4).

EIC correlator To detect potential in-source fragments (e.g., 
[M-HF]−) or adducts (e.g., [M+Br]− or [M+Acetate]−) by 
coelution correlation, an m/z of interest can be specified and 
all detected features within a certain RT range are correlated 
(EICs) and only highly correlating ions can be visualized 
(e.g., correlation of R2 > 0.95). This can greatly enhance 
understanding of ionization processes and helps to find 
related ions that were not grouped during feature detection 
(more detailed explanation in the “Results and discussion” 
section, Fig. 6 and S9).

Soil collection and extraction

To present the feature prioritization procedure via 
PFΔScreen, four different PFAS-contaminated composite 
agricultural topsoil samples from Rastatt (R1 and R2) and 
Mannheim (M1, M2) regions (Germany) were extracted and 
measured by HPLC-QTOF-MS (see sampling details and 
soil physicochemical properties in the SI (S3)). The R1, R2, 
S1, and S2 soil names correspond to soils B, A, D, and H 
from Röhler et al. [56], respectively. Agricultural fields in 
these regions were subjected to contaminated paper sludge 
in the past and found to be highly contaminated with sev-
eral PFAS classes [27, 32, 56]. Information on all chemicals 
used can be found in SI (S4). Soil extraction was adapted 
from existing procedures [27]. Briefly, 5 g of dried soil (40 
°C) was weighed in 50-mL polypropylene (PP) tubes and 
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combined with 10 mL of methanol (MeOH). The suspen-
sion was sonicated for 1 h and overhead shaken for 16 h. 
After centrifugation (10 min @ 4000 rcf), the supernatant 
was transferred into a 20-mL glass vessel, and extraction 
was repeated. The combined extracts (20 mL) were evapo-
rated under a gentle stream of  N2 until dryness at 40 °C and 
reconstituted in 1 mL of MeOH, sonicated for 10 min, and 
thoroughly vortexed for 1 min. In the last step, the enriched 
extract was filtered through a 0.2-µm regenerated cellulose 
syringe filter, transferred into PP HPLC vials, and stored in 
the fridge (4°C) until analysis. As quality control, an extrac-
tion blank following the identical extraction procedure but 
without adding any soil was prepared to account for back-
ground contamination.

LC‑HRMS measurements and data acquisition

Soil extracts were analyzed with an Agilent 1260 Infinity 
HPLC system (Poroshell 120 EC-C18 column; 2.1 mm × 100 
mm; 2.7 µm particles at 40 °C) at a flow rate of 0.3 mL/
min coupled to an Agilent 6550 QTOF-mass spectrometer. 
For compound separation, a 23-min gradient program was 
used (A: 95/5  H2O/MeOH + 2 mM  NH4Ac; B: 5/95  H2O/
MeOH + 2 mM  NH4Ac) and both negative and positive 
measurements were performed (details in Table S1–S2). 
Data acquisition was performed in the data-dependent mode 
 (ddMS2) using 3 scans/s  (MS1 range: m/z 100–1700 and 
 MS2 range m/z 70–1700) with a static exclusion list (result-
ing from prior MeOH blank injections) to avoid fragmenta-
tion of background signals. Furthermore, a rolling exclu-
sion list was used to iteratively exclude previously triggered 
precursor masses from previous measurements (three injec-
tions) of the same sample to maximize the  MS2 coverage. 
The threshold for precursor selection was set to 1000 counts, 
and each precursor was excluded for 0.5 min after collection 
of three  MS2 spectra. For collision-induced dissociation, a 
linear m/z-dependent collision energy (CE) according to the 
following equation was used: CE(m∕z) = 3

m∕z

100
+ 15 eV . To 

prevent sample cross contamination, a threefold needle wash 
in MeOH was performed in-between each injection. Each 
measurement sequence included several blanks and qual-
ity controls (PFAS reference standard mixture) to monitor 
instrument drift.

Results and discussion

PFAS prioritization and identification with PFΔScreen are 
aimed to be performed in an iterative process. This means 
that the program is executed multiple times allowing param-
eter adjustment to generate reasonable results. PFΔScreen 
runtimes are usually below 1 min (e.g., for  ~ 4000 spectra 
per sample) for the whole workflow. When changing specific 

input parameters (e.g., tolerances, thresholds, mass differ-
ences), their effect on the output can directly be observed. 
In this way, input parameters can be conveniently adjusted 
depending on end-user needs and sample types. After feature 
detection, blank correction, and a short inspection of the 
results, the data can be reduced by the MD/C-m/C approach 
by setting an appropriate m/C cutoff value. Subsequent 
KMD analysis, fragment mass differences, DF matching, 
and suspect screening then result in a detailed table of a 
manageable size.

To demonstrate the PFΔScreen workflow, it was applied 
here to four contaminated agricultural topsoils. The iterative 
identification process started with the soil extract of M1. 
After data preprocessing and application of prioritization 
techniques, the identified PFAS (including adducts and in-
source fragments) were manually added to the suspect list, 
and the same workflow was applied to the next soil sample. 
In the following, the whole workflow starting from data 
reduction to final identification is discussed in detail.

Data preprocessing

After data-dependent acquisition (DDA), the raw MS data 
(.d files, Agilent) were converted into mzML with MSCon-
vert [40]. For each soil, PFΔScreen was executed individu-
ally together with the extraction blank to remove background 
signals originating from both the extraction procedure and 
the HPLC system. The mass error for feature detection was 
set to 10 ppm, the  MS1 intensity threshold was set to 2000 
counts and the metabolites (5% RMS) isotope model from 
OpenMS was used to exclude features with unusual peak 
shapes of isotopic traces. Peaks reported after feature detec-
tion have to have a full width at half maximum (FWHM) 
above 1 s and below 1 min, and at least two isotopic traces. 
 MS2 spectra were aligned with a mass tolerance of 5 mDa 
and an RT tolerance of 0.2 min (these tolerances can be veri-
fied by an interactive m/z vs. RT plot (Fig S3a)). Features 
detected in both sample and extraction blank that deviated 
by < 2 mDa at a RT difference of  < 0.1 min and were not at 
least fivefold more abundant in the sample were removed. 
Exemplified on soil M1, 4209 features were detected, 
which were reduced to 3750 features after blank correction 
in the  ESI− mode. A total of 1026 out of 2450 acquired 
 MS2 spectra corresponded to detected features, from which 
417 unique spectra remained (~ 11%  MS2 coverage in first 
iteration).

Data reduction by m/C and MD/C

After these feature preprocessing steps, the m/C and MD/C 
dimensions were used for data reduction. When looking at 
the MD/C-m/C plot of all soils together (containing more 
than 12,000 features), a clear separation of three groups of 
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compounds can be observed (Fig. 3a). Most features were 
located below m/C 30, which are a wide variety of different 
hydrocarbon molecules. A theoretical molecule exclusively 
consisting of  (CH2)n groups would be located at m/C = 14, 
while for the four soil extracts a clear peak distribution rang-
ing from m/C ≈ 10–25 and reaching a maximum around m/C 
≈ 16 was observed (Fig. 3c). The determination of the car-
bon number strongly depends on the peak picking algorithm, 
since it is based on robustly integrated EICs from the monoi-
sotopic mass and its corresponding M+1 isotope (C ≈  IM+1/
IM/0.011145). Therefore, a certain uncertainty should always 
be expected, which increases with decreasing ion abun-
dance. Nonetheless, ~ 92% of all detected features are clearly 
located below m/C = 30 (e.g., humic substances) (Fig. 3c). 
Therefore, here a cutoff at m/C = 30 was chosen since PFAS 
that are dominated by fluorine usually have a higher m/C 
(e.g., m/C6:2 diPAP ≈ 49; m/CPFOA ≈ 51; m/C6:2 FTAB ≈ 38). 
6:2 FTAB is an AFFF constituent which already has a con-
siderable fraction of hydrogen  (C15H19F13N2O4S) compared 

to other PFAS, while other organic compounds containing 
less fluorine (compared to hydrogen, high H/F ratio) such 
as the pharmaceutical fluoxetine with only three fluorine 
atoms  (C17H18F3NO, m/C ≈ 18) fall below the applied cut-
off. Depending on the underlying NTS question, this cutoff 
can be adjusted accordingly. Attempting to remove further 
features, an MD/C cutoff of  <  + 0.003 was set, although as 
seen in Fig. 3a the m/C dimension was much more effec-
tive for data reduction. The MD/C-m/C approach was more 
efficient to reduce features compared to the MD, as shown 
in Fig. 3b and d. When applying a MD range from  − 0.25 
to  + 0.1 Da, which would include 92% of the PFAS in the 
PFASOECDNA list (CompTox Dashboard [36, 57]), 17% 
of the features remained, while the combined m/C and 
MD/C cutoffs led to only 7.4% of remaining features. It is 
very important to note here that the number of features that 
strongly exceed a MD of  + 0.5 is not negligible, since a 
conventional calculation of the MD would result in a nega-
tive MD (e.g.,  − 0.2 Da for a saturated hydrocarbon with 

Fig. 3  Data reduction by the MD/C-m/C approach compared to the 
MD. a MD/C-m/C plot for all detected features (12,692) in the four 
soil extracts and b  m/C vs. MD. The colorbars correspond to the 
calculated carbon number. In the MD/C-m/C plot, potential PFAS 
(3) are clearly separated from hydrocarbons (1) and hydrocarbons 
with many carbon atoms that exceed a MD of  + 0.5 and are there-
fore flipped to a similar MD region as the PFAS but are easily sepa-
rated by m/C. The number of features is reduced to 8% by the m/C 

dimension when cutting at m/C > 30 and to 7.4% when including a 
threshold of MD/C < 0.003 (gray lines in subplot a). c  Histogram 
of m/C and of the MD (d), showing that the m/C works more effi-
ciently than the MD (17% of the features remain when cutting 
at  − 0.25 < MD > 0.1 which includes 92% of the PFASOECDNA 
list [27]). Many features strongly exceeding a MD of  + 0.5 would 
be wrongly prioritized. Note how the m/C dimension allows a much 
clearer cutoff from hydrocarbon-based features compared to the MD
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60 carbon atoms (H(CH2)60H), whereas the true MD would 
be + 0.8 Da). As can be seen from the carbon number, a 
considerable number of features has more than 60 carbon 
atoms (up to 80 carbons) which are in a PFAS typical MD 
range (Fig. 3b). Therefore, setting an appropriate m/C cut-
off is highly recommended, since these features are easily 
removed by this additional criterion. Eventually, when com-
bining both m/C and MD/C cutoffs, only 949 features (7.4%) 
remain in all four soils together. This is an appropriate num-
ber of features for further PFAS-specific calculations such as 
KMD analysis, DFs, fragment mass differences, and suspect 
screening. It should be noted in particular that due to the 
removal of  ~ 90% of the initial features, the false-positive 
rate decreases drastically (especially with large lists) and 
allows adjustment of selected tolerances with smaller effect 
on false positives.

KMD analysis, fragment differences, DFs, 
and suspect screening

For further prioritization and tentative identification, repeat-
ing units representative for PFAS such as  (CF2)n and  CF2O 
were applied to detect HS (mass tolerance was set at  ± 2 
mDa, with at least 3 homologues). Without any m/C cut-
off, in soil M1, 74  (CF2)n-based HS were detected, likely 
including numerous false positives (Fig. 4a) evidenced by a 
random RT pattern (no RT shift in linked KMD m/z vs. RT 
plot). The KMD analysis in PFΔScreen is performed without 
checking the systematic RT shift, but the interactive KMD 
plot (HTML) allows a fast verification of RT shifts. Each 
HS can be highlighted individually by clicking on it, and 
the respective m/z vs. RT correlation is visualized (Fig. S5). 
Obviously, many hydrocarbon features were detected in the 
soil extract that are mimicking  CF2-repeating units, which is 
a common issue of complex matrices [31, 37]. These com-
pounds have a higher  CF2-based KMD (e.g., 0.2 to 0.5, or 
lower if their MD strongly exceeds + 0.5 Da) compared to 
that of PFAS (Fig. 4a). If the combined MD/C-m/C cutoff 
is applied, the number of detected HS in soil M1 is reduced 
to 26 (~ 65% data reduction, see Fig. 4b) which confirms the 
utility of this approach.

For detection of fragment mass differences and DFs in 
the  MS2 data, preliminary ΔCF2, ΔC2F4, ΔHF, and the 
list of DFs were used (later specific mass differences were 
searched). This resulted in the detection of 30  MS2 spectra 
that contained the specified mass differences, and 47 spec-
tra with DF hits out of a total number of 373 unique  MS2 
spectra at a mass tolerance set to ± 2 mDa and an  MS2 inten-
sity threshold of 2000 counts in the M1 soil extract (first 
iteration).

In the suspect screening process, the hits by accurate 
mass (tolerance of 4 mDa) were reduced from 217 to 176 
by the MD/C-m/C cutoff in soil M1.

Manual identification process with the PFΔScreen 
results table

The verification and (partially manual) identification pro-
cess of prioritized features from the PFΔScreen results table 
(Excel or CSV) was performed by sorting the table accord-
ing to decreasing intensity, after removing features based 
on defined MD/C-m/C cutoffs. For soil M1, this resulted 
in a feature list with 305 potential compounds. Note that 
some features appear multiple times in the list due to struc-
tural isomerism, resulting in multiple features at multiple 
distinct RTs depending on the degree of separation and the 
peak finding algorithm. Each feature was verified manually 
for occurrence in the extraction blank and reasonable peak 

Fig. 4  True- and false-positive  CF2-based HS in soil M1 a  without 
(m/C > 0) and b  with m/C cutoff (m/C > 30). An  MS1 noise thresh-
old of 1000 counts was used for feature detection, and the KMD mass 
tolerance was set to  ± 1 mDa with a minimum of three homologues. 
Even with the low mass tolerance of  ± 1 mDa, many hydrocarbon 
matrix components are mimicking the  CF2-repeating unit (see also 
Fig S5). Note: Multiple  (CF2)n differences within the KMD tolerance 
are also assigned to the respective HS; therefore, each datapoint has 
at least two HS partners
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shape (until < 1% of the most abundant feature). Although 
a blank correction was performed, typical contaminations 
from the LC system with long tailing peaks can be inte-
grated multiple times at different RTs. Therefore, they are 
not always correctly removed depending on the specified 
parameters. By using the RawDataVisualization tool of 
PFΔScreen, EICs of every m/z belonging to one HS (using 
the integrated HS extrapolator) can be verified for RT shift 
and peak shape, eventually resulting in identification of 
homologues with very low abundances that were missed in 
the feature finding process due to the  MS1 intensity thresh-
old. The chemical formulas from suspect hits were used to 
check for reasonable isotope patterns with the RawData-
Visualization of PFΔScreen. SMILES codes were used to 
verify at least one candidate per HS by an  MS2 spectrum.

In total, nine PFAS classes could be identified via 
PFΔScreen in the four soils that exhibited at least one sus-
pect hit per HS or compound (Fig. 5). Perfluoroalkyl carbox-
ylic acids (PFCAs,  C4–C20), fluorotelomer alkyl phosphate 
diesters (diPAPs, 4:2/6:2–12:2/12:2), n:3 fluorotelomer 

carboxylic acids (FTCAs, 5:3–13:3), fluorotelomer sulfonic 
acids (FTSAs, 6:2–16:2), perfluorosulfonic acids (PFSAs, 
 C4–C10), perfluorooctane sulfonamide (PFOSA), N-ethylp-
erfluoro-1-octanesulfonamidoacetic acid (N-EtFOSAA), and 
N-ethyl perfluorooctane sulfonamide ethanol–based phos-
phate diester (diSAmPAP) were identified in all four soils. 
Different chain length distributions and abundances were 
observed (Fig. 5). diPAPs were detected as complex mix-
tures of several structural isomers depending on their chain 
length (e.g., 6:2/10:2 and 8:2/8:2, shown by MS/MS). Addi-
tionally, their EICs showed peaks at much later RTs corre-
sponding to in-source fragments of triPAPs (Fig. S7). While 
all telomer-based PFAS were detected as linear chains, the 
PASF-based PFAS (PFSAs, N-EtFOSAA, PFOSA, and diS-
AmPAP) showed typical chromatographic peak shapes of 
mixtures of branched and linear isomers [58]. In these cases, 
the dominance of a  C8-based chemistry can be observed (see 
PFSAs in Fig. 5).

All four soils had a similar contamination pattern. How-
ever, for soils M1 and M2 (Mannheim region), another very 

Fig. 5  Qualitative summary of identified PFAS in the four soils (M1, 
M2, R1, and R2). Each class (e.g., PFCAs, diPAPs) is normalized to 
the peak area of the most abundant homologue within all four sam-
ples. Further abbreviations: FTMAP O, FTMAP-sulfoxide; FTMA 
diol O, FTMA-diol-sulfoxide; FTMA diol  O2, FTMA-diol-disulfox-
ide or -sulfone; FTMA diol  O3, FTMA-diol-sulfoxide-sulfone; FTMA 

diol  O4, FTMA-diol-disulfone. Note that depending on chain length 
and sulfur oxidation degree, diPAPs, FTMAPs, and FTMA-diols 
were detected as complex mixture of structural and positional isomers 
(e.g., 6:2/10:2 ≠ 8:2/8:2, or disulfoxide ≠ sulfone). Very small abun-
dant identifications and triPAPs are not shown in the figure
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abundant precursor class, namely FTMAPs, was detected 
(including isomeric profiles ranging 6:2/6:2 to 10:2/12:2), as 
well the previously identified TPs FTMAP-sulfoxides [31].

The 6:2 fluorotelomer mercapto alkyl phosphate esters 
(6:2/6:2 FTMAP) could be confirmed with an in-house syn-
thesized reference standard, leading to identification levels 
of 1 for 6:2 FTMAP and 2a for the further homologues due 
to clear MS/MS evidence [59]. In general, all identified 
PFAS are in good agreement with previous studies includ-
ing biotransformation that characterized other soil samples 
from both Rastatt and Mannheim [27, 31, 32, 39, 56].

The PFΔScreen results table also revealed several 
unknown HS that were detected but did not have an accurate 
mass match with the suspect list. Their identification with 
the help of the EIC correlator of PFΔScreen is discussed in 
the following.

EIC correlator: coelution correlation analysis 
for identification of unknowns

After identification of the PFAScreen results, there were 
several  C2F4-based HS left without any hit in the suspect 
list. When looking at several  MS1 spectra of different 
homologues, many coeluting ions were observed, often 
characterized by HF losses and other mass differences 
(Fig. S8). This is an indication of in-source fragmentation 
of these classes [60, 61]. To be able to efficiently group 
corresponding in-source fragments and potential adduct 
ions together, the EIC correlator from the raw data visuali-
zation tools of PFΔScreen was used to correlate the EICs 
of suspected features (from a given HS) with the EICs of 

all detected features that coelute within a given RT range 
of  ± 25 s. Strong correlation of EICs can be used to detect 
related ions and allows their isolation from other ions in 
consecutive  MS1 spectra without knowing their mass dif-
ferences [62–65]. This is exemplified on the unknown m/z 
966.9944 which is a member of a suspected HS. When 
correlating the EIC of m/z = 966.9944 with the EICs of all 
coeluting features within a RT range of 50 s, 12 out of 368 
EICs correlated with an R2 > 0.96 at an extraction width 
of 5 mDa (see Fig S9 for more details). The result is an 
 MS1 spectrum that only contains coeluting ions (correla-
tion spectrum) of several in-source fragments and adducts 
(Fig. 6). Since well-known mass differences such as ΔC2F4 
and ΔHF were found in this  MS1 spectrum, a telomer-
based PFAS with potentially two telomer chains (e.g., 
6:2/8:2) was suspected [31]. When looking at the mass 
differences of detected coeluting ions, [M+Cl]−, [M+Br]−, 
and [M+Ac]− adducts and several other in-source frag-
ments could be observed. The detection of [M+Cl]− and 
[M+Br]− ions was of great importance since they allowed 
the determination of [M] rather easily which then also 
allowed the identification of other adducts and the molec-
ular formula. The m/z = 966.9944 (in-source fragment) 
corresponds to a FTMAP-related substance, which was 
tagged FTMA-diol-sulfone-sulfoxide or FTMA-diol-
O3 (see Figs. 5 and 6). With this correlation technique, 
several tens of unknown HS could be grouped into four 
novel FTMAP-related compound classes (Fig. 6). They 
were identified with one oxygen (sulfoxide) and up to 4 
oxygens (disulfone) and to the best of our knowledge not 
reported in literature before. They could be microbial or 

Fig. 6  Detection of coeluting in-source fragments and adducts via the 
EIC correlator of PFΔScreen for the identification of 6:2/8:2 FTMA 
diol sulfoxide sulfone. The EIC of the unknown in-source fragment 
m/z = 966.9944 (which was detected as one member of a HS via 
KMD) was correlated with all EICs eluting at its RT ± 25 s resulting 
in non-targeted detection of related ions. In total, 4 HS correspond-
ing to 21 novel FTMAP TPs were identified via the use of this tool 

(see Fig. 5). A RT shift with increasing oxidation degree (1 O up to 
4 O) was observed due to increasing polarity. Note that the EICs of 
[M+37Cl] and [M+79Cl] are also in the raw  MS1 spectra; however, 
they were combined into one feature by feature finding algorithm of 
pyOpenMS (in case of Br, a wrong isotope grouping occurred) and 
therefore not detectable by the correlation analysis
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photochemical FTMAP TPs and close the unknown gap 
in a previous FTMAP-related transformation study [66], 
or they could be used intentionally or as side-products in 
PFAS-coated papers that contaminate these soils. These 
kinds of correlation spectra made identification possi-
ble since the  MS2 spectra of the adducts ([M-H]− ions 
of the FTMA-diols were not detected at all which makes 
sense with ESI) barely formed useful fragments except 
for  Br− which made them hard to interpret. The use of 
in-source fragments for identification has the advantage 
that isotope patterns are available for all ions (features), 
which is often not the case in  MS2 spectra depending on 
the isolation width of the precursor ion. All these FTMAP-
related substances form multiple in-source fragments 
(and adducts), all could be confirmed with rather high 
confidence (identification level of 2b). They all could be 
grouped by  C2F4- and O-based KMD (for O-KMD, see 
Fig. S10) with systematic RTshifts, besides eluting at 
higher RT than FTMAPs due to their lower polarity attrib-
uted to the loss of the phosphoric acid group.

Conclusions

PFΔScreen can be used efficiently for prioritizing fea-
tures in both LC- and GC-HRMS (ESI and APCI) raw 
data in all kinds of samples independent of the vendor of 
the mass spectrometer used. Especially, the MD/C-m/C 
approach is a powerful tool to drastically decrease the 
number of features and thus reduce false-positive assign-
ments, overcoming a common issue during NTS. Due to 
the short computational time of PFΔScreen (less than 1 
min for 4000 spectra), input parameters can be conveni-
ently adjusted depending on the tested sample, instrument 
used, and end-user needs. Since the number of unknown 
PFAS in complex environmental and technical samples 
is still unknown, NTS approaches that combine several 
data reduction techniques for an efficient workflow are 
of importance to comprehensively elucidate the identity 
occurrence and fate of organic pollutants such as PFAS.
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S1 Installation of PFΔScreen 
PFΔScreen can be installed and executed within the standard Python environment or by using 

the Anaconda distribution. To make installation and use as easy as possible, PFΔScreen can 

be automatically installed with the Installation.bat file and executed with the 

Run_PFAScreen.bat file. Of course, people familiar with Python can execute the source 

code with their own custom environment and editor. In the following, the two steps needed 

for a simple installation are explained. 

1) Download PFΔScreen: Download the PFΔSScreen source code from 

https://github.com/JonZwe/PFAScreen by clicking on the green “Code” button and 

click “Download ZIP”. When downloaded, unzip the folder and move it to a local 

folder on your computer.  

2) Automatic installation of Python and the required packages with Installation.bat: 

Navigate into the folder where PFΔSScreen was copied (PFAScreen-main). Double 

click the Installation.bat file. Note that depending on your Windows safety 

settings a warning notification might open that needs to be accepted. The Windows 

command line interface will open, and the Microsoft Store opens automatically if you 

do not have Python installed on your computer. Click on “Install” and wait until the 

installation of Python is finished and close the Microsoft Store. Back to the Windows 

command line press any button to automatically install pip (Package Manager for 

Python) and in the following all required Python packages. Finally, when the message 

“Installation successfully finished” pops up, press any button and the installation is 

completed. 

