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Abstract�
Non-target screening (NTS) based on high-resolution mass spectrometry (HRMS) is necessary to comprehensively character-
ize per- and poly�uoroalkyl 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 e�cient 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 e�ciently, and especially which, PFAS can be prioritized. While PFAS with high �uorine 
content (approximately: F/C > 0.8, H/F < 0.8, mass percent of �uorine > 55%) can be separated well, partially �uorinated 
PFAS with a high hydrogen content are more di�cult 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 �uorine 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 poly�uoroalkyl substances

%mF  Mass percentage of �uorine in a chemical 
formula

%nF  Molar percentage of �uorine in a chemical 
formula

Introduction��

Per- and poly�uoroalkyl 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 per�uori-
nated transformation products, led to a global distribution 
of per�uoroalkyl acids (PFAAs) [5, 6]. As a reason of this 
property, combined with their bioaccumulation potential and 
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observed adverse health e�ects, much e�ort was put into 
regulations for selected long-chain PFAS (per�uoroalkyl 
carboxylic and sulfonic acids) [7]. However, the develop-
ment of replacement compounds and the large market for 
PFAS continuously increases the number of individual 
�uorinated substances and their production volume [8]. 
Several studies showed considerable fractions of unidenti-
�ed organic �uorine 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 identi�cation in all kinds of samples [13, 14].

In NTS, data reduction and prioritization of features is 
always a crucial step for an e�cient work�ow. The chemi-
cal mass defect (MD), which is typically slightly negative 
for PFAS with high �uorine content, can be used as a �rst 
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 identi�cation [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 di�erences are e�cient 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 
su�cient 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 �ltering 
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 e�cient prioritization of 
potential PFAS in complex matrices (�sh extracts) [21]. Com-
pounds with high �uorine 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 �rst 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 �sh 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 per�uoroalkyl 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)���� �� � � ���
� � ���� � �� � � � ��� � �����

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 e�ciency 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 �uorination in a PFAS was expressed as 
F/C ratio (number of �uorine atoms divided by number of 
carbon atoms), H/F ratio (number of hydrogen atoms divided 
by number of �uorine atoms), mass percentage of �uorine 
(%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 �uorination 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 
Classi�cation 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 de�nition (224,017 compounds) were downloaded 
as CSV and TXT �les [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)���� �� �
� � ����� � �� � � � ��� � ����� 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 �le 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 �uorine-containing compounds were removed. This 
�nal dataset contained 182,503 organic contaminants with-
out �uorine 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 �uorine in PFAS 
molecules in di�erent ways: F/C ratio, H/F ratio, the mass 
percentage of �uorine (%mF), and the fraction of �uorine 
atoms per molecule (%nF).



 Zweigle J.�et al.

1 3

Data evaluation

Separation of�PFAS from�OCs and�NOM

To determine how well PFAS can be separated from com-
pounds without �uorine (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 �nd 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 �nd 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 di�erent percentages of 
each class. With this general procedure, the overlap was sim-
ulated for di�erent �uorine 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��uorine 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 f luorinated 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 �uorinated PFAS which are domi-
nated by CH from the PubChem dataset overlap with both 
OCs and NOM while highly �uorinated PFAS are well 
separable if they are characterized by %mF >  ~ 65% or 
F/C ratios �  ~