Note that the Python source code (without the automatic installation via batch files) can 

also executed on other operating systems within the Python environment. Here, the 

respective packages need to be installed manually. 
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S2 PFΔScreen functionality and output 
To start PFΔScreen, double click the Run_PFAScreen.bat file. Note that depending on your 

Windows safety settings a warning notification might open that needs to be accepted. Both the 

GUI and a Python console window will open (Fig. S1). To load a MS raw datafile, click the 

“Browse Sample.mzML” button (see Nr. 1 in Fig S1) and choose the mzML file of a sample 

and an optional mzML file of a blank control (Browse Blank.mzML).  

 
Fig. S 1: Current graphical user interface (GUI) of PFΔScreen which is separated into three main functionalities. 
(A) FeatureFinding to detect features in MS raw data, align MS2 spectra to detected features and perform a basic 
blank correction (optional: reading a custom feature list (.csv) from feature finding by another software); (B) 
PFASPrioritization to prioritize the features according to several techniques such as the MD/C-m/C approach, 
KMD analysis, fragment mass differences, diagnostic fragments and suspect screening resulting in output of 
several plots and a summary table (Excel and CSV); (C) RawDataVisualization to visualize MS raw data (EICs, 
MS1 and MS2 spectra) and correlate related ions to detect in-source fragments and adducts. 

The samples should have been measured under data-dependent acquisition (ddMS2) with 

centroided spectra, ideally with one collision energy per precursor. Now, the parameters for 

peak finding, MS2 alignment and blank correction can be specified and executed by pressing 

the “Run FeatureFinding” button (Nr. 3 in Fig S1). Since OpenMS and our MS2 alignment 

and blank correction code are rather fast this task usually takes less than one minute (e.g., for 
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4000 spectra per sample), and runtime is mainly dependent on the selected MS1 noise 

threshold. In case another feature finding procedure (e.g., from vendor software) is desired, 

custom feature lists (see external_feature_list.xlsx on GitHub) together with the 

respective mzML files can instead be included in PFΔScreen (without peak finding by 

OpenMS). This is done by the “Browse SampleFeatures.xlsx“ and “Browse 

BlankFeatures.xlsx“ buttons, which are preprocessed by the “Run ExternalFeatureTable“ 

button (Nr. 2 and 4 in Fig S1). Note that data evaluation only works when the corresponding 

mzML files are also given; otherwise MS2 data would be missing. Whenever the 

FeatureFinding tab is completed, the RawDataVisualization (C in Fig S1) can be 

used even without PFAS-specific data. To perform the PFASPrioritization (B in Fig 

S1), appropriate input parameters can be set, and then PFAS-specific data evaluation is 

performed by clicking the “Run PFASPrioritization“ button (Nr. 5 in Fig S1). This task is 

usually computed in less than one minute, allowing a convenient adjustment of input. 

Afterwards, MS2 spectra displayed by the RawDataVisualization tool (MS2 extractor), 

have highlighted fragment mass differences and diagnostic fragments, if some were detected. 

After executing the PFASPrioritization tab, the PFΔScreen results table (Excel format 

and additional CSV file, Fig. S2) and several interactive HTML plots (Fig. S3) are saved in a 

folder named after the sample that can be easily inspected, including a MD/C-m/C plot, a m/z 

vs. RT plot (with and without MS2 raw data), a KMD with linked m/z vs. RT plot (to verify 

systematic RT-shifts), and a m/C histogram. Data from the results table can be used to 

visualize EICs (and extrapolate HS with common repeating units such as CF2), MS1 and MS2 

spectra. Additionally, a coelution correlation can be performed with the 

RawDataVisualization tool. Also, the theoretical isotope patterns of suspect hits can be 

displayed over the experimental isotope patterns (MS1) (see Fig. S4). 
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Fig. S 2: PFΔScreen results table (here as formatted Excel table, a CSV file is also provided). This table 
summarizes most calculations performed in the PFAS feature prioritization steps and is directly formatted as a 
table to conveniently sort and slice data. m/z and RT values can easily be copied and for instance EICs or MS 
spectra (and coelution correlation) can be visualized in the RawDataVisualization tool of PFΔScreen. 

 

 
Fig. S 3: PFΔScreen interactive HTML plots. (a) m/z vs. RT of all features and the precursors with MS2 raw 
spectra. Blue color corresponds to a detected feature, yellow if an MS2 spectrum was assigned and green displays 
all MS2 spectra. This plot can be used to find suitable m/z and RT tolerances for MS2 alignment depending on 
the chromatography (e.g., peak width) and the MS2 scan rate. (b) m/z vs. RT overview with m/C as colormap. 
(c) MD/C-m/C plot to deduce reasonable cutoffs for data reduction depending on the sample matrix. (d) m/C 
histogram to visualize the m/C distribution of the measured sample. (e) KMD plot coupled to (f) m/z vs. RT to 
easily verify the systematic RT-shift of each detected homologous series (see Fig. S5). 
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Fig. S 4: PFΔScreen interactive figure from the RawDataVisualization tool. (a) EICs can be generated with 
comma separated lists of m/z values of for one m/z value n homologue of a common repeating unit (e.g., CF2) 
are automatically generated. (b) Extracted MS1 spectrum at a particular RT of interest. (c) When a chemical 
formula of a suspected compound (e.g., a suspect hit for PFOA, C8F15O2 for [M-H]-) is given, the theoretical 
isotope pattern is overlayed with the normalized cutout at this specific m/z. (d) MS2 spectra of an m/z of interest 
can also be visualized with annotations and fragment mass differences. 
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Fig. S 5: Interactive KMD tooltips to visualize RT-shifts with increasing m/z for each detected HS. (a) Systematic 
(fits to PFCAs) and (b) non-systematic RT-shift (potential false-positive unknown group of compounds). 

 
Fig. S 6: Example of an MS2 spectrum where unknown chemical formulas (here only C8F17) of fragments are 
calculated by propagation of chemical formulas from diagnostic fragments via fragment mass differences. 
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Figure S 7: EIC of 6:2/6:2 diPAP (RT = 9.6) with in-source fragments that correspond to isomeric triPAPs (e.g., 
6:2/6:2/6:2 triPAP). 

 

 
Fig. S 8: HF mass differences from in-source fragmentation of FTMAP-related compounds (e.g., m/z = 
1251.0202 which is an [M+Acetate]- ion of FTMAP diol disulfoxide/sulfone, C27H18F38O4S2(CH3COO)- = 
1251.0172). 

 
Fig. S 9: Results from the EIC correlator from the RawDataVisualization tools of PFΔScreen for the in-source 
fragment m/z = 966.9944 (that corresponds to 6:2/8:2 FTMA diol sulfoxide sulfone) at a RT-width of 20 s and a 
R2 correlation threshold of > 0.95. 
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Fig. S 10: Cutout from an O- and CF2-based KMD vs. m/z plot from the soil extract of M1 showing the different 
sulfur oxidation states from one to four oxygen atoms. 

 

S3 Soil sampling 
Soils were sampled on four agricultural fields in one diagonal over the respective area. Soils 

R1 and R2 were sampled near Rastatt, both within the 0 – 30 cm horizon. Soil R2 was a sandy 

loam soil, with pH 5.5 and organic content of 0.8%. Soil R1 was a loamy sand soil, with pH 

6.9 and organic content of 2.3%. Soils M1 and M2 were sampled near Mannheim within the 

0-30 and 0-50 cm horizon, respectively. Soil M1 was a loam soil, with pH 7.1 and organic 

content of 6.6%. Soil M2 was a clay loam soil, with pH 7.0 and organic content of 3.9%. All 

samples were homogenized and mixed thoroughly [1]. 

S4 Chemicals 
Water and methanol (MeOH) were both LC-MS grade (Fisher Chemical). Ammonium acetate 

(NH4Ac, ≥99%) was purchased from Fisherbrand. Reference standards of PFCAs, PFSAs, 5:3 

FTCA, 6:2 and 8:2 FTSA, and 6:2 and 8:2 diPAP, PFOSA, N-EtFOSAA, and diSAmPAP 

were purchased from Wellington laboratories. 6:2 FTMAP was previously synthesized (details 

in [2]). 
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S5 Instrumental parameters 
Table S1: Gradient elution of the HPLC-QTOF method. A = 95/5 H2O/MeOH + 2 mM NH4Ac and B = 95/5 
MeOH/H2O + 2 mM NH4Ac. 

Time (min) A (%) B (%) 
0 85 15 
2.0 30 70 
5.0 10 90 
10.0 0 100 
15.0 0 100 
15.1 85 15 
22.0 85 15 

 
 

Table S2: Summary of instrument and scan source parameters used for HPLC-QTOF measurements. 

Instrument Parameters  
Gas Temp (°C)  150 
Gas Flow (L/min)  16 
Nebulizer pressure (psig)  35 
Sheath gas temperature (°C) 380 
Sheath gas flow (L/min) 12 
Fragmentor voltage (V) 380 
Scan Source Parameter  
Capillary voltage (V)  3000 
Nozzle voltage (V)  300 
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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) are a large group of more than 4700 individual compounds which are 
applied in a wide range of applications in industrial processes and consumer products due to their water and oil 
repellency and surfactant properties. Concerns on PFAS arise from the very high stability, bioaccumulation 
potential and toxicity and the ubiquitous occurrence in humans, animals, soils, sediments, surface, ground and 
drinking waters. Advanced analytical methods are needed to investigate the input and fate of PFAS and potential 
transformation products in the environment and the exposure pathways for humans and wildlife. Therefore, 
nontarget screening (NTS) methods by high-resolution mass spectrometry (HRMS) coupled to chromatography 
are often applied to meet the analytical challenges arising from the high number and chemical diversity of in-
dividual compounds, the lack of authentic standards and information on identity and application areas. In this 
critical review we discuss the recent advances of NTS workflows applied to detect and identify PFAS based on the 
intrinsic information contained in data from chromatography and HRMS data on the MS1 and MS2 level. This 
includes retention time and peak shape characteristics, data on accurate mass and isotopologues, and high- 
resolution mass fragments. Successful approaches for prioritization and identification of PFAS are mostly 
based on mass defect filtering, Kendrick mass defect analysis, mass matches with suspect lists, assignment of 
chemical formulas, mass fragmentation patterns, diagnostic fragments and fragment mass differences. So far NTS 
approaches for PFAS were able to identify more than 750 compounds. However, still limited applicability of 
chromatography and ionization methods and limited mass resolving power and accuracy largely restrict a 
complete identification of a high number of unknown PFAS in complex samples from environmental compart-
ments and biota.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a large chemical class 
with more than 4700 individual compounds with a wide variety of 
chemical compositions, molecular weights (e.g., 164 Da for per-
fluoropropionic acid and more than 2000 Da for phosphazenes which 
are used as reference compounds during mass spectral analysis), func-
tional groups (e.g., carboxylic, sulfonic or phosphoric acids, betaines 
and phosphate esters) and fluorine percentages [1–3]. The database 
PubChem even shows more than 220,000 entries for compounds that 
contain more than one fully fluorinated methyl or methylene group (CF2 
or CF3) and are therefore considered PFAS according to the Organisation 
for Economic Co-operation and Development (OECD) [1]. This also in-
cludes pharmaceuticals and pesticides [4]. 

PFAS exhibit unique properties due to the high thermal and chemical 
stability and the hydrophobic and concurrent lipophobic nature. 
Therefore, PFAS are used in a wide range of applications in industrial 
processes, consumer and household products, e.g., in metal plating, 
firefighting foams, electronics, photolithography, hydraulic fluids, tex-
tiles, paper, leather, cosmetics and cleaning products [5]. As a conse-
quence, PFAS are discharged to the environment during production, use, 
disposal or recycling and can accumulate in environmental compart-
ments and biota due to their extreme persistence under environmental 
conditions, which is why they are also called forever chemicals [6–8]. 
Therefore, PFAS are ubiquitously detected in humans and animals, soil, 
sediments, surface, ground and drinking waters [9–12]. Cousins et al. 
(2022) even suggested to define a separate planetary boundary for PFAS 
which is already exceeded based on the occurrence of four 
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perfluoroalkyl acids (PFOA, PFNA, PFOS, PFHxS) in rainwater, soils and 
surface waters and the poor reversibility of environmental exposure to 
PFAS [13]. PFAS are also affecting human and animal health including 
effects on the immune and hormone system, the lipid metabolism, liver 
and kidney [14–16]. 

To minimize emissions of PFAS and uptake by humans, animals and 
plants and to understand their input and fate in the environment and in 
industrial and treatment processes, there is an increasing need for 
analytical screening approaches which open the analytical window to 
detect a much larger fraction of PFAS and their transformation products 
(TPs) than routine measurements typically cover. The focus of stan-
dardized methods for PFAS quantification is on perfluoroalkyl carbox-
ylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFSAs), typically 
with much less than 50 analytes [17,18]. Recent reviews on target 
analysis and suspect screening considered the complete analytical pro-
cess from sampling and sample preparation to analysis methods for air, 
water, solids and biota [11,19–22], others focused on PFOA and PFOS 
replacement chemicals like hexafluoropropylene oxide-dimer 
(HFPO-DA), 6:2 chlorinated polyfluoroalkyl ether sulfonate (F-53B), 
and also other ether PFAS [12,23]. 

The challenges of PFAS determination methods are based on the 
large number of single substances with quite different compound 
properties and the even larger number of transformation products (TPs), 
the lack of information on PFAS identity and application areas, and the 
scarcity of authentic standards. Therefore, nontarget screening (NTS) 
methods by high-resolution mass spectrometry (HRMS) coupled to 
chromatography and ion mobility are attractive approaches to meet 
these challenges. Since NTS workflows often result in tentative identi-
fications which cannot always be confirmed by reference standards due 
to their unavailability, the confidence of the identification clearly needs 
to be communicated. For this purpose, a confidence scheme which was 
originally presented by Schymanski et al. [24] was adapted specifically 
for PFAS by Charbonnet et al. (2022), ranging from level 1a (confirmed 
by reference standard) to level 5a/5b (exact mass match) [25]. The more 
evidence there is available (e.g., a compound appears in a homologous 
series or MS2 data further corroborate the structure of a PFAS), the 
higher the confidence level. 

Various applications of NTS workflows including data evaluation 
detected more than 750 PFAS from 130 chemical classes in environ-
mental samples, biofluids, and commercial products [26] and 

Fig. 1. General examples of different PFAS structures amenable to LC- or GC-HRMS measurements. The compounds inside the box are PFAS according to the OECD 
definition [1], however they are not in the scope of the techniques discussed in this review (except for diagnostic fragments or mass differences). There are examples 
of perfluorinated carboxylic and sulfonic acids (e.g., PFOA, PFHxS), telomer-based PFAS (e.g., diPAP, FTOH etc.), aqueous film-forming foam (AFFF) PFAS (e.g., 
FTAB, FTB), ether PFAS (e.g., HFPO-DA, C6O4) and sulfonamide-based PFAS (e.g., N-Et-FOSAA). Note that dependent on chemical synthesis the shown PFAS 
structures are also partially observed as branched isomers (e.g., typical for electrochemical fluorination). 
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demonstrated the high complexity of the worldwide PFAS contamina-
tion [27]. A further recent review discussed practical aspects and chal-
lenges of HRMS applications for the discovery of novel PFAS in 
environmental samples and demonstrated that various techniques have 
been developed and optimized for the analysis of PFAS in the recent 
years, however, the access to instruments and techniques which are 
required for a sophisticated NTS remain limited [28]. 

The objective of this critical review is therefore to compile and 
discuss the most promising tools and approaches used for NTS mea-
surements and identification workflows for PFAS and their TPs in 
different sample matrices (air, water, soil, sediment, biota, industrial 
and consumer products). We will discuss the use of the intrinsic prop-
erties of LC- and GC-HRMS data on the MS1 and the MS2 level and their 
use for data prioritization and identification of PFAS and TPs. This in-
cludes information retrieval obtained from accurate mass, isotope pat-
terns and retention times as well as mass fragmentation and its use in 
NTS workflows, libraries and computer-based algorithms. Typically, 
most approaches cover PFAS with a higher fluorine content (> 55% 
mass) or with at least three perfluorinated carbon atoms (CF2, CF3). 
Therefore, for example pesticides, pharmaceuticals or PFAS with only 
one or two isolated CF3 groups are not included. 

2. MS1 methods (fullscan) 

HRMS data are typically acquired in a suitable mass range (typically 
between m/z 50–100 and 1300) which includes 98.3% of all PFAS in the 
curated OECD PFAS list in which compound mixtures and salts are 
removed, available as S25 in the NORMAN suspect list exchange [29] at 
a mass resolving power higher than 20,000 (at m/z 500) and a mass 
accuracy in the range between 1 and 10 ppm. Intrinsic information of 
HRMS data on the MS1 level include the accurate mass of the molecular 
ion and its isotopologues and their intensities. Ultrahigh-resolution MS 
data at mass resolving power above 250,000 allows the identification of 
isotope fine structures of specific elements. 

Further information on retention time and peak shapes (width, 
asymmetry) are obtained from chromatography (mostly LC or GC) 
coupled to HRMS. From high-resolution MS1 data, advanced conclusions 
can be drawn on chemical formulas (elemental composition), compound 
characteristics and possible relationships between single analytes based 
on common repeating units of homologues (e.g. CF2 or CF2O units of 
PFAS). Furthermore, criteria to prioritize potential PFAS from a large list 
of nontarget features can be defined based on mass, mass defect or ho-
mologues. Data reduction, typically from several thousands of features 
to a few dozens of potential PFAS, is a crucial step in the NTS workflow 

since peak picking algorithms performed by instrument or open-source 
software (e.g., MZmine [30] or OpenMS [31] provide long lists of fea-
tures from sample and background constituents. 

Furthermore, MS1 information from “true” compounds which are 
present in the original sample have to be distinguished from possible in- 
source fragments. For example, negative ESI of PFCAs typically produces 
[M-H]- and [M-H-CO2]- ions due to the neutral loss of CO2 (Fig. 2) or 
telomer-based PFAS with adjacent CH and CF groups often produce [M- 
H-HF]- ions which erroneously can be interpreted as an unsaturated 
PFAS. This is where further information on retention time and peak 
shapes (width, asymmetry) obtained from chromatography (mostly LC 
or GC) coupled to HRMS can be beneficial. In-source fragments can be 
detected by chromatographic separation based on identical RT and peak 
shapes than their precursor compounds and thereby also be distin-
guished from real transformation products which would occur at 
different RT. However, it has to be noted that depending on the chro-
matographic separation, the difference in the retention time might only 
be small if the molecular structures are similar and cannot always be 
clearly distinguished. Also branched vs. linear isomers of PFAS display 
identical mass but are often partially separated by chromatography. 

Fig. 2. Available information from fullscan measurements. a) Total ion chromatogram; b) MS spectrum of peak at 3.3 min with accurate mass, mass defect and the 
isotope ratio of the M+ 1 isotope (14.3% abundance; insert plot) of PFTrDA (m/z 662.9498) and a potential fragment (m/z 618.9601) due to the neutral loss of CO2 
(43.9898 Da); c) The extracted ion chromatograms show a perfect co-elution of both ions (extracted with a 20 ppm window) and reveal m/z 618.9601 as in-source 
fragment of PFTrDA. 

Fig. 3. Histogram of mass defects for different compound classes: hydrocarbons 
(blue, n = 182 503), PFAS with parts larger than CF2/CF3 (teal, n = 210 091), 
PFAS with %F > 50% (orange, n = 56 239) and PFAS with %F > 60% (red, 
n = 25 590). Formulas of PFAS were obtained from the “PFAS and Fluorinated 
Compounds in PubChem Tree”, of hydrocarbons from the EPA DSSTox dataset 
in PubChem [4,39] and the NORMAN Suspect List Exchange. The data was 
preprocessed according to Zweigle et al. (2023) [40]. 
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2.1. Mass defect 

The mass defect (MD) is often used for data reduction in NTS 
workflows to prioritize potential PFAS in complex samples. The MD of a 
molecule most commonly is defined by the difference between its exact 
mass and nominal mass [32,33]. The chemical formula of PFAS is often 
dominated by carbon (12.0000 Da) and fluorine (18.9984 Da) and to a 
lesser extent by hydrogen (1.0078 Da). Whereas carbon per definition 
does not alter the overall MD of a molecule, every fluorine accounts for a 
slightly negative and every hydrogen for a slightly positive MD. In sum, 
this typically leads to overall MDs of PFAS in the range between 
− 0.25 Da and + 0.1 Da (Fig. 3). This MD range also covers 92.8% of all 
PFAS of the curated OECD PFAS list (S25 in the NORMAN suspect list 
exchange) [29]. For example Bugsel and Zwiener [34], Koelmel et al. 
[35] and Dickman and Aga [36] filtered their datasets in that MD range, 
Liu et al. [37] between − 0.15 Da and 0.15 Da. Koelmel et al. [38] 
flagged features between MD − 0.11 Da and 0.12 Da as potential PFAS 
in the FluoroMatch 2.0 software, and Charbonnet et al. [25] used this 
MD range to assign features to a confidence level 5b of the updated PFAS 
confidence scheme. 

The advantage of the application of the MD for PFAS prioritization in 
NTS workflows is the simple procedure and a rather complete prioriti-
zation of PFAS with high F-content above 60% mass. The limits are the 
incomplete separation of PFAS from other hydrocarbon compounds 
since other elements like bromine, chlorine, iodine, oxygen, phosphorus, 
and sulfur contribute to a negative mass defect. Also, PFAS with positive 
mass defects like most AFFF compounds are overlapping with many 
fluorine-free hydrocarbons. Furthermore, compounds with high positive 
mass defects like C40H80 with mass 560.6260 Da may be erroneously 
assigned to negative mass defect of − 0.374 Da (Fig. 3).  

• Requirement: Accurate mass 
• Pros: Easy to apply, good prioritization for PFAS with high F-con-

tent, does not require the occurrence of PFAS homologues 
• Cons: Mass defect range overlaps with hydrocarbons, limited us-

ability for PFAS with low F-content, wrong calculation for largely 
positive MD exceeding + 0.5 Da, other halogens (e.g., Cl and Br) can 
also lead to negative MDs 

2.2. MD/C-m/C 

A considerable improvement of the MD approach to separate PFAS 
from the sample matrix features is the novel approach proposed by 

Kaufmann et al. [41] which plots the mass defect (MD) normalized to the 
number of carbon atoms (MD/C) vs. the mass normalized to the number 
of carbon atoms (m/C) (Fig. 4). The basic idea behind the use of MD per 
carbon and mass per carbon is a more complete separation by two in-
dividual dimensions that separate PFAS and other compounds with 
relatively high numbers of heteroatoms with negative mass defects (e.g. 
F, Cl, Br, P from hydrocarbons). For example, if compounds mainly 
characterized by CH2 (hydrocarbons and natural organic matter) are 
compared to those dominated by CHF and CF2 groups (PFAS), the MD/C 
dimension makes use of the negative mass defect of fluorine, shifting 
compounds with fluorine substitutions to more negative MD/C values. 
The concept behind the particularly powerful m/C dimension is that 
PFAS tend to be heavier molecules compared to their hydrocarbon 
counterpart with the same number of carbon atoms. Since the number of 
carbon atoms can be estimated relatively easily by the abundance of the 
M+1 isotope (1.1145% 13C) in HRMS scan data, this information allows 
a highly efficient prioritization of features when screening for PFAS. 
Kaufmann et al. were able to efficiently separate PFAS from features 
originating from the extraction of complex fish muscle and liver matrix 
[41]. 

Zweigle et al. [40] systematically evaluated the efficiency of the 
MD/C-m/C approach by using chemical formulas of ~ 210,000 PFAS, ~ 
180,000 organic contaminants and ~ 125,000 natural organic matter 
compounds. While PFAS with little fluorine substitutions expectedly 
were shown to be more difficult to prioritize, PFAS with high fluorine 
content (F/C > 0.8, H/F < 0.8, mass percent of fluorine > 55%) can be 
effectively separated from other organic contaminants and natural 
organic matter (NOM) (Fig. 4). An additional advantageous intrinsic 
property of the MD/C-m/C plot is its ability to group structurally related 
compounds (e.g., homologous PFAS) together [40]. The recently 
developed open-source software PFΔScreen combines multiple ap-
proaches in PFAS NTS and also includes an automated generation of the 
MD/C – m/C plot and data filtering from vendor-independent raw data 
(mzML) [42]. 

Even though the MD/C – m/C plot is not a part of the confidence 
scheme by Charbonnet et al. [25], the m/C dimension (e.g., m/C > 30) 
in particular is very useful to corroborate the likelihood that the regar-
ded compound is a PFAS and should be included in further confidence 
schemes.  

• Requirements: Accurate mass, robust determination of the number 
of carbons for each feature (C = IM+1/IM/0.011145).  

• Pros: Very efficient prioritization of PFAS with high F-content, F- 
content can be roughly estimated, useful also in trace analytical 
approaches. 

• Cons: Problematic in case of signals with very low or very high in-
tensities because the M+1 abundance and therefore the C number 
becomes uncertain (interference of noise at very low intensity or 
erroneous M abundance due to detector saturation). Similar to the 
MD, the approach is limited to PFAS with high fluorine content. 

2.2.1. Kendrick mass defect & homologous series 
The Kendrick mass defect (KMD) analysis is one of the most powerful 

approaches used for PFAS analysis since many PFAS in products and 
environmental samples are derived from technical mixtures which are 
characterized by a number of homologues with a range of repeating 
units (e.g., CF2, C2F4, CF2O). In a recent review, 14 out of 17 publica-
tions used homologous patterns and CF2-mass defects for nontarget 
PFAS discovery [26]. Edward Kendrick [43] first proposed this approach 
for CH2 homologues. To calculate the Kendrick mass (KM), the mass 
defect of the repeating unit is defined as zero (e.g. for CH2 by multi-
plying the IUPAC mass with 14.0000/14.0157). The Kendrick mass 
defect (KMD = integer mass - KM) for all members of a specific CH2 
homologous series is then identical, since it is dominated by the 
remaining part of the molecule and differs only in the number of CH2 

Fig. 4. Positions of different chemical classes in the MD/C-m/C plot. Typical 
organic contaminants (green, ~180,000 compounds), NOM (blue, ~125,000) 
and PFAS with a fluorine mass percentage higher than 60% (~25,000). Circles 
delineate the zones for 85%, 90% and 95% of each compound class (from the 
inside to the outside). 
Modified from Zweigle et al. [40]. 
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units. The KMD analysis was originally used to identify homologues of 
common compound classes in crude oil but can be used for polymers and 
homologues with any repeating units like PFAS (e.g. for CF2 a factor of 
50.0000/49.9968 is used). In KMD plots (KMD vs. mass), horizontal 
alignment of homologues from the same compound class occurs. 

For example, in biosolids, composts and other organic waste prod-
ucts a KMD plot showed homologues with 2 (N-ethyl perfluoroalkane 
sulfonamide acetic acid, EtFASAA) to 15 (PFCA) members from 18 
compound classes including PFSAs and their hydrated derivatives (H- 
PFSAs), fluorotelomer sulfonates (n:2 FTSAs) and their hydroxy de-
rivatives (OH-n:2 FTSA), or bisfluoroalkyl phosphinic acids (n:m PhiA) 
[44]. In wastewater from electronics fabrication industries structures 
could be proposed for 15 homologous series out of 41 based on the 
repeating units CF2, CF2O, C2F4, and C2F4O. This revealed various flu-
orotelomer carboxylic acids and polyfluoroether carboxylic acids [45]. 
The KMD approach has been used successfully by many other re-
searchers for the detection and identification of PFAS in various samples 
and matrices [45–50]. However, the limits of the KMD approach are 
seen in the often very small differences of KMDs between PFAS and 
matrix compounds with similar chemical formulas and in the finite mass 
accuracy. Therefore, typically a mass tolerance of 2 mDa must be 
considered to bin KMDs into one homologous series and the requirement 
of 3 or more homologues should reduce the number of false-positives. 
Young et al. [51] analyzed AFFF products and natural organic matter 
(NOM) samples by ultrahigh resolution FT-ICR MS at sub-ppm mass 
accuracy. Also, in the NOM sample they discovered in the HRMS spectra 
3555 times the mass difference of CF2, although NOM should be 
PFAS-free. This example clearly demonstrates the probability of 
false-positives and therefore the limits of the KMD approach. A sys-
tematic retention time shift in chromatographic separation can be used 
as further criterium to validate members of a homologous series, since 
for every repeating unit which is added to a PFAS homologue, the 
retention time is typically shifted to longer times as shown by Bugsel and 
Zwiener [34] and used in the R package called “nontarget” which can be 
used to screen for homologous series [52] (Fig. 5). If no clear retention 
time trend for the homologues is observed, a false assignment of the 
homologous series can be assumed. 

Instead of examining pre-defined repeating units like 49.9968 Da 
(CF2) or 65.9917 Da (CF2O), tools such as the R package nontarget 
(which also verifies systematic RT shifts) [52] also allow an automated 
search for abundant repeating units of homologous series in a sample. 
This approach also facilitates the detection of homologous series with 
so-far unknown repeating units which would otherwise be completely 
missed, although it must be noted that this approach also reveals many 
repeating units not related to PFAS. 

The approach of mass defect filtering which was described in the 
previous section can also be used to filter for the KMD instead of the MD, 

as described by Munoz et al. [44] who filtered potential PFAS for KMDs 
between − 0.15 Da and 0.15 Da. The advantage of this approach is that 
variations in the number of repeating units do not alter the KMD in 
contrast to the MD. For example, the MDs of (CF2)3 and (CF2)10 are 
− 0.010 Da and − 0.032 Da, respectively, whereas the KMD in both 
cases is constant. The regular MD of compounds therefore tends to shift 
downwards with increasing chain length, whereas the KMD is stable. 
Both MD and KMD approaches have been increasingly used in recent 
years [54]. 

Aside from the benefits that homologous series detection offers, it is 
important to mention that the presence of few homologues can also 
increase the likelihood of false-positive homologous series, especially if 
the retention time criterion cannot be applied. Furthermore, compounds 
which do not occur as homologous series cannot be detected with this 
approach. This is true for PFAS that are only produced with a defined 
chain length (e.g., 8 fluorinated carbon atoms for N-ethyl per-
fluorooctane sulfonamido ethanol diester [diSAmPAP] and N-ethyl 
perfluorooctane sulfonamidoacetic acid [EtFOSAA] [55]) or for which 
further homologues are of low abundance and therefore easily missed by 
the peak picking algorithm. Homologous series increase the confidence 
level and help during compound identification.  

• Requirements: Accurate mass, RT (optional)  
• Pros: Increase of confidence of the identification that can be based 

on only one or two members of a homologous series, compounds 
from the same class are grouped together  

• Cons: Occurrence of several members of a homologous series is 
needed (does not reveal single compounds), limited in trace analysis 
approaches, few homologues increase the likelihood of false 
positives 

2.3. Chemical formula assignment 

In general, chemical formulas can be assigned to accurate mass 
measurements of sufficient accuracy since each element and its stoi-
chiometry contributes to a specific mass defect [56]. In practice, limited 
resolving power and mass accuracy increase the number of possible 
chemical formulas with increasing mass exponentially (e.g., for a mass 
500 Da, at 5 ppm mass accuracy the number of potential molecular 
formulas including the elements C, H, N, S, O and P is 115, and at 1 ppm 
only 21) [57]. Therefore, the number of elements and their stoichiom-
etry must be restricted reasonably and the consideration of iso-
topologues can considerably improve the selection of the most probable 
chemical formulas (e.g., for a mass 500 Da at 5 ppm the number of 
potential molecular formulas is lowered to 33 if isotopes are considered 
at an abundance accuracy of 5%) [57]. 

The approach of direct chemical formula assignment was applied in 
numerous studies for PFAS screening, often in combination with KMD 
analysis or further filtering tools. Strynar et al. [58] used vendor soft-
ware tools (Agilent MassHunter) to automatically generate formulas for 
a subset of negative MD features and discarded assignments below a 
certain formula scoring threshold. Similar workflows were applied by 
Newton et al. [59] and McCord and Strynar [60] leading to several new 
PFAS identifications in impacted surface waters. 

A further approach, called isotope profile matching, was used by 
Baygi et al. [61] who first generated chemical formulas of potential 
PFAS with the general form CcOoFfClclHhSs on a theoretical basis. The 
stoichiometry was restricted for carbon (c = 4 …10) and for oxygen (o =
2…3). Fluorine, chlorine and hydrogen were added so that all carbon 
atoms were fully saturated. The authors investigated Great Lakes fish 
extracts and applied a search algorithm to match accurate masses and 
their isotopes with the chemical formulas. From the identified tentative 
formula, a theoretical isotopic distribution was then calculated. In the 
case of multiple m/z matches at different RTs, an objective function was 
used to determine the compound with the best fitting isotope pattern. 
This approach allowed the authors to identify 30 PFAS which were not 

Fig. 5. Schematic demonstration of a KMD vs. mass plot. Even though four 
homologous series are detected, only three of them show a systematic retention 
time shift. The top row with four different features shows inconsistent ΔRT 
shifts, revealing this is a false-positive homologous series. 
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previously reported in the literature. Among the identified compounds 
were novel polyfluoroalkyl sulfonates and ether carboxylic acids which 
are fluorinated to a lesser extent compared to conventional PFCAs and 
PFSAs. The workflow established by Baygi et al. [61] was also success-
fully used by Ren et al. [62] to identify PFAS in Lake Ontario food web 
and by Singh et al. [63] to determine PFAS breakdown products in a 
plasma-based water treatment process. 

It should be noted that formula generation alone is most often an 
insufficient technique due to the high number of formula assignments 
with increasing mass at a limited mass resolving power and accuracy. 
Therefore, it should be used in combination with other approaches such 
as KMD analysis or matches with high-resolution MS fragments to in-
crease the confidence of identification. If this approach is used just by 
itself, the assignment of an unequivocal molecular formula allows a 
confidence level of 4 [25].  

• Requirements: Accurate mass, robust determination of isotope 
abundance, useful restriction of chemical composition  

• Pros: No homologous series needed, assignment of specific chemical 
formula possible  

• Cons: Rather strict criteria in the chemical formula assignment, 
likelihood of missing compounds which do not match the restricted 
range of chemical formulas 

2.4. Database / suspect screening 

Accurate mass matches with exact masses in databases can be used to 
tentatively identify compounds by so-called suspect screening [64]. 
Typical suspect lists or databases used in the literature include publicly 
available lists such as the OECD PFAS list (available as No. S25 in the 
NORMAN suspect list exchange, used by Yukioka et al. [65], suspect lists 
compiled by researchers which include previously discovered PFAS by 
non-target HRMS (available as No. S46 in the NORMAN suspect list 
exchange, used by Yukioka et al. [65], Liu et al. [37]) or various 
in-house optimized lists [66–68]. Suspect screening approaches were 
also combined with retention time prediction to increase confidence and 
decrease the critical false positive rate [69]. 

Joerss and Menger [27] have compared three large PFAS libraries 
[NISTPFAS (n = 4948), PRIORISKPFAS (n = 4240), PFASMASTER 
(n = 8498)] and demonstrated that all three lists contain lots of PFAS 
which are unique, indicating the complexity of PFAS and also the risks to 
miss PFAS when relying on individual databases. 

A match of a feature with a compound in a PFAS-database should 
always be verified (or falsified) with its isotopic pattern. From the 
chemical formula, the theoretical isotopic distribution can be calculated 
and compared to the acquired spectrum. The measured spectrum should 
agree with the theoretical spectrum in the range of an acceptable 
tolerance (e.g. 2%; M+1 isotope abundance from the number of carbon 
atoms or M+2 abundance if further halogens or sulfur are present). 

While the size of the databases for suspect screening is not limited 
and larger databases cover a broader range of potential PFAS, the 
probability of false positive assignments increases in the same manner. 
For example, PubChem currently contains more than 6 million com-
pounds with one fully fluorinated CF2 or CF3 group based on the OECD 
PFAS definition [70]. However, to minimize the number of false positive 
assignments, the content and extent of the suspect list (database) should 
be tailored to fit the analytical problem to be addressed (background 
information on environmental compartments, contamination sources, 
products used etc.) and the kind and type of analytes amenable to the 
analytical methods (e.g. compound classes and functional groups 
amenable to ESI). 

Suspect screening can be ideally used in combination with other 
prioritization approaches like the KMD analysis to detect homologous 
series. A preselection of most probable PFAS by Kendrick mass defects of 
the repeating unit CF2 considerably reduced the list of nontarget features 
and hence increased the number of true mass matches in a preceding 

suspect screening approach to identify 61 PFAS from 12 compound 
classes [34]. Furthermore, using a subset of features from PFAS-likely 
MD/C-m/C regions (e.g., m/C > 30 and MD/C < 0.01) might be very 
promising to decrease the number of features for suspect screening. 

While this section solely covers database screening on the MS1 level, 
it has to be mentioned that this technique can also be applied on the MS2 

level by comparing fragment information with databases with accurate 
mass fragmentation information. However, the availability of such 
spectra is often limited (e.g., MassBank only contained MS2 spectra of 40 
unique PFAS that have a perfluoroalkyl chain in 2022 [53]). If more MS2 

spectra become available over time, this can be a further promising 
approach.  

• Requirements: Accurate mass, database  
• Pros: Powerful in combination with other prioritization techniques, 

assignment of specific compounds possible  
• Cons: Rather high likelihood of false positive assignments if used 

alone 

3. Methods based on fragmentation (MS2) 

MS2 fragmentation is commonly used to obtain structural informa-
tion and confidence on the identity of analytes of interest [25]. Gener-
ally, the most common techniques for MS/MS generation are targeted 
MS/MS, data-dependent- (DDA) and data-independent acquisition 
(DIA). While in targeted MS/MS a list of analytes (m/z and RT) is used 
for precursor selection, during DDA, abundant ions are automatically 
triggered for fragmentation by the instrument software. Both ap-
proaches generate MS2 spectra of single precursor ions. However, both 
approaches have the disadvantage of missing a large part of ions of in-
terest. To efficiently enhance MS2 coverage in DDA, iterative exclusion 
during multiple sample injections is very useful to subsequently exclude 
already selected signals [71]. On the other hand, DIA generates spectra 
of multiple precursor ions with restricted or without any precursor se-
lection which can be more comprehensive since it is not dependent on 
precursor abundance. Especially in highly complex samples with a high 
likelihood of multiple coeluting compounds, MS2 spectra after DIA 
cannot always be used to interpret mass spectral fragmentation since the 
fragments cannot always be easily assigned to their precursors but MS2 

spectra can still be checked for the occurrence of diagnostic fragments. If 
available, techniques such as SWATH or SONAR, specific variants of DIA 
available for SCIEX and WATERS instruments, respectively, can help to 
decrease the number of precursors per MS2 spectrum by dividing the 
isolation to narrow time-scheduled m/z windows [72]. Furthermore, 
efficient deconvolution techniques help to cleanup DIA MS2 spectra for 
easier interpretation. Overall, MS2 coverage is one of the crucial pa-
rameters for successful NTS workflows for PFAS identification and the 
basis to accomplish high confidence. Therefore, besides the use of 
characteristic PFAS fragmentation which will be discussed in the 
following, optimizing the MS2 acquisition is a very important 
precondition. 

3.1. Diagnostic Fragments 

Since PFAS with higher fluorine content are most often characterized 
by common repeating units such as perfluoroalkyl (CnF2n+1-R) or per-
fluoroether chains (CnF2n+1-O-CmF2m-R) and characteristic functional 
groups (e.g., SO3- , CO2- , PO3- , betaines, etc.), rather concise lists of diag-
nostic fragments and their exact masses can be used to match with ac-
curate mass fragments. This way, mass spectra of potential PFAS can be 
prioritized and tentatively identified [35,73,74]. The PFAS NTS soft-
ware FluoroMatch 2.0 performs various steps in data analysis such as 
feature detection (MZmine) and blank filtering and also screens for 777 
pre-defined diagnostic fragments in MS2 data [38]. Since FluoroMatch 
2.0 runs fully automated, it facilitates the analysis for researchers 
significantly. 
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Diagnostic Fragments were used in numerous studies while most 
studies concentrated on negative ESI but for identification of AFFF PFAS 
(often zwitterions, e.g., quaternary ammonium cations) positive ESI was 
used [35,37,38,47,58,73–79]. Also, for GC-HRMS applications (both 
electron ionization (EI) and chemical ionization (CI)) PFAS diagnostic 
fragments were collected experimentally [80] by rule-based predictions 
(e.g. from SMILES), or in-silico fragmentation modeling [35,75,81]. 
Some in-silico predictions led to new fragments for PFAS subclasses that 
could be manually verified [66]. Combinations of experimental and 
in-silico fragmentation were applied for instance by Shojaei et al. (2022) 
who were able to identify 8 novel PFAS in an AFFF mixture [79]. 

Due to the highly diverse PFAS chemistries, there are no entirely 
generic diagnostic fragments that work for all PFAS. However, there are 
both rather nonspecific diagnostic fragments that can be used in NTS 
approaches where no prior knowledge on PFAS structures is available 
and diagnostic fragments which are rather specific for single PFAS 
classes (see Table 1). Nonspecific fragments are for example CnF2n+1- 

which originate from a cleavage of the perfluoroalkyl chain (ESI-). 
However, PFAS fragmentation is very much dependent on compound 
characteristics such as the type of functional group and degree and 
configuration of fluorination as well as instrumental operating param-
eters like the ionization polarity and the technique and energy of 
collision-induced dissociation (the application of collision energies 
based on the mass of unknowns can be helpful to obtain meaningful 
mass spectra [53]). For instance, fluorotelomer-based PFAS or PFAS 
with sulfonic acid group directly attached to the perfluoroalkyl chain 
barely form CnF2n+1- fragments while PFAS with carboxylic acid or sul-
fonamide groups do. One reason is that SO3- retains the negative charge 
which is well delocalized across the SO3- ion. In Table 1 we provide an 
overview of common diagnostic fragments with high F-content that 
were observed for numerous PFAS classes and are comparatively se-
lective due to their negative mass defect. 

Besides fluorinated diagnostic fragments, for PFAS with extended 
hydrocarbon moieties such as AFFF compounds also diagnostic frag-
ments of the non-fluorinated moieties can be used to indicate PFAS, for 
example C4H10O2N+ for betaines or C3H6O3S- for propyl sulfonate 
moieties (more positive ESI fragments can be found in Barzen-Hanson 

et al. [75]). Specific diagnostic fragments can be selectively used if 
specific PFAS classes are of interest. 

For PFAS spectra prioritization a list that covers meaningful diag-
nostic fragments of multiple classes and parts of PFAS molecules should 
be used to minimize false-negatives and therefore the chance to miss 
PFAS potentially occurring in samples. If at least 3 diagnostic MS2- 
fragments can be found, a confidence level of 2b is reached [25].  

• Requirements: Good quality MS/MS data is a prerequisite for both 
identification and confirmation with the use of diagnostic fragments.  

• Pros: Very useful for both spectra prioritization and compound 
identification. Matching with diagnostic fragments already advances 
the identification process by structural information.  

• Cons: It is difficult to develop exhaustive lists of PFAS diagnostic 
fragments which should always be considered. MS/MS data is not 
always readily available for low abundance ions. 

3.2. Fragment differences and neutral losses 

Besides the use of diagnostic fragments, typical neutral losses (e.g., 
ΔHF, ΔCO2) and fragment mass differences (e.g., ΔCF2) or combinations 
with diagnostic fragments were used in various studies for PFAS iden-
tification or prioritization [37,73,74,77,82,83]. It is important to 
distinguish neutral losses from fragment mass differences. A typical 
neutral loss relates two fragments by a distinct neutral chemical formula 
such as HF that typically occurs when a carbon atom bearing a hydrogen 
atom is adjacent to a carbon atom bearing a fluorine atom (e.g., in 
telomer-based or H-containing PFAS). Fragment mass differences on the 
other hand may occur also between non-related fragments that differ by 
a certain formula but originate from different fragmentation pathways. 
The difference of ΔCF2 for example between a C2F6SO3- and a C3F8SO3- 

ion would be an example for a fragment mass difference. 
For the open-source tool FindPFΔS, Zweigle et al. [53] used fragment 

mass differences in data-dependent fragmentation in a comprehensive 
manner by calculating the differences between all fragments in each 
MS/MS spectrum (difference matrix) which showed that many different 
unknown PFAS fragments are detectable by single mass differences (e.g., 
ΔC2F4, ΔCnH3F2n-3) without any further knowledge on their chemical 
formula (see Fig. 7). Fragment mass differences can be ideally combined 
with diagnostic fragments since they can strongly enhance the detection 
of non-targeted fragments of PFAS [49]. A potential advantage of mass 
differences compared to diagnostic fragments is the fact that they may 
still occur unchanged in mass spectra of PFAS transformation products 
like those from oxidation processes (e.g., +O, -H2), ester or ether hy-
drolysis. However, this is not mandatory as diagnostic fragments and 
mass differences from molecular moieties subjected to change are also 
shifted in the mass spectrum [53]. When matching diagnostic fragments 
or fragment mass differences with MS/MS spectra it is very important to 
consider the instrument mass accuracy to minimize false-positive 
detection. Fragment differences are not considered in confidence 
schemes so far. However, we propose to use them in the future. 

The mass difference approach might also be promising when used 
with data-independent fragmentation data to cover a broader range of 
fragments which may not have been produced in data-dependent frag-
mentation. We therefore also encourage other researchers to try and 
experiment with this approach. 

• Requirements: Good quality high-resolution MS/MS data is a pre-
requisite for the use of fragment mass differences and neutral losses. 

• Pros: Powerful for NTS approaches since also unknown PFAS frag-
ments are detectable. A rather small number of differences can 
already capture numerous fragments. PFAS transformation products 
can often still be detected because mass differences corresponding 
with unchanged molecular moieties are conserved in transformed 
compounds 

Table 1 
Examples of typical PFAS diagnostic fragments (negative ESI) and fragment 
mass differences used during NTS approaches.  

Diagnostic fragments Explanation and occurrence 
CnF2n+1- Negative perfluoroalkyl chains (e.g., PFCAs, 

sulfonamide-based AFFFs), less useful for PFAS with 
charge carrying functional groups (e.g. SO3- ) or telomer- 
based PFAS 

CnF2nSO3- , CnF2n+1SO3- , 
CnF2n-1SO3- 

PFAS with a sulfonic acid group attached to a 
perfluoroalkyl chain (many different PFSAs: 
unsaturated PFSAs, SF5-PFSAs etc.) 

CnF2n+1O-, CnF2n-1O-, 
CnF2n-1O2- 

Ether PFAS 

CnHF2n-1SO3- , CnHF2nSO3- H-containing PFAS with sulfonic acid group 
SO3F-, SO2F-, PO2F-, SF5- Applicable for different functional groups, provides 

evidence for fluorine 
H2PO4- , PO3- , PO2- , SO3- , Functional groups; without fluorine nonspecific to PFAS 
Mass differences & 

neutral losses  
Δ(CF2)n Δ(C2F4)n Widely applicable 
Δ(HF)n Neutral loss, fluorotelomer-based or H-containing PFAS 

(CH in vicinity to CF) 
ΔCnH3F2n-3 Neutral loss, fluorotelomer-based PFAS, provides chain 

length (e.g., diPAPs, FTSAs, telomer-based AFFFs) 
ΔCnF2nSO3 Mass difference, sulfonic acid directly attached to a 

perfluoroalkyl chain which breaks at different positions 
ΔCF2O Mass difference, typical for ether PFAS 
ΔF Mass difference, e.g., from SO3- and SO3F- or 

unsaturation during fragmentation (CnF2n-1SO3- and 
CnF2nSO3- ) 

ΔCF(CF2)n, ΔCF3(CF2)n Mass differences, e.g., from CnF2nSO3 and Cn+1F2n+1SO3  
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• Cons: Fragment chemical composition is not directly known. MS/MS 
data is not always readily available for low abundance ions. 

3.3. Fragment ion flagging 

The approach of fragment ion flagging was first proposed by Liu et al. 
[84]. The workflow includes two injections. In the first injection, frag-
ments of the analytes are produced in the ion source (in-source frag-
mentation) and the resulting chromatograms are screened for diagnostic 
PFAS fragments (e.g., CnF2n+1- , CnF2n-1- , SO3F- or Cl- for chlorinated PFAS 
alternatives). The occurrence of the selected fragment ions was then 
used to find the potential corresponding PFAS which produced the 
fragment at the given RT. Candidates were then selected and subjected 
to a manual homologous series analysis. A second injection was then 
used to gather MS/MS information and confirm the proposed molecular 
formula for at least one candidate for every homologous series. Similar 
approaches were also successfully adapted by other researchers [82, 
85–88]. Fragment ion flagging was also successfully applied for identi-
fication of PFAS from ionic liquids in surface waters in combination with 
MS3 fragmentation experiments for structure elucidation [89]. Different 
modifications were applied such as time-scheduled MS and in-source 
fragmentation experiments and a technique using DIA [90].  

• Requirements: Accurate mass, knowledge about suitable source 
parameters if in-source fragmentation is desired, not necessary when 
DIA is used.  

• Pros: Good prioritization, high likelihood of detecting PFAS that 
form the selected fragment ions. Selective for compounds with spe-
cific fragments.  

• Cons: In case of in-source fragmentation, this approach is limited to 
PFAS which easily form in-source fragments, to preselected fragment 
ions; the high sample complexity exacerbates the assignment of PFAS 

to the corresponding fragment ions, potentially dependent on type 
and geometry of the used ion-source. For DIA, high sample 
complexity might limit this approach to abundant ions. 

3.4. Ion-mobility mass spectrometry 

Mass spectrometers equipped with ion mobility spectrometers (IMS) 
can be used to add a further dimension to separate and characterize the 
analytes based on their size and shape. A big benefit of using IMS is that 
the separation occurs in the gas phase and is therefore fast and can be 
used without additional analysis time [91]. Dodds et al. [91] have 
characterized collision cross section (CCS) values for various PFAS 
classes and homologues and found linear PFAS mass / CCS trendlines 
within the same compound class. Foster et al. [92] and Kirkwood et al. 
[93] observed a good separation between biomolecules and halogenated 
xenobiotics, including PFAS, by the collision cross section determined in 
IMS-MS measurements. At similar mass (m/z), PFAS were shown to have 
a lower collision cross section (CCS) than hydrocarbons. This observa-
tion was attributed to the fact that halogens such as F increase the mass 
of a molecule, but the molecular size does not increase in the same 
manner. CCS data do not influence the confidence level, however, if the 
instruments and data are available, they can further help in the priori-
tization and identification of PFAS.  

• Requirements: IMS-MS instrument, CCS data  
• Pros: Adds one further dimension on compound characterization, is 

fast and helpful in the separation of isomers  
• Cons: High requirements for instrumentation and software 

4. Conclusions 

The diverse, widespread use of PFAS, the longevity of the substances, 

Fig. 6. Summary of six promising approaches for PFAS non-targeted screening with their respective requirements, advantages, and disadvantages. Abbreviations: 
KMD: Kendrick mass defect, HS: homologous series, RT: retention time, MD: mass defect, C: carbon atom, m: mass, Da: Dalton, DDA: data-dependent acquisition, DIA: 
data-independent acquisition. 
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and the continuing development of new PFAS cause an increasing 
complexity and challenge for monitoring PFAS in products and the 
environment. Since target analysis only tackles a very limited number of 
environmentally relevant PFAS, NTS approaches and their continuous 
further development are crucial which make use of PFAS-specific 
properties. 

The intrinsic properties of PFAS include a relevant fraction of 
hydrogen atoms substituted by fluorine, common functional groups and 
molecular moieties such as perfluoroalkyl or perfluoroether chains, as 
well as the frequent occurrence of homologues. These characteristics 
constitute a useful basis to separate many PFAS from matrix features by 
the discussed techniques. Recently developed tools such as FluoroMatch 
and PFΔScreen aim to combine several of the herein discussed tech-
niques for efficient PFAS NTS. While in the absence of specific knowl-
edge on PFAS of interest, the difficulty of prioritization increases with 
decreasing fluorine content for techniques such as the mass defect (MD) 
or the MD normalized to the number of carbon atoms (MD/C-m/C). 
While all approaches discussed in this review are valuable on their own, 
they become much more powerful when combined and applied in a 
suitable order so that the confidence of true positive findings increases 
significantly compared to the use of just a single approach. 

CRediT authorship contribution statement 

Boris Bugsel: conceptualization, writing of original draft (focus on 
Section 2., 2.1–2.5, 3.3, 3.4 and 4.), preparation of Figs. 2 and 5. 
Jonathan Zweigle: conceptualization, writing of original draft (focus 
on Sections 2.2, 3., 3.1, 3.2 and 4.), preparation of Figs. 1, 3, 4, 6 and 7. 
Christian Zwiener: conceptualization, supervision, writing of original 
draft (focus on abstract and Section 1.), review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Christian Zwiener reports financial support was provided by Federal 
Ministry of Education and Research Bonn Office. Jonathan Zweigle re-
ports financial support was provided by German Federal Environmental 
Foundation. 

Data availability 

Data will be made available on request. 

Fig. 7. Example of matching of a large list of diagnostic fragments (> 700) in comparison to the use of one single fragment mass difference (ΔCF2) with an MS/MS 
spectrum of SF5-perfluorononanesulfonic acid. While the chemical formula is not known, in this particular example ΔCF2 detects most of the fluorine containing 
fragments showing that fragment mass differences can be very powerful for non-targeted approaches, especially when combined with diagnostic fragments. Note that 
potential branched or positional isomers of SF5-perfluorononanesulfonic acid can be present (see also Zweigle et al. (2023) [49]). 
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ABSTRACT: To unravel the complexity of per- and polyfluoroalkyl substances
(PFAS) in products and environmental samples, sum parameters that provide relevant
information on chemical characteristics are necessary since not all PFAS can be
captured by target analysis in case of missing reference standards or if they are not
extractable or amenable to the analytical method. Therefore, we evaluated
photocatalysis (UV/TiO2) as a further total oxidizable precursor approach (Photo-
TOP) to characterize perfluoroalkyl acid precursors via their conversion to
perfluoroalkyl carboxylic acids (PFCAs). Photocatalysis has the advantage that no
salts are needed, allowing direct injection with liquid chromatography-mass
spectrometry without time-consuming and potentially discriminating sample cleanup.
OH radicals were monitored with OH probes to determine the reactivity. For eight
different precursors (diPAPs, FTSAs, FTCAs, N-EtFOSAA, PFOSA), mass balance was
achieved within 4 h of oxidation, and also, in the presence of matrix, complete
conversion was possible. The PhotoTOP was able to predict the precursor chain length
of known and here newly identified precursors qualitatively when applied to two PFAS-coated paper samples and technical PFAS
mixtures. The length of the perfluorinated carbon chain (n) was mostly conserved in the form of PFCAs (n-1) with only minor
fractions of shorter-chain PFCAs. Finally, an unknown fabric sample and a polymer mixture (no PFAS detectable in extracts) were
oxidized, and the generated PFCAs indicated the occurrence of side-chain fluorinated polymers.

KEYWORDS: PFAS, PFAA precursors, precursors, PFCAs, TOP assay, photocatalysis, UV/TiO2, transformation products,
mass spectrometry

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) form a huge group
of diverse anthropogenic chemicals.1 Recently, estimates
categorized more than 6 million chemical structures of PFAS
in PubChem based on the Organisation for Economic Co-
operation and Development (OECD) definition (at least one
isolated −CF2− or −CF3 group).2 The unique properties of
PFAS, for instance, water-, stain-, and oil repellency and their
high chemical stability, led to widespread use with countless
applications, which cannot be exhaustively characterized.3

The chemical nature of PFAS, particularly the extreme
stability of the perfluoroalkyl chain (CnF2n+1−), arising from
the strong C−F bond, in combination with their extensive use
resulted in a worldwide distribution of PFAS and their
transformation products (TPs).4,5 Especially perfluoroalkyl
acids (PFAAs) were detected throughout the water cycle,6−8 in
biota including humans,9,10 air, indoor environments,11,12 and
in soils.13 Today, selected PFAAs fall under global regulations
to restrict their use due to high persistence, bioaccumulation
potential, and adverse health effects.14

However, regulatory actions combined with the demand for
alternatives also lead to the use and production of many yet
unknown PFAS. Although some PFAS might be degradable in

the environment their TPs are often dead-end products such as
PFAAs. For example, over 85% of the 4730 OECD PFAS
(PFAS containing a perfluoroalkyl moiety) are expected to
potentially be PFAA precursors.15 For most PFAS this
information is unknown. Since many studies showed high
fractions of unknown organic fluorine in both environmental
and product samples, it is important to further improve and
develop methods to understand the origin of PFAAs from
currently used PFAS.16−18

Besides high-resolution mass spectrometry (HRMS), which
considerably helped to increase knowledge about distinct
identities of numerous new PFAS,19−22 there are also sum-
parameter approaches that are necessary due to the fact that
many PFAS are not readily ionizable or extractable from their
matrix.23 While parameters such as total fluorine (TF)24 and
absorbable and extractable organic fluorine (AOF, EOF)25,26
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have their individual advantages they also go along with the
loss of information on identity of individual PFAS, their
properties, fate, and toxicity (e.g., chain length, bioaccumula-
tion).27

Therefore, further, partly more selective, techniques were
developed to gain relevant information about the chemical
structure of PFAA precursors in various matrices due to their
complexity.28,29 The most prominent technique is the total
oxidizable precursor (TOP) assay,30 which uses peroxodisul-
fate to chemically convert precursors to PFAAs. Moreover,
additional attempts were made with O3 as oxidant in the TOP
assay,31 a modified version that targets hydrolyzable precursors
(THP)32 and electrochemistry to study the transformation of
precursors.33

While the TOP assay is conveniently applicable in most
laboratories due to the low requirements on equipment and
chemicals it also has drawbacks.34,35 During TOP there is a
limited amount of oxidant in form of persulfate and hence OH
radicals (·OH) available. In the case of high matrix-to-PFAS
ratios, persulfate may be consumed by matrix instead of the
target PFAS precursors.36 Furthermore, samples after TOP
contain high salt concentrations, which is not amenable to
electrospray ionization. Therefore, solid phase extraction
(SPE) is needed, making it difficult to consider a wide range
of formed TPs due to variable recoveries. SPE also affects the
visualization of the time course of the reaction by sampling at
different reaction times.

In this paper we evaluated the photocatalytic degradation by
UV/TiO2 (PhotoTOP) as a further method to characterize
PFAA-precursors. The focus was set to PFAS in papers, textile,
and technical mixtures. The photocatalyst TiO2 can generate
considerable concentrations of ·OH and other reactive oxygen
species under UV light while it is not consumed itself over
time.37,38 The use of ·OH-sensitive molecules such as
terephthalic acid (and others) is a well-established technique
to monitor the reactivity in a UV/TiO2 system, which was used
to improve understanding of the applied oxidation con-
ditions.39,40 In addition, a UV/TiO2 system does not require
addition of any salts, having the main advantage that, in
principle, no sample cleanup is required, which avoids the
potentially unknown selectivity of SPE and allows direct
injection with conventional liquid chromatography-mass
spectrometry (LC-MS). Moreover, this can be of further
benefit when screening with HRMS for unknown TPs from
oxidation.

First, we optimized and characterized our UV/TiO2 setup
with the ·OH probe terephthalic acid followed by verification
of the stability of PFAAs under the applied conditions. In total
we oxidized eight known PFAA precursors with the developed
setup and discuss their degradation kinetics, TPs, and mass
balances. To evaluate the effect of matrix (dissolved organic
carbon; DOC) on the PhotoTOP oxidation we oxidized 8:2
fluorotelomer sulfonic acid (FTSA)with four different matrix
dilutions. To this end, we applied the UV/TiO2 oxidation to
two precharacterized (regarding the occurrence of precur-
sors)22,41 PFAS-coated paper samples and a technical grease-
repellent PFAS standard as well as an acrylic PFAS copolymer
and an unknown water-repellent fabric sample. We discuss the
ability of the PhotoTOP to unravel the chain-length
distribution of precursors in oxidized samples (already
known precursors and in this study via non-target screening
newly identified precursors) by the generated perfluoroalkyl
carboxylic acids (PFCAs). Finally, we consider advantages and

disadvantages of our method for PFAS precursor character-
ization.

■ MATERIALS AND METHODS

Chemicals and Reagents. Origin and specifications of
used chemicals are given in the Supporting Information
(Section S1).
TiO2 Characterization. The point of zero charge (PZC),

the mean particle size, and the particle size distribution were
determined to characterize the anatase TiO2 used for oxidizing
PFAA precursors (Figures S1 & S2).
UV/TiO2 Oxidation Setup. Experiments were performed

within a UVA-CUBE 400 (Hönle UV Technology) equipped
with a 1200 W lamp (SOL 1200 RF2, solar simulator lamp).
Within the UV chamber three battery-powered magnetic
stirrers were placed on a turntable standing on a laboratory
scissor jack below the lamp to guarantee uniform and
reproducible irradiation of multiple samples (Figures S3 &
S4). Samples were irradiated horizontally in conventional 20
mL Environmental Protection Agency (EPA) screw-cap vials
(Pyrex borosilicate glass), which were filled with 23 mL of LC-
MS grade water to keep the headspace as small as possible.
Sample Preparation. 10 or 20 mg of TiO2 was weighed in

an EPA vial (∼430 or 860 mg/L), and 200 μL of MeOH
together with the respective PFAS standard (100 μg/L) was
spiked onto the particles. After mixing, the vial was sonicated
for 1 min to break apart clumped particles and left open
overnight to let the solvent evaporate. The next day 23 mL of
water and a magnetic stir bar were added, and the mixture was
sonicated for 5 min and thoroughly mixed. In selected
experiments, ·OH probes were spiked to a final concentration
of 10 μM. In case of PFAS oxidation experiments terephthalic
acid (TPA) was used as the ·OH probe, while for mechanistic
experiments also coumarin (COU) and coumarin-3-carboxylic
acid (CCA) were used. For PFAS sampling 100 μL of the
suspension was mixed with 900 μL of MeOH, vortexed, and
centrifuged at 20 817 relative centrifugal forces (rcf), and 600
μL of supernatant was transferred in polypropylene (PP) high-
performance liquid chromatography (HPLC) vials. The
addition of organic solvent to the sample was performed to
extract PFAS from the TiO2 particles, which were sampled as
suspension. Before placing the vial in the UV chamber the t0
sample was taken. Samples were taken in duplicates. To
determine the initial concentration of the PFAA precursor an
identical dilution (100 μg/L) of the standard (identical
standard for spiking the particles) was prepared because
sampling of the suspension could not accurately determine the
initial concentration of the more hydrophobic precursors (e.g.,
8:2 polyfluorinated dialkylated phosphate ester (diPAP)) due
to sorption. After finishing irradiation (4 or 5 h), the remaining
suspension was placed in an oven overnight at 70 °C to
evaporate the water. Then 23 mL of MeOH was added, mixed,
and sonicated for 1 h to extract all remaining PFAS from the
particles. This extraction control was performed to validate
whether sampling over time was representative, which was the
case for all PFCAs (very hydrophobic precursors need stronger
extraction conditions; however, in the spike experiments they
were already degraded after 4 h).

One experiment without irradiation (dark control) was
performed (Figure S9).

For direct oxidation, paper and fabric samples were cut into
about 1 mm stripes and mixed with the TiO2 particles (details
in S1). The technical standards (Zonyl RP, Cartafluor CFI)
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were directly added to the TiO2 similar as PFAS standards.
Zonyl RP is a polyfluorinated phosphate ester (PAP)-based
grease-resistant coating, while Cartafluor CFI is an acrylic
fluoro-copolymer mixture.42,43 To compare the postoxidation
PFCA distribution with precursors prior to oxidation, selected
samples were extracted and measured with HPLC-HRMS.
Briefly, 10 cm2 of sample was covered with 20 mL of MeOH
and placed in the overhead shaker overnight followed by
ultrasonication for 1 h. After centrifugation, the supernatant
was concentrated under a gentle stream of N2 (40 °C) by a
factor of 10.

To determine the rate constants of the ·OH probes in
selected experiments, 200 μL of the TiO2 suspension was
sampled at certain time points and centrifuged (8324 rcf), and
150 μL of supernatant was spiked with 4.5 μL of 1:10 diluted
formic acid (FA) to guarantee protonation of the ·OH probes
for HPLC-UV analysis.
Compound Analysis. Target analytes (C4−C10 PFCAs,

C4−C8 perfluoroalkyl sulfonic acids (PFSAs), 6:2 and 8:2
fluorotelomer carboxylic acid (FTCA), 6:2 and 8:2 fluo-
rotelomer unsaturated carboxylic acid (FTUCA), 6:2 and 8:2
diPAP, 6:2 and 8:2 FTSA, N-ethyl perfluorooctane sulfona-
mide ethanol-based phosphate diester acid (diSAmPAP),
perfluorooctanesulfonamide (PFOSA), and N-ethylperfluor-
ooctane sulfonamidoacetic acid (N-EtFOSAA); details in
Table S1) were quantified with a 1290 Infinity II HPLC
(Agilent Technologies) coupled to a 6490 iFunnel Triple
Quadrupole MS (Agilent Technologies). Detailed information
regarding chromatographic and instrument parameters is
shown in section S2, Tables S2−S4). Quantification was

based on calibration standards (seven different concentra-
tions), and calibration curves were measured before and after
each sample set; quality controls were included approximately
every 15th sample, and every sample batch contained two
blanks.

Precursors without an available reference standard were
detected with high-resolution mass spectrometry [1260 Infinity
HPLC (Agilent Technologies) coupled to an Agilent 6550
quadrupole time-of-flight mass spectrometer (QTOF-MS)]
based on their accurate mass (details in S2; Tables S2 and S4).
Furthermore, selected volatile precursors (e.g., fluorotelomer
alcohols (FTOHs) and FT-thiols) were detected by coupling
an Agilent 7890B gas-chromatograph (GC) via an APCI
interface with the QTOF-MS (method details in section S2;
Table S5). For each homologous series one reference standard
was used for validation, except for fluorotelomer mercapto
alkyl phosphate (FTMAP) sulfoxide/sulfone homologues,
which were previously identified,22 and newly tentatively
identified PFAS (four further FTMAP-related compounds and
fluorotelomer aldehydes (FTALs); for details on identification
see section S4 and Figures S17−S21) in the paper extracts (for
several precursors no reference standard was available). Each
measurement sequence included a solvent and extraction blank
(for sample extracts) and quality controls to monitor
instrument performance similar as described above for target
analysis. Qualitative chain-length distributions were deter-
mined by molar mass-based signal intensities (chromato-
graphic peak area A). For this, A of the molecular ion [M-H]−

was multiplied with the molar mass of the respective
compound. In case of PFCAs, the molar mass-based peak

Figure 1. Examples of degradation curves of four PFAA precursors over 4 h of UV/TiO2 oxidation (c0 = 100 μg/L). (a) 6:2/6:2 diPAP, (b) 8:2
FTCA, (c) 8:2 FTSA, and (d) N-EtFOSAA. Mass balances were calculated on a molar basis. Note that, in case of 6:2/6:2 diPAP, two moles of
PFCAs can be formed from one mole of diPAP. Error bars correspond to two standard deviations of duplicate samples. Error bars of the mass
balance were calculated according to the Gaussian error propagation. Note: In case of the 8:2 FTCA its standard contained also 8:2 FTUCA
probably arising from degradation over time due to its instability.47
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areas of the predominant insource fragment ions [M-CO2]
−

were also added. Furthermore, a more in-depth non-target
screening (NTS) via FindPFΔS and Kendrick mass defect
analysis (MS1, peak picking with the Agilent FindByMolecu-
larFeature algorithm) was performed to search for unknown
PFAS precursors in selected sample extracts (more details on
identification level44 and identity in section S4, further details
on NTS described elsewhere).22,41 For raw data evaluation, the
Agilent Mass Hunter Qualitative Analysis 10.0 and Quantita-
tive Analysis 10.1 were used.

A 1260 Infinity HPLC (Agilent Technologies) equipped
with a diode array detector (DAD) was used to separate and
detect the ·OH probes (details in section S2; Table S6). ·OH
probes were verified for correct retention time (RT) with
reference standards.

·OH Concentration Estimation. To monitor the UV/
TiO2 reactivity, several experiments with ·OH-sensitive
molecules were conducted [terephthalic acid (TPA), coumarin
(COU), and coumarin carboxylic acid (CCA)], and the
steady-state ·OH concentration ([·OH]ss) was determined
(details in section S2, Table S6, and Figure S5).

■ RESULTS AND DISCUSSION

UV/TiO2 Characterization and Method Development.
Due to the high reactivity, all experiments were performed with
anatase TiO2.

40 The PZC of washed TiO2 was pH 3.6, and the
mean particle size was 390 nm (Figures S1 & S2). Due to
cheaper price and good availability and since [·OH]ss
(determined from kobs,TPA) was only around a factor of 2
smaller in Pyrex glass vials compared to quartz glass, Pyrex was
chosen. Pretests with TPA showed high reproducibility of the
developed setup when comparing multiple samples (Figure
S4). Since a pH change of the suspension (pH 3−10, Figure
S6) only changed [·OH]ss by a factor of 2, neutral pH without
any addition of salts was considered ideal, because it allows
direct injection with LC-MS without prior sample cleanup
making it much faster and avoiding discrimination of unknown
TPs during, for example, SPE. In the final setup [·OH]ss was
(1.1−1.5) × 10−12 M (TPA and COU) and an order of
magnitude higher by CCA (1.1 × 10−11 M). CCA was
described to be able to detect ·OH near the TiO2 surface
(adsorbed ·OH) leading to the hypothesis of higher [·OH]ss at
the TiO2 surface compared to the bulk solution (Figure S5).39

The steady-state temperature in suspension was approximately
60 °C (Figure S7).
PhotoTOP with Known PFAA-Precursors. To evaluate

the stability of PFAAs as oxidation end products, PFBA,
PFHxA, PFOA, PFBA, PFHxS, and PFOS were irradiated for 4
h (430 mg/L TiO2). None of them degraded under the applied
conditions showing that neither the generated radicals nor
direct hole reactions on the excited TiO2 could oxidize them,
being consistent with previous observations (Figure S8).45,46

To investigate the suitability and performance of UV/TiO2

to characterize PFAA-precursors, at first, the transformation of
eight known precursors with available reference standards was
investigated. Therefore, six telomer-based precursors (6:2/6:2
diPAP, 8:2/8:2 diPAP, 6:2 and 8:2 FTSA, and 6:2 and 8:2
FTCA) and two PASF-based-precursors (PFOSA and N-
EtFOSAA) were oxidized, and samples were taken at 0, 0.5, 1,
2, 3, and 4 h and analyzed for targeted PFAS with HPLC-MS/
MS (Figure 1a−d for selected degradation curves, mass
balances after 4 h in Figure 2). Telomer-based precursors
comprising a F(CF2)n−C2H4−R group formed n:2 FTCAs as

intermediates (approximately 0.5 h) and further degraded to a
mixture of PFCAs with the reaction being completed after
around 2 h (Figures 1a−c and 2). 8:2 FTCA directly degraded
to a PFCA mixture without intermediates. The main end
product of 6:2 precursors was PFHxA (51−60%) followed by
PFHpA (17−45%) and smaller amounts of PFPeA and in case
of 6:2/6:2 diPAP also 3% PFBA. 8:2 precursors formed PFOA
as the major end product (49−70%) followed by PFNA (23−
26%), PFHpA (7−11%), and PFHxA below 5%. The PASF-
based precursors PFOSA and N-EtFOSAA degraded almost
completely to PFOA (93−98%) with trace amounts of PFHpA
(<3%). The total mass balance of all precursors ranged from
82% to 115% showing that a quantitative conversion from
precursor to PFCAs is possible via UV/TiO2 oxidation (Figure
2). From the mass balances it can be concluded that no
significant concentrations of ultrashort-chain PFCAs were
generated.

In general, the qualitative PFCA distribution after complete
conversion of telomer-based precursors was very similar for the
three different 6:2 and 8:2 precursors, respectively. In
principle, this allows some prediction of the precursor
perfluoroalkyl chain length. Since the main oxidation product
was always shortened by one CF2 unit (e.g., PFOA from an 8:2
precursor) and the relative distribution of PFCAs was very
similar, the precursor chain length can be predicted for simple
cases where only one precursor is present. However, it is
important to note that the PFCA chain length distribution was
temperature-dependent (tested for 6:2/6:2 diPAP, Figure
S10). While a higher temperature led to higher fractions of
perfluoroalkyl chain shortening, presumably due to a
preferential HF loss (e.g., PFHxA from 6:2 precursor), at
lower temperature PFHpA became the major end product and
PFHxA a side product. The orignal TOP assay typically
produces PFCAs with a broader distribution of perfluoroalkyl
chain lengths. We hypothesize that the 85 °C of the TOP assay
could be one result for the formation of ultrashort-chain
PFCAs like trifluoroacetic acid (TFA).48 Therefore, it is very
important to keep the temperature constant when comparing

Figure 2. Mass balances for the eight PFAA-precursors after 4 h of
photocatalytic oxidation by UV/TiO2 (c0 = 100 μg/L). Note how
different precursors with identical chain length (e.g., 8:2 diPAP, 8:2
FTCA, and 8:2 FTSA) led to similar PFCA distributions. Mass
balances were calculated on a molar basis. Error bars correspond to
two standard deviations of duplicate samples calculated for the mass
balance with the Gaussian error propagation.
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different samples. In case of the PASF-based precursors the
perfluoroctanesulfonamide unit was completely transformed to
PFOA in which the information on the identity of a
sulfonamide group is lost after oxidation.

To examine the effect of the matrix on the oxidation of
PFAA precursors in the UV/TiO2 system, 50 g of standard soil
(LUFA SP2.4, ∼1.8% organic carbon) was extracted in 1 L of
deionized water. The suspension was placed on an overhead
shaker for 6 h and sonicated for 1 h. After centrifugation the
extract was used in three dilutions (undiluted, 1:10, and 1:100)
for oxidation of 8:2 FTSA (c0 = 100 μg/L). The DOC
concentration in the filtered extract was 15 mg/L (details in
the Supporting Information Section S2), which corresponded
to a matrix equivalent of 100. The initial PFCA formation was
suppressed in the undiluted extract, while it was much less
affected in the dilutions compared to the control in LC-MS-
grade water (Figure S11). This suppression was also verified by
kobs,TPA (first 15 min), which was proportionally suppressed to
the initial PFCA formation (initial rate). Although this
suppression was observed, after 4 h, 8:2 FTSA was completely
transformed to PFCAs, and their distribution was identical
within the previously observed variability. Mass balance was
achieved independently of the matrix in all four experiments
(90−109%) as shown in Figure 3. The discussed experiments

clearly show that the matrix has an influence on the
degradation of PFAA precursors in the UV/TiO2 system.
However, when ensuring long enough oxidation, which was
fulfilled by 4 h, matrix-independent oxidation can be achieved.
Here, we hypothesize that the amount of TiO2 does not need
to be adapted to different kinds and amounts of matrix due to
the steady oxidant supply during photocatalysis. Based on the
time course of the PFCA formation the completeness of
precursor oxidation can be proven, and oxidation time can be
adapted to other matrices if necessary.
Qualitative Precursor Chain Length Prediction Via

PhotoTOP for Paper, Fabric Samples, and Technical
PFAS Mixtures. To evaluate the suitability of the PhotoTOP
with real samples, it was applied to two previously

characterized PFAS-coated papers (P1 & P2),22,41 two
technical PFAS mixtures [Zonyl RP (monomeric) and
Cartafluor CFI (polymeric)], and one unknown water-
repellent fabric (canvas).

First, papers P1 & P2 and Zonyl RP are discussed, because
numerous PFAA precursors were already detected allowing a
good comparison to PFCAs generated by PhotoTOP. In the
case of paper P1 the amount of extract used in the PhotoTOP
corresponded to about 10 mg paper/mL TiO2 suspension,
whereas for P2 the extract corresponded to only about 0.1 mg
of paper/mL, which is a difference of 2 orders of magnitude
(quantities of extracts are here expressed as mass of paper per
milliliter of TiO2 suspension). Both extracts were oxidized
under identical conditions.

P1 is a paper coated with FTMAP homologous (6:2/6:2 to
10:2/10:2), and it contains further previously identified
FTMAP (di)sulfoxide/sulfone homologues and FTSAs.22 In
addition, four further homologous compound classes were
tentatively identified here (details in section S4), which are
presumably byproducts from production or TPs of FTMAPs
due to their related chemical structure (Figure S17). Paper P2
is coated with diPAP homologues (4:2/6:2 to 12:2/12:2), and
further FTOHs were detected. It is important to note that
diPAPs, FTMAPs, and other two-armed precursors occurred in
several structural isomers [e.g., n:2/n:2 & (n-2):2/(n+2):2 &
(n-4):2/(n+4):2]. The following results are based on simple
molar mass-based peak areas (A) that are typically acquired
with HRMS.

Oxidation of the paper extracts by PhotoTOP generated
several PFCAs with chain lengths of C4 up to C18 (PFBA to
PFODA) over time. A snapshot of the relative signal intensities
of the generated PFCAs (A/Amax) after 4 h of PhotoTOP
reveals that their chain length distribution reflects well the
initial chain length distribution of the precursors (e.g.,
FTMAPs, diPAPs, etc.) in both papers (Figure 4). The main
products were even-numbered PFCAs, while odd numbers
were less represented, which is due to the even-numbered
telomer-based precursors. PFCAs > C12 were only observed in
P2, although no diPAPs with such chain lengths were detected
in the extract. This could presumably be a result of decreasing
recoveries of precursors (diPAPs) with increasing chain length
due to decreasing ionization efficiency and solubility in
MeOH.49 However, FTOHs are further precursors detected
in the extract of paper P2 by GC-QTOF-MS at chain lengths
up to C18, which must be considered as additional precursors
of PFCAs (Figure S13).

After 4 h of oxidation, the rate of PFCA formation was still
increasing in P1 (incomplete oxidation), while in P2 the
formation levels off already (Figure S12a,b), which presumably
results from the 100-fold lower amount of extract used for P2.
Nevertheless, due to the parallel formation rate changes, the
snapshot of PFCAs can predict the precursor chain length
distribution independently of the completeness of oxidation
and, therefore, on the amount of extract oxidized. Furthermore,
although the signal intensities of the precursors (Figure 4,
Figure S13, and Section S4) were different, all present
precursor classes could similarly be represented by produced
PFCAs. However, due to unavailable reference standards it
cannot be verified which precursor class contributed to the
PFCA formation in which extent in both samples.

Precursor chain length prediction was also possible for the
paper coating formulation Zonyl RP directly (Figure S14a).
Due to the fact that here the PFCA formation stopped after 4 h

Figure 3. Mass balance of all PFCAs from the precursor 8:2 FTSA
after 4 h of oxidation with four different matrix concentration
equivalents (MEs). An ME value of 100 corresponded to 15 mg/L
DOC. 50 g/L of soil was extracted (overhead shaker for 6 and 1 h of
ultrasound in water), and oxidation was performed in the undiluted
extract (100 MEs), in dilutions of 1:10 (10 MEs) and 1:100 (1 ME)
as well as in matrix free water (0). Error bars correspond to the
standard deviation of duplicate samples calculated for the mass
balance with the Gaussian error propagation. Complete degradation
curves over time are shown in Figure S11.
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we assume an almost complete conversion of perfluoroalkyl
chains of the precursors to PFCAs.

To further verify whether the precursor chain length
distribution can be estimated from the generated PFCAs also
via direct oxidation of PFAS products, paper stripes from paper
P1 (2 mg paper/mL TiO2 suspension) were directly oxidized
by PhotoTOP. Direct oxidation has the major advantage of
being able to capture nonextractable precursors (e.g., too
strong interactions with the matrix or covalently bound
perfluoroalkyl chains on a polymer backbone). A third case
could be an extractable but nonionizable precursor. The results
showed that the PhotoTOP was also applicable by direct
oxidation and generated PFCAs representative for the
precursor chain length distribution (Figure S15). It is
important to mention that the oxidation was approximately
10 times slower in comparison to extract oxidation.

To get a statistically meaningful estimate of the possibility to
predict precursor chain lengths via PhotoTOP, relative signal
intensities of 11 different precursor classes (for details on
identification levels44 and newly identified precursors see
section S4) were correlated with the formation of even-
numbered PFCAs from direct and extract oxidation experi-
ments (Figure 5). Generally, a clear positive correlation was
observed (R2 = 0.88) demonstrating the potential of the
PhotoTOP approach. We suggest excluding odd-numbered
PFCAs since they were only of minor importance due to the
dominance of the observed n-1 chain length (e.g., PFOA from
8:2 diPAP). In comparison to the original TOP assay (directly
compared to results obtained by Houtz and Sedlak 201430 and
Janda et al. 201948 in Figure S16) the UV/TiO2 oxidation
resulted in less chain shortening and, hence, could better
conserve the original precursor chain length.

Finally, the PhotoTOP was applied to samples where the
initial precursors could not be determined: the water-repellent

Figure 4. Relative signal intensities of precursors in two different PFAS-coated paper sample extracts before oxidation (negative y-axis) and relative
signal intensities of PFCAs after 4 h of PhotoTOP oxidation (positive y-axis). Peak areas of asymmetrically substituted precursors (e.g., 6:2/8:2
diPAP) were divided among the PFCAs with corresponding chain lengths (e.g., PFHxA, PFOA). Odd-numbered PFCAs are shown in light green.
Note that, e.g., a perfluoroalkyl chain length of C7 corresponds to PFOA. (1a−c) Paper extract P1 coated with FTMAP homologues and related
compounds. In 1b,c the precursors FTMAP sulfoxides and FTSAs are also shown. Note that the PFCA distribution data (positive y-axis) is
identical. (2) Paper extract P2 from the paper sample coated with different diPAP homologues. Formation of PFCAs over time are shown in Figure
S12a,b for both samples and further detected precursors in Figure S13 and section S4. Note that the amount of extract used for oxidation of P1 and
P2 was different by 2 orders of magnitude.

Figure 5. Correlation of relative signal intensities (peak area A/Amax)
of even-numbered PFCAs after 4 h of PhotoTOP oxidation with
relative signal intensities of 11 different precursor classes in P1, P2,
and Zonyl RP prior to oxidation (sample extracts) for different chain
lengths. Data from direct oxidation of P1 are also included. Only
even-numbered carbon chains were used since telomer-based
precursors typically exclusively contain even perfluoroalkyl chains.
Due to rather selective chain-shortening reactions in PhotoTOP,
even-numbered PFCAs predicted the overall precursor chain lengths
best when odd numbers were excluded (see Figures 4 and S13). Peak
areas of asymmetrically substituted precursors (n:2/m:2, e.g., 6:2/8:2
diPAP) were divided among the PFCAs with corresponding chain
lengths (e.g., PFHxA, PFOA). Further, more extreme asymmetric
congeners (n-m ≥ 4) have not been considered. R2 = 0.88 shows a
clear correlation; the 99% confidence interval of the regression is
represented as a gray shaded area. We propose this as a verification
that precursor chain lengths can be qualitatively predicted by the
PhotoTOP. For information on identity and identification levels of
precursors see section S4 and Figures S17−S21.
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fabric (extract oxidation and direct oxidation) and the
technical mixture Cartafluor CFI (direct). An in-depth non-
target screening, including suspect screening with a list of well-
known PFAS, Kendrick mass defect analysis of MS1 peaks, and
a MS/MS fragment mass difference search with FindPFΔS,
could not reveal any meaningful identification in the fabric
extract and dilutions of Cartafluor CFI. This is also true for the
oxidized extract of the fabric leading to the assumption that
probably here no extractable PFAS were present. However,
direct oxidation of the fabric itself generated plenty of PFCAs
over time (a snapshot after 5 h is shown in Figure 6; PFCAs
over time are shown in Figure S12c).

From this PFCA distribution we assume the fabric to be
coated with side-chain fluorinated polymers (SFPs), which
cannot be extracted, but the perfluoroalkyl chains can be
cleaved off during oxidation. The observed distribution
indicates telomer-based SFPs similar to the fingerprints
found by Liagkouridis et al. 2022 with TOP,23 because we
assume that sulfonamide-based SFPs would generate one
distinct chain length as observed for PASF-based precursors.
Cartafluor CFI showed a highly similar chain-length
distribution further indicating that the PFCAs in the fabric
originate from an acrylate-based SFP (Figure S14b). Note that
sampling over time during oxidation of Cartafluor CFI
indicated complete conversion of PFCAs meaning the
distribution likely reflects most of the perfluoroalkyl chains
present. The overall results show that the PhotoTOP was also
applicable to real samples and generated relevant information
on the identity and chemical characteristics of precursors. This
is, in particular, the chain-length distribution of PFAA
precursors in paper and fabric samples as well as in technical
PFAS mixtures with relatively little laboratory effort. We
believe that this can easily be expanded to further environ-
mental matrices such as, for example, wastewater; however, this
was outside the scope of this study.

In comparison to the original TOP assay, we assume a more
constant ·OH radical generation over time due to the
photocatalytic nature of the UV/TiO2 system, which has
advantages in the presence of quenching matrix compared to

peroxodisulfate. The absence of strong chain-shortening
potentially results from milder conditions and the absence of
sulfate radicals, which can mineralize PFCAs at high
concentrations (they potentially play a minor role in the
TOP due to high pH).48 However, the effect of temperature on
chain shortening should be investigated in more detail for both
approaches. Another important advantage of the PhotoTOP is
the absence of high salt concentrations that keep laboratory
and sample cleanup efforts low and minimize matrix
interferences.

A clear disadvantage of the PhotoTOP is the more complex
setup that requires a UV chamber that is difficult to standardize
and compare (e.g., uniform irradiation, distance to the UV
source). However, ·OH probes can be used to monitor the
reactivity and make results comparable. Furthermore, in the
case of complex matrices, sampling over time can help to
identify whether oxidation was complete. In general, the
PhotoTOP is not intended as an alternative to the original
TOP assay but can be considered a complementary method to
better understand complex PFAS contaminations. Future work
should investigate whether complete quantitative oxidation can
also be accomplished when applied directly to product or
environmental samples.
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Figure 6. Normalized PFCA signal intensity distribution after 5 h of
direct UV/TiO2 oxidation of the fabric sample (Note that, e.g., a
perfluoroalkyl chain length of C7 corresponds to PFOA). Neither in
the fabric extract nor in the oxidized fabric extract PFAS were found
(NTS with HRMS). This led to the assumption that the fabric either
contained side-chain fluorinated polymers (SFPs) or precursors that
were not extractable/ionizable or were overseen during NTS analyses.
Due to the strong similarity to Cartafluor CFI (Figure S14b) we
hypothesize the fabric to be coated with acrylate-based SFPs.
Formation of PFCAs over time are shown in Figure S12c.
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S1 Chemicals, reagents, and samples 

Water, methanol (MeOH), ammonium acetate (NH4Ac) and formic acid (FA) were LC-MS 

grade and purchased from Fisher scientific. Sodium terephthalate (TPA) was purchased from 

Tokyo Chemical Industry (TCI). Coumarin (COU), Coumarin-3-carboxylic acid (CCA), and 

Titanium(IV)oxide (TiO2 anatase, powder, 99.8% trace metal basis) was purchased from 

Sigma-Aldrich. Sodium chloride (NaCl) and MES (PUFFERAN®) buffer came from Carl 

Roth. Origins of PFAS standards are given in Table S1. 

Table S 1: Origin of the PFAS target analytes. [PFCAs = Perfluoroalkyl carboxylic acids, PFSAs = 
Perfluoroalkyl sulfonic acids, PASF = Perfluoroalkane sulfonyl fluoride (PFOSA = Perfluorooctanesulfonamide, 
N-EtFOSAA = N-Ethylperfluoro-1-octanesulfonamidoacetic acid, diSAmPAP = N-Ethyl perfluorooctane 
sulfonamide ethanol–based phosphate diester acid), FTCAs = Fluorotelomer carboxylic acids, FTUCAs = 
Fluorotelomer unsaturated carboxylic acids, diPAPs = Polyfluorinated dialkylated phosphate esters.  FTSAs = 
Fluorotelomer sulfonic acids]. 

Substance Origin  Substance Origin 

PFCAs  PASF-based PFAS 

PFBA Wellington Laboratories  PFOSA Wellington Laboratories 

PFPeA Wellington Laboratories  N-EtFOSAA Wellington Laboratories 

PFHxA Wellington Laboratories  diSAmPAP Wellington Laboratories 

PFHpA Wellington Laboratories  FTCAs  

PFOA Wellington Laboratories  6:2 FTCA Wellington Laboratories 

PFNA Wellington Laboratories  8:2 FTCA Wellington Laboratories 

PFDA Wellington Laboratories  5:3 FTCA Wellington Laboratories 

PFSAs   7:3 FTCA Wellington Laboratories 

PFBS Wellington Laboratories  FTUCAs  

PFPeS Wellington Laboratories  6:2 FTUCA Wellington Laboratories 

PFHxS Wellington Laboratories  8:2 FTUCA Wellington Laboratories 

PFHpS Wellington Laboratories  diPAPs  

PFOS Wellington Laboratories  6:2 diPAP Toronto Research Chemicals 

FTSAs  8:2 diPAP Wellington Laboratories 

6:2 FTSA Wellington Laboratories    

8:2 FTSA Wellington Laboratories    

 

The paper samples P1 and P2 were provided by the Fraunhofer Institute as described 

elsewhere. 1 An in-depth characterization of PFAA-precursors in these samples was performed 

previously.1, 2 The fabric sample was ordered from online from a textile shop and was chosen 

due to its description to be water-repellent. The standard soil SP2.4 was purchased from LUFA 

Speyer. Zonyl RP paper fluoridizer (DuPont), and Cartafluor CFI (Clariant) were provided by 

the Technologiezentrum Wasser (TZW, Karlsruhe).  
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S2 Compound analysis 

HPLC-QqQ-MS: 

For target analyte separation a Waters Acquity BEH C18 column (2.1 mm × 100 mm, particle 

size 1.7 µm) with a flow rate of 0.4 mL/min (T = 60 °C) was used with solvent A: 95/5 

H2O/MeOH + 2 mM NH4Ac and solvent B: 95/5 MeOH/H2O + 2 mM NH4Ac. A gradient 

elution program was used (for details see Table S2). Electrospray ionization was operated in 

negative mode and every analyte was measured with two mass transitions [except for 

perfluorobutanoic acid (PFBA), perfluorooctane sulfonamide (PFOSA)] for which only one 

product ion was used (for details see Table S3; instrument parameter in Table S4). The 

injection volume was 5 µL for all samples. 

HPLC-QTOF-MS: 

For NTS, compounds were separated with a Poroshell 120 EC-C18 column (2.1 mm × 100 mm, 

particle size 2.7 μm) at a flow rate of 0.3 mL/min (Oven temperature = 40 °C). A 23 min 

gradient program (identical solvents as for target analysis) was applied and the ESI source was 

operated in the negative mode and selected samples were also measured with ESI+ (Table S2 

and S4 for details). Data acquisition started at 1 min with a prior waste line [3 scans/s in the 

MS (m/z 100 – 1700) and MS/MS range (m/z 70 – 1700)]. The threshold for precursor 

selection was set to 1000 counts with narrow isolation width (≈ 1.3 m/z) and a mass dependent 

CE was used for MS/MS experiments (CE(m/z) = 4 m/z
100

 + 15 eV). In case of iterative ddMS2 

a rolling exclusion list was automatically generated during two sample injections to exclude 

masses at a certain RT window which were already selected for MS/MS experiments during 

the first injection. Furthermore, a static exclusion list (generated from MeOH blank injections) 

was used to exclude persistent background signals originating from the analytical system over 

the complete RT-range. The injection volume was 2 to 5 µL with a prior needle wash in 

isopropanol. 
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GC-QTOF-MS: 

Non-target screening for volatile PFAS was performed with an Agilent 7890B GC equipped 

with an Agilent HP-5MS UI column (30 m × 0.25 mm, 0.25 µm film) coupled to the 6550 

QTOF via an atmospheric pressure chemical ionization (APCI) interface. The GC temperature 

program started at 50 °C for 1 min followed by an increase to 250 °C at a rate of 40 °C/min. 

The final temperature was kept constant till minute 21. The APCI source parameters can be 

found in Table S5. With the help of our HPLC system a constant flow of 0.1 mL/min of water 

(column oven at 75 °C) into the APCI source was achieved to keep the humidity high, which 

increases the ionization efficiency.3, 4 The corona current was turned on after 2.5 min to 

prevent the solvent peak entering the QTOF. Due to the sharp nature of GC peaks 10 spectra/s 

were acquired to guarantee enough data point over a chromatographic peak. m/z-Ranges were 

similar as during HPLC-QTOF analysis. The background mass 257.2475 was used as a 

reference mass in the QTOF. The injection volume (MeOH extracts) was 1 µL with pulsed 

splitless injection. 

Table S 2: Gradient elution of the HPLC-QTOF and the HPLC-QqQ method. A = 95/5 H2O/MeOH + 2 mM 
NH4Ac and B = 95/5 MeOH/H2O + 2 mM NH4Ac. 

6550 QTOF 6490 QqQ 

Time 

(min) A (%) B (%) 

Time 

(min) A (%) B (%) 

0 85 15 0 60 40 

2.0 30 70 1.0 40 60 

5.0 10 90 3.5 0 100 

10.0 0 100 6.0 0 100 

15.0 0 100 6.1 60 40 

15.1 85 15 8.0 60 40 

22.0 85 15    
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Table S 3: MRM parameters for the target compounds used with the Agilent 6490 QqQ: precursor and 
corresponding product ion with the respective collision energy (CE setpoint in eV) and fragmentor voltage (FV). 
The dwell time used during MRM was 15 ms. 

Compound 

name 

Precursor 

ion 

Product 

ion FV (V) CE (eV) 

6:2 diPAP 789 443 380 30 

6:2 diPAP 789 97 380 30 

8:2 diPAP 989 543 380 40 

8:2 diPAP 989 97 380 30 

6:2 FTCA 377 292.7 380 20 

6:2 FTCA 377 63 380 5 

8:2 FTCA 477 392.9 380 15 

8:2 FTCA 477 63.2 380 5 

5:3 FTCA 341 236.9 380 10 

5:3 FTCA 341 216.8 380 25 

6:2 FTUCA 357 293 380 10 

6:2 FTUCA 357 243 380 40 

8:2 FTUCA 457 393 380 10 

8:2 FTUCA 457 343 380 50 

6:2 FTSA 427 406.7 380 20 

6:2 FTSA 427 81.2 380 55 

8:2 FTSA 527 506.7 380 20 

8:2 FTSA 527 81.2 380 55 

N-EtFOSAA 584 526 380 25 

N-EtFOSAA 584 418.7 380 25 

PFOSA 497.9 77.9 380 40 

PFDA 512.9 468.8 380 10 

PFDA 512.9 268.9 380 15 

PFNA 462.9 418.8 380 5 

PFNA 462.9 218.8 380 15 

PFOA 412.9 368.7 380 5 

PFOA 412.9 168.7 380 20 

PFHpA 362.8 318.8 380 5 

PFHpA 362.8 168.7 380 15 

PFHxA 312.9 268.9 380 5 

PFHxA 312.9 119 380 25 

PFPeA 262.9 219 380 5 

PFPeA 262.9 68.8 380 45 

PFBA 212.9 168.8 380 5 

PFOS 499 99 380 50 

PFOS 499 79.7 380 55 

PFHpS 449 98.9 380 44 

PFHpS 449 79.7 380 52 

PFHxS 398.8 98.9 380 45 

PFHxS 398.8 79.9 380 45 

PFPeS 349 98.9 380 40 

PFPeS 349 79.7 380 40 

PFBS 298.9 98.9 380 30 
PFBS 298.9 79.8 380 40 
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Table S 4: Summary of instrument and scan source parameters used for HPLC-QTOF- and HPLC-QqQ-MS 
measurements. 

  6490 QqQ   6550 QTOF 

Instrument Parameters    

Gas Temp (°C)  150  150 

Gas Flow (L/min)  16  16 

Nebulizer pressure (psig)  45  35 

Sheath gas temperature (°C) 380  380 

Sheath gas flow (L/min) 12  12 

Fragmentor voltage (V) 380  380 

Scan Source Parameter    

Capillary voltage (V)  3000  3000 

Nozzle voltage (V)  0  300 
 

Table S 5: Summary APCI and QTOF parameters used for GC-QTOF measurements. 

APCI/QTOF Parameter Value  

Gas Temp (°C)  270  
Dying gas (L/min)  11  
Fragmentor voltage (V) 150  

Capillary voltage (V)  1000  
Corona current (µA) 1  

 

HPLC-UV: 

Separation of the •OH-probes was achieved which a Phenomenex column (150 mm × 3 mm, 

particle size 4 µm, Synergi 4n polar RP 80 Å, T = 40 °C) with a flow rate of 0.5 mL/min.  A 

20 min isocratic method with eluent A (90/10 H2O/MeOH + FA, pH 3) and B (MeOH) (80/20) 

was used. If only TPA was used the method run time was reduced to 8 min. 

Three different •OH-probes were used to estimate the steady-state •OH concentration 

([•OH]ss) and monitor effects of different parameters (e.g. pH, matrix concentration) on the 

oxidation conditions [terephthalic acid (TPA), coumarin (COU), and coumarin carboxylic acid 

(CCA)]. All •OH-probes were shown to react selectively with •OH during photocatalysis.5, 6 

[•OH]ss (mol/L) was calculated according to equation 1: 

 
[•OH]ss=

kobs, probe

k OH 
• , probe

 (1) 
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O
–

OO
–

O
–

in which kobs,probe is the pseudo-first order rate constant (s-1) and k•
OH,probe is the bimolecular 

reaction constant (M-1s-1) of the respective probe with •OH. kobs,probe was determined by fitting 

the normalized logarithmic UV-response over time (Figure S5). 

Table S 6: •OH-probes used to estimate [•OH]ss and their respective wavelengths used in HPLC-UV detection. 

•OH-probe Structure Wavelength λ (nm) 

Terephthalic acid (TPA)  245  

Coumarin (COU) 

 

277 

Coumarin-3-carboxylic 

acid (CCA) 

 

296 

 

Dissolved organic carbon (DOC): 

The centrifuged soil extract (LUFA SP2.4, 50 g/L) was filtered through a 0.45 µm mixed 

cellulose ester filter and analyzed with a TOC analyzer (Elementar HighTOC). Organic carbon 

is combusted to CO2 which is detected by an infrared detector. 

  

–

–

OO

–

–

– O

O
–

OO
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S3 Supporting experiments 

 
Figure S 1: Point of zero charge (PZC) of the original anatase TiO2 and washed anatase TiO2. The PZC was 
determined with a Zetasizer Nano ZSP (Malvern Pananalytical, Malvern, United Kingdom) with a folded 
capillary zeta cell (25 °C). Suspensions of 100 mg/L TiO2 anatase were measured in 7 mM MES buffer and 
10 mM NaCl solutions (triplicates) and the pH was adjusted with 0.1–1 M HCl and NaOH. A refractive index of 
2.5 for TiO2 anatase was used. 

 
Figure S 2: Particle size distribution and mean particle size of the used anatase TiO2. Measurements were 
performed on the Zetasizer Nano ZSP (see also Figure S1). 

 
Figure S 3: UV/TiO2 oxidation setup inside the UVA-CUBE to guarantee uniform and reproducible irradiation 
of multiple samples. Distance to the lamp was approximately 15 cm. 
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Figure S 4: TPA degradation dependent on the amount of TiO2. Note how reproducible triplicate experiments 
are due to rotating vials which are stirred at the same time. For this pre-experiment a 500 W lamp was used. 

 
Figure S 5: Pseudo first-order degradation of the •OH-probes and direct vs. indirect photolysis. (a) Pseudo first-
order degradation of terephthalic acid (TPA), coumarin (COU), and coumarin-3-carboxylic acid in the typical 
UV-TiO2 setup. Steady state OH-radical concentrations ([•OH]ss) were calculated based on the bimolecular 
reaction rate constants of each •OH-probe.5, 7 TPA: [•OH]ss = 1.1 × 10-12 M, COU: [•OH]ss = 1.5 × 10-12 M, CCA: 
[•OH]ss = 1.1 × 10-11 M. (b) Direct vs. indirect rate constants for all three •OH-probes, showing that in case of 
COU a fraction of  > 30% was degraded via direct irradiation. Note that in the TiO2-suspension the turbidity is 
high leading to a probably much smaller fraction of direct photolysis. 

 
Figure S 6: Dependency of kobs,TPA on pH and TiO2 concentration. (a) pH dependency of kobs,TPA with 500 mg/L 
TiO2. The pH was adjusted with H3PO4 and NaOH to keep quenching or further radical processes as small as 
possible. Overall [•OH]ss was not strongly dependent on pH, while the maximum was at pH 4.2. However, this 
was likely due to the fact that at this pH a higher fraction of TPA is uncharged which decreases its water solubility 
while increasing sorption to TiO2. At pH 3.2 the TiO2 particles aggregated and formed an unstable suspension. 
(b) Dependency kobs,TPA on TiO2 concentration. For these pre-experiments a 500 W lamp was used. 
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Figure S 7: Temperature and pH change over time in the UV-chamber measured in NaCl solutions of LC-MS 
grade water. NaCl equilibrium refers to a reference solution of LC-MS grade water which was measured with an 
equilibration time of 1 h of the pH electrode.  Note that for all experiment only pure LC-MS grade without any 
other ingredient was used (pH between 6 and 8) and the high initial pH likely arose from measurement errors of 
the pH electrode. 

 

Figure S 8: Two control experiments of different PFAAs (PFBA, PFHxA, PFOA, PFBS, PFHxS, and PFOS) in 
the typical UV/TiO2 oxidation setup (10 mg TiO2, c0 = 100 µg/L). Error bars correspond to two standard 
deviations of duplicate samples. 

 
Figure S 9: Dark control without irradiation. Experiment with the precursor 6:2 diPAP + TiO2 without irradiation. 
Approximately 40% of the initial 6:2 diPAP amount disappeared (also in the extract), however, no PFCA 
formation was observed only very low concentrations of 6:2 FTCA and 6:2 FTUCA. Presumably dark reactions 
or hydrolysis at this temperature led to e.g. 6:2 FTOH and 6:2 monoPAP or other products. 
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Figure S 10: Changes of degradation kinetics with changing temperature during UV/TiO2 oxidation (precursor 
6:2 diPAP). Note how the fraction of PFCA end products changed: Higher temperature led to a higher fraction 
of chain shortening leading to PFHxA as main end product at 50 °C vs. PFHpA at 25 °C. 

 
Figure S 11: Influence of matrix on the oxidation of 8:2 FTSA in the UV/TiO2 system. 50 g/L of soil was 
extracted (overhead shaker for 6 h and 1 h ultrasound in water) and the oxidation was performed in the undiluted 
extract (100), twice diluted 1:10 and in matrix free water (0). Error bars correspond to two standard deviations 
of duplicate samples. 

 

Figure S 12: Formation of PFCAs from oxidation of paper extract P1 and P2 (a & b), and direct oxidation of 
fabric stripes (c). Note that the amount of extract used for oxidation of P1 and P2 was different by two orders of 
magnitude. 
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Figure S 13: Volatile and newly identified precursor chain-length distribution vs. PFCA-distribution after 
PhotoTOP. Relative signal intensities normalized to the maximum peak area of precursors in (a) paper P2 and 
(b) paper P1 before oxidation (negative y-axis) vs. relative signal intensities of PFCAs after 4 h of UV/TiO2 
oxidation (positive y-axis). Note that e.g. a perfluoroalkyl chain length of C7 corresponds to PFOA. For more 
information on newly identified compounds (GC and LC) see section S4 and Figure S17-21. Note that for some 
precursors even longer chains than C12 were detected in low abundances (e.g. up to C18 FTOH). 

-1

-0.5

0

0.5

1

mono sulfoxide

FTMAPs-1

-0.5

0

0.5

1

mono sulfone 

FTMAPs

-1

-0.5

0

0.5

1

FT-sulfoxides
-1

-0.5

0

0.5

1

FT-thiols

A
/A

m
a
x

A
/A

m
a
x

(b)

Perfluoroalkyl chain length Perfluoroalkyl chain length

C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

-1

-0.5

0

0.5

1

FTALs
-1

-0.5

0

0.5

1

FTOHs

C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13

A
/A

m
a
x

(a)
C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12



 
 

S13 
 

 
Figure S 14: PhotoTOP with technical PFAS mixtures. (a) PhotoTOP with Zonyl RP (1 µL spiked) and (b) with 
Cartafluor CFI (1 µL spiked). Note that the samples were diluted 1:10 due to high concentrations of PFCAs. In 
case of Cartafluor CFI the initial precursor cannot be determined. Note the similarity of the chain length 
distribution of PFCAs after PhotoTOP with the fabric sample (Figure 6). 

 

 
Figure S 15: Direct oxidation of paper P1. Relative signal intensities normalized to the maximum peak area of 
the precursors FTMAPs in paper extract P1 before oxidation (negative y-axis) vs. normalized signal intensities 
of PFCAs after 4 h of direct oxidation of paper stripes (positive y-axis). Note that e.g. a perfluoroalkyl chain 
length of C7 corresponds to PFOA. 

 
Figure S 16: Comparison of the reaction yields from several precursors between PhotoTOP and the original TOP 
assay. Data originates from Houtz and Sedlak 2012 and Janda et al. 2019.8, 9 In case of Janda et al. (marked by 
asterisk) the data points were collected with the MATLAB grabit tool (grabit.m, freely available online) from the 
respective Figure in the publication. Note how the PhotoTOP can maintain the precursor chain length (n-1) as 
the main oxidation product. 
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S4 Precursor identification in paper extracts 

The relative signal intensities of several homologous series were correlated with the generated 

PFCAs (Figure 5). Briefly, their identification evidence will be discussed in the following. In 

paper P1, FTMAP homologues were verified with one authentic reference standard (6:2/6:2 

FTMAP, level 1) and FTMAP sulfoxides/sulfones/disulfoxides were previously identified in 

this sample with level 2b.2, 10 In this study, we tentatively identified two unknown FTMAP 

related compounds [mono sulfoxide/sulfone FTMAPs (pink box in Figure S17); more details 

in Figure S18-19] which were not reported in literature before to our best knowledge. 

Fluorotelomer-thiols and fluorotelomer sulfoxides were tentatively identified based on their 

accurate mass and the occurrence of homologues (Figure S21). Note that their matching chain 

length distribution with related compounds such as FTMAPs provides further experimental 

evidence. In paper P2, diPAP and FTOH homologues were identified with level 1 (6:2/6:2 and 

8:2/8:2 diPAP and 6:2 FTOH reference standards) while FTALs were based on accurate mass 

and homologues (Figure S20). For more details see also Table S7. 

 
Figure S 17: Summary of identified PFAA-precursors in paper P1 and P2. FTMAPs, diPAPs and FTOHs were 
identified with one authentic reference standard per homologous series. The compounds highlighted by the pink 
box were newly identified in this study and to our best knowledge they were not reported in literature before. 
They were present as sulfone and sulfoxide (colored oxygen atoms) in several homologues (Figure S18-19). 
PFAS in green boxes were measured by GC-APCI-QTOF. 
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Table S 7: Summary of identifications in paper extract P1 and P2. Note that the confidence levels also consider 
experimental evidence. For chemical structures see Figure S17. 

Sample LC/GC Compound name Exact mass 

(Da) 

Deviation 

(ppm) 

RT 

(min) 

Confidence 

level 

P1             

 LC           

  4:2/6:2 FTMAP 820.9881 -0.34 11.1 2b 

  6:2/6:2 FTMAP 920.9817 -0.86 12.1 1 

  6:2/8:2 FTMAP 1020.9754 1.16 12.9 2b 

  8:2/8:2 FTMAP 1120.9690 0.60 13.8 2b 

  8:2/10:2 FTMAP 1220.9626 1.04 14.6 2b 

  10:2/10:2 FTMAP 1320.9562 0.34 15.6 2b 

  6:2 FTSA 426.9679 -0.24 7.1 1 

  8:2 FTSA 526.9615 0.72 8.0 1 

  10:2 FTSA 626.9551 -0.04 9.1 2b 

  12:2 FTSA 726.9487 -0.05 10.3 2b 

  14:2 FTSA 826.9423 0.78 11.6 2b 

  4:2/6:2 FTMAP sulfoxide 836.9830 0.60 9.6 2b 

  6:2/6:2 FTMAP sulfoxide 936.9767 0.84 10.6 2b 

  6:2/8:2 FTMAP sulfoxide 1036.9703 0.84 11.6 2b 

  8:2/8:2 FTMAP sulfoxide 1136.9639 1.20 12.5 2b 

  8:2/10:2 FTMAP sulfoxide 1236.9575 0.61 13.3 2b 

  10:2/10:2 FTMAP sulfoxide 1336.9511 0.71 14.2 2b 

  10:2/12:2 FTMAP sulfoxide 1436.9447 -0.03 15.2 2b 

  6:2/6:2 FTMAP disulfoxide/sulfone 952.9716 0.60 9.8 2b 

  6:2/8:2 FTMAP disulfoxide/sulfone 1052.9652 0.25 10.9 2b 

  8:2/8:2 FTMAP disulfoxide/sulfone 1152.9588 0.13 11.8 2b 

  8:2/10:2 FTMAP disulfoxide/sulfone 1252.9524 0.19 12.8 2b 

  10:2/10:2 FTMAP disulfoxide/sulfone 1352.9460 0.46 13.6 2b 

  10:2/12:2 FTMAP disulfoxide/sulfone 1452.9396 -0.81 14.6 2b 

  6:2 monoFTMAP sulfoxide 559.0019 0.31 7.6 2b 

  8:2 monoFTMAP sulfoxide 658.9955 -0.96 8.6 2b 

  10:2 monoFTMAP sulfoxide 758.9891 0.46 9.8 2b 

  12:2 monoFTMAP sulfoxide 858.9827 -0.06 11.1 2b 

  6:2 monoFTMAP sulfone 574.9968 0.10 6.9 3d 

  8:2 monoFTMAP sulfone 674.9904 -0.22 7.8 3d 

  10:2 monoFTMAP sulfone 774.9840 0.05 9.0 3d 

  12:2 monoFTMAP sulfone 874.9776 0.20 10.2 3d 

 GC       
  6:2 FT-thiol 380.9977 -4.23 3.1 2b 

  8:2 FT-thiol 480.9913 -5.66 3.6 2b 

  10:2 FT-thiol 580.9849 -4.36 4.1 2b 

  12:2 FT-thiol 680.9785 -0.07 4.5 2b 

  6:2 FT-sulfoxide 396.9926 0.43 4.2 2b 

  8:2 FT-sulfoxide 496.9862 -2.09 4.6 2b 

  10:2 FT-sulfoxide 596.9798 -0.75 5.0 2b 

  12:2 FT-sulfoxide 696.9734 -0.80 5.3 2b 
P2         

 LC       
  4:2/6:2 diPAP 688.9814 -0.34 9.1 2b 

  6:2/6:2 diPAP 788.9750 0.06 10.1 1 

  6:2/8:2 diPAP 888.9686 0.38 11.2 2b 

  8:2/8:2 diPAP 988.9622 1.34 12.0 1 

  8:2/10:2 diPAP 1088.9558 1.11 13.0 2b 

  10:2/10:2 diPAP 1188.9494 0.67 13.8 2b 

  10:2/12:2 diPAP 1288.9431 0.38 14.6 2b 

  12:2/12:2 diPAP 1388.9367 0.05 15.8 2b 

 GC       
  6:2 FTOH 365.0205 1.76 3.0 1 

  8:2 FTOH 465.0141 4.80 3.5 2b 

  10:2 FTOH 565.0077 3.93 3.9 2b 

  12:2 FTOH 665.0013 -3.59 4.3 2b 

  6:2 FTAL 363.0049 2.18 3.0 2b 

  8:2 FTAL 462.9985 3.85 3.5 2b 

  10:2 FTAL 562.9921 2.78 3.9 2b 
    12:2 FTAL 662.9857 -5.49 4.3 2b 
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Figure S 18: Newly tentatively identified compounds in P1 (mono sulfone FTMAPs). Extracted ion 
chromatograms (EICs) of four tentatively identified FTMAP-related compounds in paper P1 and two respective 
MS/MS spectra acquired at a collision energy of 40 eV. 

 
Figure S 19: EICs of the newly identified compounds in P1 (mono sulfoxide/sulfone FTMAPs). Compounds 
with a sulfone group were identified based on MS/MS (Note: the only 6:2 structures are shown). The related 
sulfoxide has no MS/MS evidence, however a characteristic RT shift from an expected lower polarity was 
observed and its homologous series distribution fits to the related compounds (e.g. FTMAPs etc.; see Figure 4 
and S13). 
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Figure S 20: EICs of FTOHs and FTALs measured by GC-APCI-QTOF in paper extract P2. Only 6:2 FTOH 
was verified with an authentic reference standard. Other compounds are identified based on their accurate mass 
and occurrence of homologues. Further evidence is provided by the level 1 identification of related diPAPs in 
paper P2 and their correlating chain-length distribution (e.g. Figure S13). Note that FTOHs up to C18 were 
detected in low abundances. 
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Figure S 21: EICs of FT-thiols and FT-sulfoxides measured by GC-APCI-QTOF in paper extract P1. Both 
classes are tentatively identified based on their accurate mass and occurrence of several homologues. Level 1 
identification of related FTMAPs, other sulfur based PFAS provide, and their correlating chain length distribution 
provide further evidence (e.g. Figure S13). 
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Non-extractable PFAS in functional textiles –
characterization by complementary methods:
oxidation, hydrolysis, and fluorine sum parameters†

Jonathan Zweigle, a Catharina Capitain, a Fabian Simon,b Philipp Roesch, c

Boris Bugsela and Christian Zwiener *a

Per- and polyfluoroalkyl substances (PFAS) are widely used for durable water-repellent finishing of different

fabrics and textiles such as outdoor clothing, carpets, medical textiles and more. Existing PFAS extraction

techniques followed by target analysis are often insufficient for detecting widely used side-chain

fluorinated polymers (SFPs) that are barely or non-extractable. SFPs are typically copolymers consisting of

a non-fluorinated backbone with perfluoroalkyl side-chains to obtain desired properties. We compared the

accessible analytical information and performance of complementary techniques based on oxidation

(dTOP and PhotoTOP assays), hydrolysis (THP assay), standard extraction, extractable organic fluorine

(EOF), and total fluorine (TF) with five functional textiles and characterized 7 further textiles only by

PhotoTOP oxidation. The results show that when applied directly to textile samples, dTOP and PhotoTOP

oxidation and also hydrolysis (THP) are able to capture large fractions of TF in the form of perfluoroalkyl

side-chains present in the textiles while methods relying on extracts (EOF, target and non-target analysis)

yield much lower fractions of TF (e.g., factor ∼25–50 lower). The conversion of large fractions of the

measured TF into PFCAs or FTOHs from fluorinated side chains is in contrast to previous studies.

Concentrations ranged from <LOQ to over ∼1000 mg F kg−1 after oxidation/hydrolysis and <LOQ to over

2000 mg F kg−1 for TF, while EOF and target PFAS in extracts were detected at much lower

concentrations (up to ∼60 mg F kg−1) (amount of fluorine is in the order: extraction � EOF � oxidation/

hydrolysis # TF). Perfluoroalkyl carboxylic acids (PFCAs) and fluorotelomer alcohols (FTOHs) from THP

hydrolysis and PhotoTOP oxidation both represented chain-length distribution in the textiles showing that

long-chain SFPs are still used in current textiles. Further advantages and disadvantages of the applied

methods are discussed.

Environmental signicance

In comparison to other per- and polyuoroalkyl substances (PFAS), side-chain uorinated polymers (SFPs) are a group of less studied PFAS that are widely used

for textile coatings. While these polymers are potentially non-hazardous for humans during their use phase, they have been shown to emit peruoroalkyl acids

(PFAAs) through abrasion and sunlight exposure and eventually at the end of their life-cycle where they can act as a long-term source of persistent and mobile or

bioaccumulative chemicals. Methods besides extraction are therefore of high relevance to capture peruoroalkyl side-chains directly in products to be able to

assess their potential contribution to volatile (uorotelomer alcohols) and ionic PFAS (PFAAs) both indoors and in the environment.

Introduction

Per- and polyuoroalkyl substances (PFAS) are a large and complex

class of anthropogenic chemicals with countless applications in

industry and consumer products.1–3 Due to their intrinsic proper-

ties that include for instance high stability and non-stick charac-

teristics, currently a huge number of products and processes rely

on their use.4,5 Those properties, however, also cause negative side-

effects such as environmental persistence, adverse effects on

human health and either high mobility in the case of short chain

or bioaccumulation for long-chain PFAS.6 Furthermore, degrad-

able PFAS eventually transform into persistent end-products such
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as peruoroalkyl acids (PFAAs) which were used in the past but

certain long-chain PFAAs (e.g., PFOS and PFOA) are largely regu-

lated globally.7 Due to the extensive use, PFAS were detected in all

environmental media, including water,8,9 biota,10,11 air,12,13 indoor

environments,14 and globally in rainwater.15

While monomeric target PFAS such as PFAAs, selected PFAA

precursors and also volatile PFAS such as uorotelomer alco-

hols (FTOHs) can be (partially) extracted from most matrices

and are therefore more or less routinely analyzed by liquid- or

gas chromatography coupled to mass spectrometry, polymeric

PFAS cannot be directly detected by this technique since they

are oen not extractable or ionizable.16,17 Besides polymers such

as Teon (polytetrauoroethylene, PTFE) which is considered to

be rather safe with respect to direct PFAS exposure during its

use (but not production), there are other PFAS copolymers that

are prone to release PFAAs or FTOHs due to degradation

processes which are therefore considered PFAS precursors.18–22

Those side-chain uorinated copolymers (SFPs) are character-

ized by a hydrocarbon polymer backbone which is equipped

with poly- or peruoroalkyl side-chains (schematic representa-

tion in Fig. 1).23 Due to covalent bonding to the non-uorinated

polymer they are more durable than monomers during use.

Different materials such as textiles or textile bers can be

nished with different SFP formulations that are part of the

group of durable water-repellent (DWR) coatings. These are

based on a very wide range of different chemistries, both with or

without uorine.23,24 Fluorinated DWR coatings are used e.g., in

outdoor and medical textiles but also for carpets and many

more diverse applications.23,24

Since SFPs were shown to be PFAA precursors that lead to the

release of different PFAS (volatile, mobile, or bioaccumulative

depending on the chain length and functional group) either

directly or via microplastic bers, it is important to be able to

quantify or at least estimate the amount and length of the

peruoroalkyl side-chains in nished products. Comprehensive

methods that do not rely on extraction (of barely extractable

SFPs), are typically sum parameters such as total uorine which

can be determined via different techniques such as particle-

induced gamma-ray emission (PIGE) spectroscopy or by

combustion ion-chromatography (CIC).25,26 Other approaches

based on X-ray photoelectron spectroscopy (XPS) are able to

quantify the atomic percentage of uorine directly on product

surfaces.16 While those methods are useful in a quantitative

manner, they are associated with the loss of information on the

identity of PFAS when used exclusively. Structural information

such as chain-length distribution of an SFP within a product

cannot be obtained. However, methods relying on oxidation

such as the direct total oxidizable precursor (dTOP) assay, the

recently developed PhotoTOP assay, and the total hydrolysable

precursor (THP) assay can be used directly on products such as

textiles.17,27–29 Target oxidation products (PFAAs or FTOHs) can

be quantied with routine methods and information on chain-

length distribution can be combined with results from uorine

sum parameters to characterize SFPs in a quantitative manner

regarding their total or extractable uorine content. Most

studies concentrated the characterization of PFAA precursors in

textiles only on extraction and further oxidation of extracts via

the TOP assay and there is only a very limited application of

those conversion methods directly to the coated textile

Fig. 1 Schematic illustration of a textile containing an acrylate C6-based side-chain fluorinated polymer (SFP) and the respective end products of

dTOP, PhotoTOP, and total hydrolysable precursor (THP) assay and EOF and TF analyses.

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts, 2023, 25, 1298–1310 | 1299

Paper Environmental Science: Processes & Impacts

P
u

b
li

sh
ed

 o
n

 1
2

 J
u

ly
 2

0
2

3
. 

D
o

w
n

lo
ad

ed
 b

y
 U

N
IV

E
R

S
IT

A
E

T
 T

U
E

B
IN

G
E

N
 o

n
 1

0
/3

/2
0

2
3

 1
0

:5
9

:3
5

 A
M

. 

View Article Online



itself.17,18,28,29 Therefore, we used ve functional textiles to

investigate the advantages of direct chemical treatment via the

dTOP, PhotoTOP, and THP for the characterization of SFPs in

textiles and compared those results with those of methods

relying on extraction [target and non-target analysis and

extractable organic uorine (EOF) analysis] and TF measure-

ments. Our study aims to verify how techniques relying on

oxidation and hydrolysis (directly applied on the textiles)

perform in comparison to sum parameters such as EOF and TF

and whether a quantitative conversion of uorinated side

chains (into PFCAs or FTOHs) is possible by comparing uorine

in CnF2n+1-chains of target analytes with TF. Of special impor-

tance is the highlighting of techniques that can be directly

applied to the textiles (PhotoTOP, dTOP, THP, and TF) by

comparison with methods relying on extraction (analysis of

PFAS in extracts or EOF). To this end, we characterized seven

further functional textiles by only extraction and direct Photo-

TOP oxidation and discuss the occurrence and types of char-

acterized SFPs.

Materials and methods
Chemicals and reagents

The origin and specications of all used chemicals are given in

the ESI (Section S1†).

Textile collection and prioritization using the contact angle q

Different functional textile samples were ordered from two

German textile online shops (stoff4you.de and efabrics.de),

chosen based on their descriptions to be water repellent. When

possible, colorless textiles were purchased to avoid potential

interference with dyes. For contact angle measurements, photos

of 20 mL water and sunower oil drops were taken on ∼1 cm

textile strips (both sides) using a Canon EOS 1200D digital

single-lens reex camera with a background light source

(examples in Fig. S1†). Contact angles q were determined with

the contact angle plugin of ImageJ (https://imagej.nih.gov/ij/

index.html) with at least ve points using the manual point

procedure. Clearly oil wetting textiles were excluded from

analysis since they typically do not contain uorinated DWR

nishing. 12 nal textiles were chosen due to their low water

and/or oil contact angles including textiles with a higher

contact angle for reference.

Textile extraction

To extract potential PFAS from the textiles, samples were cut

into pieces of 4 cm2 with pre-rinsed scissors (isopropanol),

weighed in 15 mL centrifuge tubes and covered with 5 mL

MeOH followed by sonication for 1 h. Aerwards, samples were

placed on a horizontal shaker for ∼21 h and sonicated for an

additional hour. In the next step, 1 mL aliquots were taken

(triplicate), centrifuged for 10 min @ 20 817 relative centrifugal

forces (rcf) and 800 mL of supernatant was transferred into

HPLC vials and stored at 5 °C until analysis or further pro-

cessing. An extraction blank was processed identically to

consider background contamination during the extraction

process. For extraction recovery tests see section Quality

control.

PhotoTOP oxidation

For the application of the previously developed PhotoTOP28 (12

samples, selected extracts, and blank), 20 mg of thin textile

strips (∼1 mm; pre-rinsed scissors) were weighed into 20 mL

EPA screw (Pyrex) glass vials and combined with 20 mg TiO2,

23 mL of pre-heated water (∼50 °C) and a magnetic stir bar. In

the case of extract oxidation, 700 mL extract was spiked onto

TiO2 and evaporated overnight. Aer thorough mixing and

5 min sonication, the vials were placed in a UVA Cube 400

[Hönle UV Technology; 1200 W lamp (SOL 1200 RF2); for setup

details see Zweigle et al. 2022]28 and irradiated for 5 h (selected

textiles up to 10 h). For PFAS quantication and non-target

screening, 100 mL samples were taken and diluted with 900 mL

MeOH followed by centrifugation (30 min @ 20 817 rcf).

Subsequently, 600 mL of supernatant was transferred into HPLC

vials for analysis.

Direct TOP (dTOP) oxidation assay

A modied direct TOP assay from Liagkouridis et al. 2021 was

applied to four textiles, one textile extract, and a blank.17 Briey,

20mg of textile was placed in a 60mL EPA glass screw vial (or 700

mL extract) and 10 ng of isotopically labeled PFCA standard was

spiked and the solvent was le to evaporate overnight. The next

day, 30 mL of water, 0.48 g potassium persulfate, and 4.56 mmol

NaOH were added, and the solution was vortexed and placed in

a water bath at 85 °C for 6 h. Aerwards, the samples were

allowed to cool to room temperature and the pH was adjusted to

6–8 with HCl. For sample clean-up, SPE cartridges (Chromabond

HR-XAW, 3 mL, 200 mg, Macherey-Nagel) were conditioned with

6mLMeOHwith 0.1%NH4OH, 3mLMeOH, and 6mLwater and

samples were passed through at a rate of approximately one drop

per second using vacuum. The cartridges were then washed with

6 mL water and dried. Aer drying, PFCAs were eluted with 3 mL

MeOH, followed by 6 mL MeOH with 0.1% NH4OH. The eluates

were evaporated until dryness under a gentle stream of N2,

reconstituted in 1 mL MeOH, vortexed thoroughly, sonicated for

5 min, and vortexed again. Subsequently, the samples were

centrifuged for 10 min @ 20 817 rcf and the supernatant was

transferred into HPLC vials for analysis. An additional SPE blank

was processed in the same manner.

Total hydrolysable precursor (THP) assay

For the application of the THP assay29 (ve textiles, one extract,

and a blank), 750 mL of a 1 M NaOH solution (22.5/2.5 MeOH/

water) and 30 mg small textile pieces (or 700 mL extract) were

combined in 1.5 mL glass vials, vortexed, and placed in an oven

at 60 °C for 16 h. Aer cooling to room temperature, 300 mL of

the solution was transferred into 10 mL glass vials, where 900

mL of a 1 : 1 mixture of methyl-tert-butylether (MTBE) and n-

hexane was added, followed by 3 mL of water. Aer 30 min of

shaking, separation of the organic phase from the aqueous

phase was allowed. The lower water layer was removed and

anhydrous Na2SO4 was added to remove excess water until the

1300 | Environ. Sci.: Processes Impacts, 2023, 25, 1298–1310 This journal is © The Royal Society of Chemistry 2023
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organic solution became clear. 450 mL of the clear solution was

transferred to plastic Eppendorf tubes together with 75 mg

Na2SO4 and le to dry for 1 h with occasional shaking. Finally,

all samples were centrifuged for 10 min@ 20 817 rcf and 200 mL

of supernatant was transferred to a HPLC vial with a glass inlet

for analysis with GC-QTOF-MS.

PFAS target and non-target screening (NTS)

PFAAs from PhotoTOP and dTOP oxidation experiments were

quantied by HPLC-QqQ-MS/MS (1290 Innity II HPLC System

coupled to a 6490 Triple Quadrupole MS, Agilent Technologies).

Separation was achieved by gradient elution (A: 95/5 water/

MeOH + 2 mM NH4Ac, B: 5/95 water/MeOH + 2 mM NH4Ac)

on a C18 column (Waters Acquity UPLC BEH C18, 1.7 mm, 2.1 ×

100 mm) at a ow rate of 0.4 mL min−1 at constant 60 °C (for

details on gradient, ionization, and instrument parameters see

Tables S1 and S2†). The ESI was operated in the negative mode

and all PFAAs were quantied using two MRMmass transitions

except for PFBA (Table S4†). The injection volume was 5 mL and

quantication was performed with seven calibration standards

(50 ng L−1
–10 mg L−1) measured before and aer each set of

samples. MeOH blanks and quality controls (1 mg L−1 calibra-

tion standard) were measured aer every ∼10th sample to

monitor the instrument dri. PFAAs in samples from dTOP

experiments were corrected using isotopically labeled internal

standards.

FTOHs were quantied (<10 : 2 FTOH) and semi-quantied

($10 : 2 FTOH) with an Agilent 7890B GC (Agilent HP-5MS UI

column, 30 m × 0.25 mm, 0.25 mm lm) coupled to an Agilent

6550 QTOF-MS via an atmospheric pressure chemical ioniza-

tion (APCI) interface. A 9.7 min temperature program was

applied, starting at 50 °C for 1 min and increasing at a rate of

30 °C min−1 to 250 °C which was held for 2 min. Helium was

used as carrier gas at 1 mL min−1 and a constant water ow of

0.1 mL min−1 into the APCI source was achieved with the HPLC

pump which keeps the humidity at a constant high level to

increase ionization efficiency.30,31 The corona current was

turned off before 2.5 min to prevent solvent ionization. The

injection volume was 1 mL with pulsed splitless injection

(instrument parameters in Table S3†). 6 : 2 and 8 : 2 FTOH were

quantied with standards (10 mg L−1
–10 mg L−1) while

concentrations of n : 2 FTOHs (n $ 10) were semi-quantied

based on the response of 8 : 2 FTOH. Each sequence included

a solvent blank and MS data were acquired at 10 spectra/s in

a range from m/z 60–500.

GC- and HPLC-QTOF raw data from textile extracts, selected

PhotoTOP samples, and THP extracts were further screened for

unknown PFAS with a non-target screening approach as

described previously (small suspect list, FindPFDS and KMD

analysis).28 Measurement and data analysis details are given in

the ESI (Section S2†).

Extractable organic uorine (EOF) analysis by HR-CS-GFMAS

0.25 g textile samples (cut into pieces of 2 cm2) were weighted in

15 mL polypropylene PP tubes in methodical triplicates. 5 mL of

MeOH was added for extraction. Samples were incubated in an

ultrasonic bath for 1 h, followed by overnight (20 h) shaking in

a vortex mixer at 500 rpm. Aer this, samples were again

incubated in an ultrasonic bath for 1 h. Upon centrifugation

(10 min, 3900 rpm), the supernatant was collected and directly

analyzed by high resolution-continuum source-graphite furnace

molecular absorption spectrometry (HR-CS-GFMAS). A contrAA

800 HR-CS-GFMAS system (Analytik Jena AG, Jena, Germany)

and the soware ASpect CS 2.2.2.0 (Analytik Jena AG, Jena,

Germany) were utilized for EOF analysis. The method is based

on the detection of GaF at 211.248 nm as described by Metzger

et al. 2019 and Gehrenkemper and Simon et al. 2021.32,33 For

external calibration, PFOA standards were used at the following

concentrations: 0, 25, 50, 75, 100, and 125 mg F L−1. Both

samples and standards were measured in instrumental tripli-

cate. The limits of detection and quantication were 3.4 mg F

kg−1 and 10.3 mg F kg−1, respectively.34

Total uorine analysis by CIC

TF in textile samples was quantied via direct analysis using

combustion ion chromatography (CIC). CIC combines

a combustion and an absorption unit (AQF-2100H, GA-210,

Mitsubishi Chemical Analytech, Tokyo, Japan) connected to

ion chromatography (ICS Integrion, Thermo Fisher Scientic

GmbH, Dreieich, Germany). Therefore, uniformly punched

textile discs (∼5–10 mg) were weighed directly into pre-cured

ceramic boats and subsequently analyzed by CIC in tripli-

cates. In between, a cleaning step was performed, combusting

a blank sample boat under the applied measurement condi-

tions. Quantication of the samples was enabled using ten

point calibration curves from 1 to 250 mg L−1 F−1 for all TF

measurements. Therefore, 200 mL of a freshly prepared

aqueous NH4F calibration solution was injected into clean

ceramic boats and subsequently combusted. In order to

maintain calibration precision, all calibration samples were

combusted twice, yielding an average value for each calibra-

tion point. Details on the limits of quantication (LOQ) and

detection (LOD), instrumentation, and measurement param-

eters are provided in the ESI (Section S2, Tables S5–S8,† for

further details see also Gehrenkemper et al. 2021 and Roesch

et al. 2021).33,35

Quality control

To ensure reliable generation of data regarding the occurrence

of SFPs in textiles, several quality control measures were

included in the study. An extraction test with PFAAs was per-

formed to ensure that these classes are quantitatively extracted

from the textile by the applied extraction procedure (see ESI,

Fig. S2†). Techniques such as the PhotoTOP and TOP assay were

shown in the past to quantitatively yield PFCAs from precursor

oxidation when applied without a matrix.28,36,37 However, in the

presence of textile matrix, a quantitative conversion of SFPs to

PFAAs cannot be easily calculated. For each technique

(screening, PhotoTOP, dTOP, THP, EOF, and TF) always proce-

dural blank experiments (no textile) were performed to account

for general PFAS background as well as instrumental blanks

and regular QC measurements were carried out.

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts, 2023, 25, 1298–1310 | 1301
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The LOQ for HPLC-QqQ andHPLC-QTOFmeasurements was

dened as a S/N ratio > 50 for signals at the second lowest

calibration point (100 ng L−1 for PFCAs and 10 mg L−1 for

FTOHs). LOQ were 1.2 mg F kg−1 for extraction (PFAAs), 0.82 mg

F kg−1 for PhotoTOP, 0.36 mg F kg−1 for dTOP, and 1 mg F kg−1

for THP.

Results and discussion
Textile prioritization

Textiles coated with DWR formulations typically exhibit low

contact angles with water, while in the case of uorinated DWR

coatings also oil and stain repellent properties are achieved

which is further dependent on the textile surface roughness.38–40

Therefore, contact angles can be useful for prioritization to

exclude textiles that are totally oil wetting. In total, 12 functional

textiles (e.g., an outdoor-, umbrella-, awning-, and sunbed fabric

and shower curtain) were selected for deep investigation due to

their low water and/or oil contact angles while two water

repellent but oil wetting textiles were included as references (see

Fig. 2, details on textiles in Table 1). Several textiles such as T07

and T12 showed highly different angles on both sides, which

can be indicative of one-sided coating of the nal textile with

a DWR formulation or a multi-layered textile, like that used for

re-ghting gear,41 rather than directly coated textile bers.

This observation was consistent with the available textile

descriptions for T07 which stated that it contained a coating on

one side. While for several textiles oil repellency was low, all

textiles were water repellent at least on one side.

PFAS screening in textile extracts

Methanol extracts of the 12 textiles were screened for potential

PFAS by HPLC-QTOF-MS. Except for concentrations of PFOA in

T05 (∼0.01 mg F kg−1) and PFHxA (∼0.005 mg F kg−1) in T15, no

further PFAS were detected (LOQ = 1.2 mg F kg−1). Neither

Kendrick mass defect (KMD) analysis, nor fragment mass

differences in acquired MS/MS spectra were detected, providing

the rst evidence that these textiles do not contain signicant

concentrations of extractable PFAS, indicating (due to the

observed contact angles) the presence of coatings with either

non-uorinated formulations, partially extractable residues or

non-extractable polymeric PFAS such as SFPs.

Textile oxidation via PhotoTOP assay

To investigate potential non-extractable PFAS in textiles, rst,

the previously developed PhotoTOP was directly applied for 5 h

to the 12 textile samples and 3 textile extracts (T05, T07, and

T15).28 Several textiles formed considerable concentrations of

different PFCAs when oxidized directly (Fig. 3a and Table 1)

ranging from C4 (PFBA) up to C12 (PFDoDA) and mainly either

PFOA or PFHxA were the dominant oxidation products with

different chain-length distributions and concentrations. No

peruoroalkyl sulfonic acids were detected. While T15 and T20

were dominated by PFHxA and low concentrations of PFHpA

and PFPeA indicating a C6-based SFP coating (C6F13-R), T03,

T05, T07, T12, and T17 preferentially formed PFOA (C8-based).

Since the PhotoTOP was shown to conserve the chain lengths of

precursors in the form of (n− 1) peruorinated carbon atoms in

the molecule (e.g., PFOA from 8 : 2 FTOH),28 at this point, the

observed PFCA chain-length distribution is expected to roughly

reect the actual peruoroalkyl side chains on the textiles. T03

and T17 seem to contain almost only C8-chains (similar to T15

and T20 for C6) whereas for T05 and T07 distributions from C5–

C12 peaking at C8 were observed. Only T25 differed from these

two groups since only PFHpA was formed aer oxidation.

Concentrations of the sum of PFCAs (SPFCAs) ranged from

<LOQ for T10, T11, T19, and T23 up to 149 mg m−2 for T15 or to

1601 mg kg−1 (= 1067 mg F kg−1) due to the fabric density,

which corresponds to approximately 1% uorine content in the

textile (for details see Table 1). Regarding contact angles,

textiles with oil wetting but water-repellent surfaces did not

show detectable concentrations of PFCAs aer direct oxidation

with the PhotoTOP (see also Fig. S3†).

The typical chain length distributions of T05 and T07 can be

indicative of uorotelomer-based SFPs such as e.g., (meth)

acrylate polymers with attached FTOHs (chain length distribu-

tion from synthesis).42,43 However, peruoroalkyl sulfonamido

ethanol-based SFPs can also be composed of combinations of

different peruoroalkyl chains (C3–C12).
24 A distinction between

these types, however, cannot be made on the basis of PFCAs

from PhotoTOP oxidation only since sulfonamide-based

Fig. 2 Contact angles q of sunflower oil (yellow) and water (blue) for

the 12 functional textiles in order of increasing oil contact angle. For

every textile, two overlaid bars are shown (light and dark color for the

respective side) for the contact angles of both sides since for most

textiles, no optical difference between both sides was observed. Note

that strongly differing contact angles on both sides are indicative of the

application of a DWR formulation to the final textile rather than fibers

directly containing DRW formulations. For totally wetting textiles, q

was set to 180°. Contact angles vs. PFCAs formed after PhotoTOP

oxidation are shown in Fig. S3.†

1302 | Environ. Sci.: Processes Impacts, 2023, 25, 1298–1310 This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of the results from different methods for the investigation of fluorine content and chain length distribution of side-chain fluorinated polymers (SFPs) as well as extractable

PFAS residues in functional textile samplesa

Sample Type Available information

Density

(kg m−2)

PFAAs from

extraction

(mg F kg−1)

P
PFCAsPhotoTOP

(mg F kg−1)

P
PFCAsdTOP

(mg F kg−1)

P
FTOHsTHP

(mg F kg−1)

TF

(mg F kg−1)

EOF

(mg F kg−1)

T05 Awning fabric OR, WR, Teon coating, mildew

resistant, 80% polyacrylic, 20%

polyester

0.25 ∼0.01 164 � 12 220.5 1440b 579 � 36 14 � 1

T07 Imitation linen WR, abrasion proof, weather

resistant, 100% polyester, colourless

polyurethane coating and WR coating

0.22 <LOQ 68 � 7 — 402b 179 � 15 1 � 0.2

T15 Outdoor fabric Weather resistant, Teon coating,
60% polyacrylic, 40% polyester, Oeko-

Tex standard 100 certied

0.18 ∼0.005 540 � 60 717.5 249b 2061 � 126 25 � 4

T20 Shower curtain WR, 100% polyester 0.08 <LOQ 1067 � 191 570.3 406b 2064 � 34 64 � 2

T10 Unknown fabric WR 0.22 <LOQ <LOQ <LOQ <LOQ 19.1c � 3 <LOQ
T03 Sunbed fabric — 0.24 <LOQ 344 � 30 — — — —

T11 Unknown fabric WR 0.22 <LOQ <LOQ — — — —

T12 Unknown fabric WR 0.29 <LOQ 12 � 1 — — — —

T17 Umbrella fabric WR, stain resistant, UV resistant

fabric, polyacrylic fabric, Teon

coating

0.20 <LOQ 87 � 12 — — — —

T19 Jersey fabric Stain resistant, 81% cotton, 19%
polyurethane, Oeko-Tex standard 100

certied

0.19 <LOQ <LOQ — — — —

T23 Upholstery

leatherette

(Salt)water proof, ame-, stain-, UV-,

disinfectant-, blood-, urine resistant,
65% polyester, 35% polyurethane

0.63 <LOQ <LOQ — — — —

T25 Cordura fabric WR, abrasion resistant, 94%

polyamide, 6% polyurethane

0.41 <LOQ 13 � 3 — — — —

a Note that for the rst ve samples all techniques were used (except for dTOP in the case of T07), while for the other textiles only PhotoTOP investigations and extractions were performed.
Oxidative (PhotoTOP (5 h) and dTOP (6 h)) and hydrolytic (THP (16 h)) methods were applied directly to the textiles. Data from extract oxidation are not shown in Table 1. Duplicates. Note
that oxidation of selected MeOH textile extracts yielded slightly lower but similar uorine concentrations (in the form of PFCAs) than EOF. Fluorine from FTOHs that exceed the TF
measurements probably results from an overestimation of the semi-quantied FTOHs (>8 : 2). LOQ were 1.2 mg F kgI for extraction (PFAAs), 0.82 mg F kgI for PhotoTOP, 0.36 mg F kgI for
dTOP, 1 mg F kgI for THP, 10.3 mg F kgI for EOF, and 18 mg F kgI for TF, respectively. Abbreviations: OR: oil repellent, WR: water repellent, “—”: not determined, and LOQ: limit of
quantication. b FTOHs $ 10 : 2 were semi-quantied.
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precursors also form PFCAs but of one chain length (e.g., PFOA

from the C8 sulfonamide precursor).

To conrm the results from NTS that much lower concen-

trations of extractable PFAS were present in the textiles

compared to direct oxidation (non-extractables), three extracts

(T05, T07, and T15) were also oxidized. Oxidation of the extracts

of T05 and T15 yielded 25–50 times smaller concentrations

(mainly PFOA for T05 and PFHxA for T15) than direct oxidation

and for T07 no PFCAs were detected aer extract oxidation,

which strengthens the observation of non-extractable SFPs.

Textile oxidation via dTOP assay

The dTOP assay was applied to four textiles (T05, T10, T15, and

T20) and the extract of T07 (Fig. 3b). Similar to the PhotoTOP

oxidation, for T15 the highest SPFCA concentrations (205 mg

m−2) were formed aer dTOP oxidation but were dominated by

PFBA, PFPeA, and PFHxA, showing that stronger chain short-

ening of the peruoroalkyl chain occurred compared to Pho-

toTOP oxidation which was also true for T20 (lower overall

concentration). We did not include peruoropropionic acid

(PFPrA) and triuoroacetic acid (TFA) in our analyses, but due to

the dominance of PFBA, it is important to note that formation of

PFPrA and TFA is not unlikely, especially in the case of the C6-

based formulations. Formation of ultra-short chain PFCAs from

TOP oxidation was observed in numerous studies and can be

a considerable fraction of the SPFCAs.37,44–46 T05 showed both

similar concentrations and chain-length patterns as the results

of the PhotoTOP oxidation; however, PFCAs were shied by one

CF2-unit to shorter chains. Aer oxidation of the T07 extract

only trace amounts of C7–C10 PFCAs were formed (SPFCAs =

0.13 mg m−2), while in T10 no PFCAs were detected. Overall,

similar results for PFCAs were observed, but shied to short

chain PFCAs compared to the PhotoTOP.

Textile hydrolysis via THP assay

Five textiles (T05, T07, T10, T15, and T20) and the T07 extract

were exposed to hydrolysis via the THP assay, where FTOHs

<10 : 2 were quantied with analytical reference standards or

semi-quantied ($10 : 2) based on the response of 8 : 2 FTOH

(Fig. 3c). The highest estimated concentrations were found aer

hydrolysis of T05 (∼520 mg m−2) composed of 6 : 2–16 : 2

FTOHs (8 : 2 FTOH was dominant) which exceeded concentra-

tions determined by both dTOP and PhotoTOP assay (for mg F

kg−1 comparison see Table 1). T07 showed a similar FTOH

pattern but with a lower overall concentration (∼124 mg m−2).

T15 and T20 formed almost exclusively 6 : 2 FTOH with 68 and

48 mg m−2, respectively. Only traces of 8 : 2–12 : 2 FTOH were

found in the T07 extract (∼2.3 mg m−2), while in T10 no FTOH

could be detected.

Since hydrolysis is a much more selective cleaving process

for ester bonds and does not affect saturated hydrocarbon

moieties in comparison to OH-radicals, the THP provides

unchanged peruoroalkyl chains (as FTOHs).29 Therefore, the

observation of mixed chain lengths for T05 and T07 and one

distinct chain length (C6-based) for T15 and T20 gives valuable

information on the true chain lengths of SFP precursors which

is not unambiguously available for the oxidative techniques.

Furthermore, it demonstrated that those textiles are all coated

with telomer-based SFPs which supports previous ndings from

PhotoTOP and dTOP assays. Peruoroalkyl side-chains in

telomer-based SFPs are typically connected via an ester linkage

to non-uorinated polymer backbones which are e.g., acrylates,

methacrylates, or polyurethane.23,47,48 We hypothesize that the

strong differences in the case of some textiles (e.g., T15) between

the yields from oxidation techniques (PhotoTOP and dTOP) and

the THP potentially result from a selective hydrolysis which can

be kinetically highly variable depending on the hydrolysable

Fig. 3 Concentrations of PFCAs after 5 h of PhotoTOP oxidation (a) and 6 h of dTOP oxidation (b), as well as of FTOHs after 16 h of THP hydrolysis

(c) for selected textiles. Error bars for PhotoTOP measurements correspond to duplicate sampling, and asterisks mark estimated concentrations

of n : 2 FTOHs with n $ 10. Note that in extracts of all textiles besides traces of PFCAs no other PFAS were detected by NTS.
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linkage compared to non-selective OH-radical processes during

dTOP and PhotoTOP (see also Table 1).

Method comparison and correlation with TF and EOF

Concentrations of formed SPFCAs aer PhotoTOP oxidation

(<LOQ–149 mg m−2) were in a similar range to those formed

aer dTOP oxidation (<LOQ–205 mg m−2), while concentration

estimates from hydrolysis (THP) slightly exceeded the concen-

trations of PFCAs which were produced during PhotoTOP and

dTOP oxidation (<LOQ to ∼520 mg m−2). All three methods

were applied to the SFP containing textiles T05, T15, and T20

(Fig. 4). While for T05 the THP yielded the highest quantities of

FTOHs, and T15 and T20 showed the highest values of PFCAs

aer dTOP and PhotoTOP oxidation, respectively. For textile T5,

however, the concentrations of semi-quantied FTOHs aer

hydrolysis (THP) were almost 10-fold compared to the oxidative

techniques, whereas ranges of T15 and T20 were similar (note

that when comparing mass concentrations of for instance PFOA

with 8 : 2 FTOH a difference of approximately 10% arises from

their different molar masses (414 and 464 g mol−1)). The

observed differences could arise from the properties of the

textile type which may affect the oxidation and hydrolysis

processes. Especially the water-repellent character of a textile

which is also dependent on the textile surface structure itself

typically hinders water, hydroxide ions and OH-radicals from

penetrating the material. Additionally, the fabric type presum-

ably plays an important role. While cotton (cellulose) will be

decomposed by both hydrolysis and oxidation, other synthetic

materials are much more inert resulting in much lower oxidant

consumption. The selectivity of hydrolysis (different chemical

linkages between e.g., FTOHs and the polymer backbone)

compared to non-selective OH-radical processes could also

explain high discrepancies between oxidation and hydrolysis.

An effect of fabric type on the release of PFAAs during textile

aging was shown previously.49 Here, of course systematic errors

in the semi-quantication of $10 : 2 FTOHs could also play

a major role.

The THP assay has the clear advantage of peruoroalkyl

chain length conservation. This is also partially provided by the

PhotoTOP since telomer-based precursors mainly yield PFCAs

with chain lengths of (n − 1) peruorinated carbon atoms. For

example, PFOA is formed from 8 : 2 FTOH. Peruoroalkane

sulfonyl uoride (PASF)-based PFAS only yield PFCAs with one

dened chain length from both the PhotoTOP and dTOP (e.g.,

PFOA from C8 sulfonamide).28 Therefore, the PhotoTOP offers

more structural information than the dTOP (Fig. 4). Further-

more, with respect to sample preparation effort, both the THP

and PhotoTOP do not need time consuming and partially

discriminating SPE which yields highly different recoveries for

PFAAs of different chain lengths depending on the used sorbent

material. Potential losses from ultra-short chain PFCAs aer

dTOP oxidation should always be included in mass balance

considerations if appropriate methods are available.37

To bring the three methods in a quantitative context with

complementary sum parameter approaches, the EOF and TF

results were correlated with SPFCAs (Fig. 5, see also Table 1)

and SFTOHs (Fig. S4†). Both dTOP and PhotoTOP assays

correlated remarkably well with TF (R2 of 0.96 and 0.82) and also

EOF measurements (R2 of 0.97 and 0.47) and yielded approxi-

mately half the amount of uorine in the form of PFCAs

Fig. 4 Comparison of concentrations of PFCAs and FTOHs formed from application of PhotoTOP (green), dTOP (blue), and THP (red) to textiles

T05, T15, and T20. Note that in the case of PFCAs, the total chain length (including carboxylic acid) is shown (e.g., PFOA=C8) while for FTOHs the

perfluoroalkyl chain length was used (e.g., 8 : 2 FTOH=C8). In the case of hydrolysis by the THP assay no chain-shortening is expected. While the

PhotoTOP was able to conserve the main perfluoroalkyl chain to (n − 1) PFCAs, the dTOP resulted in shorter chain PFCAs. Therefore, it is not

unlikely that PFCAs shorter than PFBA were formed (PFPrA and TFA). Asterisks mark semi-quantified concentrations of n : 2 FTOHs with n $ 10.
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compared to TF. Fluorine from PFCAs and FTOHs was con-

verted on a molar basis to the mass of uorine (see the ESI†).

This is in contrast to the outcome by Liagkouridis et al. 2022

who applied the dTOP to different textiles and observed a strong

inefficiency of dTOP oxidation in converting SFPs to PFCAs

(dTOP yields were roughly 1% of the TF).17 In our case, however,

up to 50% of the TF could be explained using conversion of

peruoroalkyl side-chains to PFCAs by oxidation. Since the

concentrations of PFCAs still increased aer 5 h for these

textiles (correlation plots in Fig. 5 include the measured

concentrations aer 5 h of oxidation), a complete conversion

(up to 100%) seems to be possible aer approximately 10 h. This

becomes more obvious in Fig. S5† where the concentration

approximately doubled aer 10 h which is then approximately

100% of TF. Reaching the nal reaction yield can also be

observed by decreasing PFCA formation rates for selected

textiles during longer PhotoTOP oxidation (Fig. S5†). Also, for

the dTOP assay, oxidation times of 3 h and 6 h (T05 and T15)

suggested that potentially even higher PFCA concentrations

could have been formed if oxidation times had been extended

(Fig. S6†). It should be further noted that the amount of uorine

from SPFCAs aer dTOP oxidation (and also PhotoTOP oxida-

tion) is generally underestimated because the chain shortening

(e.g., PFBA from a C6-based SFP) leads to a loss of uorine in the

mass balance.

The EOF was lower by more than a factor of 30 compared to

TF measurements which is in good agreement with the results

aer the oxidation of textile extracts where PFCAs were also 25–

50 times lower than those aer direct oxidation of the textiles.

The EOF results are approximately a factor of 2 higher when

compared to the textile extract aer PhotoTOP oxidation. Here,

the higher EOF fraction could originate from uorinated non-

polymeric residues that are non-oxidizable or form not detec-

ted oxidation products.

Discussion of SFPs in investigated textile samples

PFCA release from SFPs was detected by PhotoTOP oxidation in

eight of the 12 textiles ranging from 12 to over 1000 mg F kg−1

textile or ∼3 to over 97 mg F m−2 textile (up to ∼150 mg m−2

PFCAs or ∼1600 mg kg−1 PFCAs; note: maximum concentra-

tions correspond to different textiles due to different densities).

The results were clearly conrmed by similar and complemen-

tary techniques (dTOP, THP, EOF, and TF, see Table 1 for

details). Concentrations of PFAS in textiles from previous

studies were in similar ranges but rather variable: extracts of

school uniforms formed up to 308 mg kg−1 target PFAS aer

TOP assay and up to 3160 mg kg−1 6 : 2 FTOH aer hydrolysis.50

Nikiforov measured 300 mg m−2 FTOHs aer hydrolysis of

polyester textiles,29 Zhu and Kannan found 1296 mg m−2 of

PFCAs in water repellent textiles aer the TOP assay,51 and

medical textiles investigated by Liagkouridis et al. ranged from

28 to 560 mg F m−2.17 TF measurements by complementary

techniques such as particle-induced gamma ray emission

(PIGE) spectroscopy were also in similar ranges (e.g., an

umbrella fabric with 68 mg m−2)52–54 Although PFOA, PFOS, and

their precursors are (partially) regulated under the Stockholm

Convention on persistent organic pollutants and many

companies voluntarily phase out long-chain PFAS, several SFPs

in current textiles (all textiles except for the unknown textiles

which were bought in the years 2021 and 2022) still contain

long-chain PFAS up to C16 as for instance the awning fabric

(T05).7 C8-based SFPs are also found in the sunbed fabric (T03),

imitation linen (T07), and umbrella fabric (T15), while others

exclusively contain C6F13 moieties (Fig. 3). The observed

distributions originate from typical telomer-based synthesis

and are oen observed, but can potentially also be attributed to

impurities.24,42,43,47 The water-repellent jersey (T19) and outdoor

fabric (T15) were both certied by the OekoTex Standard 100

which states that all components of the product have been

tested for harmful substances and the product is therefore

certied to be harmless to health. While T19 did not form

PFCAs aer oxidation, T15 yielded the highest PFCA concen-

trations aer oxidation compared to all textiles (SPFCAsPhotoTOP
540 mg F kg−1, 2061 mg F kg−1 TF) although it was stated to be

coated with Teon (polytetrauoroethylene) which would not be

oxidized to the observed PFCA patterns. Besides an SFP-based

DWR impregnation, Teon can also be present in the textile,

but not exclusively, since the PFCAs aer PhotoTOP oxidation

explain roughly one quarter of the TF (note that a longer

Fig. 5 Correlation of fluorine in SPFCAs after PhotoTOP and dTOP

oxidation (mg F kg−1) vs. fluorine from TF and EOF measurements.

Compared with TF, an almost complete conversion (∼50%) of SFPs to

PFCAs was possible with the PhotoTOP and dTOP directly applied to

the textiles. However, the measured EOF was rather low due to

insufficient extraction of SFPs, which is also reflected by low

concentrations of PFCAs in oxidized textile extracts. Note that for the

PhotoTOP (5 h) and dTOP (6 h) the oxidation was not necessarily

complete (Fig. S5 and S6†). Furthermore, due to stronger chain-

shortening during dTOP oxidation the amount of fluorine is generally

underestimated. Error bars from PhotoTOP measurements corre-

spond to duplicate sampling (error calculated using Gaussian error

propagation), while for EOF and TF they represent triplicate

measurements.
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oxidation time would have likely increased the explainable

fraction of the TF, Fig. S5†). Rodgers et al.55 observed that

among textiles described as water/stain resistant, PFAS

concentrations were similar regardless of “green” labels

(including nontoxic terms or green certication such as

Greenguard Gold or Oeko-Tex 100) showing that labeling in

general should be handled with care.55 This is further high-

lighted by the fact that both awning (T5) and umbrella fabric

(T17) were also described with Teon coatings, but showed

totally different chain-length distributions than T15 which

shows that besides Teon, SFPs are likely present. Signicant

amounts of PFCAs also formed for the imitation linen (T7),

which was declared to have a polyurethane coating on one side

and a colorless water-repellent coating on the other side, and

also for the shower curtain (T20), which was labelled as water

repellent without further information. The upholstery leather-

ette (T23) for the medical sector did not contain any PFAS aer

oxidation, despite its water/stain/UV/ame resistant properties.

Conclusions

SFPs are a class of rather barely investigated PFAA precursors

due to the lack of reference standards and the general chal-

lenges of investigating PFAS in polymers. Nevertheless, poly-

mers have recently gained increasing attention since they are

oen high production chemicals that are insufficiently charac-

terized and labeled due to their complex composition.56

Complementary methods to standard PFAS target analysis, such

as oxidation (PhotoTOP and dTOP), hydrolysis (THP), or sum

parameters (e.g., TF), are essential to detect SFPs in textiles

because their extraction is oen insufficient and may lead to

strong underestimation of the actual PFAS content. Even if

oxidation/hydrolysis are not always applicable in a fully quan-

titative manner, they can still provide valuable information

which is not accessible by target PFAS methods in extracts.

Although the extractable fraction is potentially an upper

limit to which humans are exposed during the lifecycle of

a textile and SFPs in textiles are probably non-hazardous during

use (covalent bonds), numerous studies showed important

concerns: volatile FTOHs can be emitted into indoor environ-

ments which can lead to direct exposure via air,57 and both

PFAAs andmicroplastic bers form during use (e.g., weathering,

sunlight etc.) and washing which is of special concern for long-

chain SFPs still in use.18,19,49,58 Furthermore, at the end of their

lifecycle, SFPs can cause problems during disposal in landlls,

incineration or in recycling streams. There, such polymers can

act as a long-term source for PFAAs in soil and groundwater

when they are slowly degraded.20,21,59–64 Similarly, microplastic

bers are transported with waste water to treatment plants

where they also act as PFAA precursors which may emit

persistent andmobile chemicals into the environment via water

or sludge.19,65 Therefore, new techniques such as oxidation and

hydrolysis are important to detect the real extent of complex

SFPs in products and uncover their use and fate. In the future,

polymers should be considered for stricter regulations or placed

under the essential use concept since they currently contribute

to the emission of persistent, mobile and bioaccumulative

substances.66,67
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42 S1 Chemicals and reagents

43 LC/MS grade water, methanol (MeOH), ammonium acetate (NH4Ac), and formic acid (FA) 

44 were purchased from Thermo Fisher Scientific, as well as hydrochloric acid (32%). Sodium 

45 hydroxide (NaOH), tert-butyl methyl ether (MTBE, ≥ 99.5%), and Titanium(IV)dioxide (TiO2 

46 anatase, powder, 99.8% trace metal basis) were ordered from Sigma-Aldrich. Hydrogen 

47 peroxide solution (H2O2, ≥ 30%) was purchased from Fluka Analytical. Potassium persulfate 

48 (≥ 99%) and ammonium hydroxide solution (25% NH4OH) originated from Acros Organics. 

49 Anhydrous Na2SO4 and n-hexane for gas chromatography were purchased from Merck.

50 PFCA reference standards (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, 

51 PFDoDA, PFTrDA, PFTeDA, PFHxDA, and PFODA) and, a mass-labelled PFAS extraction 

52 standard solution (MPFAC-C-ES) were ordered from Wellington Laboratories.

53 S2 Instrumental analysis

54 Table S 1: Gradient elution used for HPLC-QTOF-MS and HPLC-QqQ-MS measurements. Eluent A: 95/5 

55 water/MeOH + 2 mM NH4Ac, eluent B: 5/95 water/MeOH + 2mM NH4Ac.

6550 QTOF-MS 6490 QqQ-MS

Time (min) A (%) B (%) Time (min) A (%) B (%)

0.0 85 15 0.0 60 40

2.0 30 70 1.0 40 60

5.0 10 90 3.5 0 100

10.0 0 100 6.0 0 100

15.0 0 100 6.1 60 40

15.1 85 15 8.0 60 40

22.0 85 15

56

57 Table S 2: Instrument and ESI source parameters used during HPLC-QqQ-MS/MS measurements.

6490 QqQ 6550 QTOF

Instrument parameters

Gas Temp (°C) 150 150

Gas Flow (L/min) 16 16

Nebulizer pressure (psig) 45 35

Sheath gas temperature (°C) 380 380

Sheath gas flow (L/min) 12 12

Fragmentor voltage (V) 380 360

Ion source parameter (ESI)

Capillary voltage (V) 3000 3000

Nozzle voltage (V) 0 300

58
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59 Table S 3: Summary of APCI and QTOF parameters used during GC-QTOF-MS measurements.

APCI/QTOF Parameter Value

Gas Temp (°C) 270

Drying gas (L/min) 11

Fragmentor voltage (V) 150

Capillary voltage (V) 1000

Corona current (µA) 1

60 Table S 4: MRM parameters for PFCAs measured by HPLC-QqQ-MS. Precursor and corresponding product ion 

61 with the respective collision energy (CE).

Compound Precursor 

ion

Product 

ion

CE (eV) Compound Precursor 

ion

Product 

ion

CE (eV)

PFBA 212.9 168.8 5 H2PFDA 477 393 15

13C4-PFBA 217 172 5 H4PFUnA 491 367 25

PFPeA 262.9 68.8 45 H4PFUnA 491 387 15

PFPeA 262.9 219 5 PFOSA 498 78 40

13C5-PFPeA 268 70 45 L-PFOS 499 79.7 55

13C5-PFPeA 268 223 5 L-PFOS 499 99 50

L-PFBS 298.9 79.8 40 13C8-PFOS 507 80 50

L-PFBS 298.9 98.9 30 13C8-PFOS 507 99 55

13C3-PFBS 302 80 40 PFDA 512.9 268.9 15

13C3-PFBS 302 99 30 PFDA 512.9 468.8 10

PFHxA 312.9 119 25 13C6-PFDA 519 270 15

PFHxA 312.9 268.9 5 13C6-PFDA 519 474 15

13C5-PFHxA 318 120 25 L-PFNS 549 80 50

13C5-PFHxA 318 273 5 L-PFNS 549 99 50

L-PFPeS 349 80 25 PFUnA 563 519 5

L-PFPeS 349 99 30 PFUnA 563 269 15

PFHpA 362.8 168.7 15 13C7-PFUnA 570 270 15

PFHpA 362.8 318.8 5 13C7-PFUnA 570 525 5

13C4-PFHpA 367 169 15 L-PFDS 599 80 55

13C4-PFHpA 367 322 5 L-PFDS 599 99 55

L-PFHxS 398.8 79.9 45 PFDoA 613 369 15

L-PFHxS 398.8 98.9 45 PFDoA 613 569 10

13C3-PFHxS 402 80 45 13C2-PFDoA 615 369 15

13C3-PFHxS 402 99 45 13C2-PFDoA 615 570 10

PFOA 412.9 168.7 20 PFTrDA 663 169 30

PFOA 412.9 368.7 5 PFTrDA 663 619 10

13C8-PFOA 421 172 15 L-PFDoS 699 80 55

13C8-PFOA 421 376 5 L-PFDoS 699 99 50

H4PFOS 427 81 40 PFTeDA 713 169 25

H4PFOS 427 407 25 PFTeDA 713 669 10

L-PFHpS 449 80 50 13C2-PFTeDA 715 169 25

L-PFHpS 449 99 45 13C2-PFTeDA 715 670 10

PFNA 462.9 218.8 15 PFHxDA 813 169 45

PFNA 462.9 418.8 5 PFHxDA 813 769 10

13C9-PFNA 472 223 15 PFODA 913 169 40

13C9-PFNA 472 427 5 PFODA 913 869 15

H2PFDA 477 63 5
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62 Non-target screening by HPLC-QTOF-MS and GC-QTOF-MS

63 Textile extracts and selected PhotoTOP samples were analyzed by HPLC-QTOF-MS (1260 

64 Infinity HPLC system, coupled to a 6550 QTOF mass spectrometer, Agilent Technologies). 

65 A Poroshell 120 EC-C18 column (2.7 µm, 2.1 × 100 mm) was used at a flow rate of 0.3 mL/min 

66 (40 °C) with a 23 min gradient program (for details see Table S1). The ESI source was operated 

67 in negative mode (details in Table S2). 5 µL sample was injected with a prior threefold needle 

68 wash in isopropanol. Each measurement set included a MeOH and extraction blank. Data 

69 acquisition (3 spectra/s) started after a 1 min waste line in the data-dependent acquisition mode 

70 (ddMS2, precursor selection threshold of 1000 counts and 0.5 min exclusion after 3 MS/MS 

71 spectra) with a static exclusion list generated from blank injections. The m/z range in MS was 

72 100 – 1700 and 70 – 1700 in MS/MS. MS/MS spectra were acquired by using a linear mass-

73 dependent collision energy of CE(m/z) = .

3 m/z

100
+ 15 eV

74 For peak finding, the MolecularFeatureExtraction algorithm of the Agilent Qualitative 10.0 

75 Software was used, and Kendrick mass defect analysis was applied to CSV files to find 

76 potential PFAS homologues as previously described.1 FindPF∆S was used to search all 

77 MS/MS for fragment mass differences characteristic to PFAS (e.g., ∆CF2, ∆C2F4 ∆HF).2 

78 Furthermore, chromatograms of suspected PFAS were manually extracted to check for their 

79 occurrence. The identical procedure was applied to the GC-QTOF-MS raw data.

80 TF measurements by combustion ion chromatography

81 For determination of the instrumental LOQ and LOD values, the standard protocol according 

82 to DIN 32645 was followed. Therein, ten repeated measurements of twenty different blank 

83 samples (empty sample boats) were conducted. Subsequently, the standard deviation (SD) was 

84 calculated, divided by the slope of the calibration curve (1-250 µg/L F-) and multiplied times 

85 3, resulting in the instrumental LOD value of 3 µg/L. Factor ten was used for the determination 
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86 of the instrumental LOQ (= 10 µg/L). All measured fluoride values per sample were above the 

87 determined LOQ. 

88 The CIC was controlled by the software Chromeleon 7.2.10 (Thermo Fisher Scientific GmbH, 

89 Dreieich, Germany). The combustion unit consisted of an autosampler (ASC-270LS) 

90 connected to the induction furnace (AQF-2100H) operating between 1000 and 1050 °C. Prior 

91 to combustion, all ceramic boats were prebaked for at least 5 min at 1000 °C to avoid organic 

92 contamination. All samples were hydro-pyrolyzed in the horizontal combustion furnace 

93 operating at 1050 °C under a flow of O2 (300 mL/min), Ar (150 mL/min) using sample specific 

94 boat programs (Table S7). Combustion gases were absorbed in a freshly prepared 3 mM NH3 

95 absorption solution, added with an internal standard for monitoring the exact absorption 

96 volume by ion chromatography. For TF measurements, the water supply level was set to “4” 

97 and the medium absorption volume of the GA210 (~16 mL) was selected. A 5 µL aliquot was 

98 injected into the ion chromatography using Dionex IonPac AG20 (2 × 50 mm) as guard column 

99 and Dionex IonPac AS20 (2 × 250mm) as analytic column, both maintained at a constant 

100 column temperature of 30 °C. Chromatographic separation was directed by an automated 

101 KOH eluent generator, controlled by an optimized gradient program (5 mM to 50 mM) at a 

102 constant flow rate of 0.25 mL/min (Table S8). Fluoride ions were sensed by a conductivity 

103 detector using 50 mM H2SO4 as suppressor regenerant. For calculation of detected peak areas 

104 and fluoride concentrations chromatography data system Chromeleon 7.2.10 (Thermo Fisher 

105 Scientific) was used. After combustion of the samples and subsequent quantification of the 

106 fluoride amount by IC, the collected raw data were transferred to an external computer for 

107 more detailed evaluation in Origin 2020 (OriginLab Corporation).

108 Conversion of fluorine from PFCAs and FTOHs to mass fluorine

109 To convert PFCAs and FTOHs to mass of fluorine, the measured mass concentration (µg/L) 

110 of each compound (e.g., PFPeA, PFHxA and PFHpA) was converted into moles of substance 
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111 per textile mass (e.g., µmol/kg). Then, by using the number of fluorine atoms, the mass of 

112 fluorine per mass of textile was calculated (e.g. mg/kg).

113 Table S 5: Combustion parameters used for TF measurements.

Combustion component

Combustion device
AQF-2100H, A1 Enviroscience, Mitsubishi 

Chemical Analytech Co., Ltd.

Operating temperature 1050 °C

Ar carrier gas flow 150 mL/min

Ar flow of water supply 100 mL/min

O2 flow 300 mL/min

Absorption solution/internal standard 3.0 mM NH3 solution + 2.2 mg/L MeSO3H

Starting Absorption volume 8.5 ml (TF)

Final Absorption volume 16 (TF)

Sample amount 5-10 mg (TF)

Water supply level 4 (TF)

114

115 Table S 6: Ion chromatography parameters.

Ion chromatography component

IC-device ICS Integrion, Thermo Fisher Scientific

Detector conductivity detector

Guard column AG20 2x50mm guard column

Analytical column Dionex IonPac AS20 2x250mm 

Eluent gradient KOH

Flow rate 0.25 mL/min

Run time 22 min

Column temperature 30 °C

Injection volume 5 µl (TF)

Suppressor regenerant 50 mM H2SO4

116

117 Table S 7: TF boat program.

Pos Time (s) Pos Time (s) End Time (s) Cool Time 

(s)

Home Time 

(s)

Ar Time (s) O2 Time 

(s)

100 90 210 60 300 60 200 0 600

118

119 Table S 8: IC eluent gradient program.

Time (min) Eluent concentration (mM)

0 Start, 1.0

0.1 1.0

0.2 2.0

1.0 2.0

10.0 5.0

10.5 5.0

11.0 80.0

14.0 80.0

14.5 1.0

22.0 stop run

120
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121 S3 Supporting figures

122
123 Figure S 1: Examples of photos taken of water and sunflower oil droplets on textile surfaces to determine the 

124 contact angle.

125 Extraction recovery test

126 An extraction recovery test was performed to verify that the applied extraction technique 

127 quantitatively extracts PFAAs from the textiles. Two 4 cm2 textile pieces and a control without 

128 textile (T07, T10) were spiked with a methanolic mixture of PFHpA, PFOA, and PFOS (50 

129 ng each) and left until the MeOH was evaporated. Afterwards, those textiles were extracted 

130 by our used extraction procedure (Figure S2) and measured by HPLC-QTOF-MS. The 

131 recoveries ranged from 88% up to 102%.
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133 Figure S 2: Extraction recoveries for PFHpA, PFOA, and PFOS from spike experiments with two textiles.
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136 Figure S 3: Concentration of ΣPFCAs after 5 h PhotoTOP oxidation in different textiles vs. water and sunflower 

137 oil contact angles. Three textiles were completely oil wetting and no PFCAs formed after PhotoTOP oxidation. 

138 Water repellency was observed for all textiles.
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141 Figure S 4: Correlation of partially semi-quantified ΣFTOHs after the THP assay vs. TF and EOF. Data points 

142 marked with asterisks include estimated concentrations of n:2 FTOHs with n ≥ 10. Here, probably an 

143 overestimation occurred because more fluorine from hydrolysis than from TF measurements is unlikely.

144

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

A
/A

m
ax

(-
)

Time (h)

T15
PFPeA
PFHxA
PFHpA

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

A
/A

m
ax

(-
)

Time (h)

T05
PFHpA
PFOA
PFNA

145 Figure S 5: Normalized peak areas of main PFCAs formed from PhotoTOP oxidation of textile T05 and T15 

146 over a time of 10 h. Note that although the concentrations still increased after 5 h the formation rates decreased. 

147 The data in Table 1 represents concentrations after 5 h of oxidation. Data was acquired by HPLC-QTOF-MS.
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149 Figure S 6: Concentration of PFCAs after 3 and 6 h of dTOP oxidation in textile T05 and T15 respectively.

150

151 References

152 1. J. Zweigle, B. Bugsel, C. Capitain and C. Zwiener, PhotoTOP: PFAS Precursor 

153 Characterization by UV/TiO(2) Photocatalysis, Environ Sci Technol, 2022, 56, 15728-15736.

154 2. J. Zweigle, B. Bugsel and C. Zwiener, FindPFΔS: Non-Target Screening for PFAS - 

155 Comprehensive Data Mining for MS2 Fragment Mass Differences, Anal Chem, 2022, 94, 

156 10788-10796.


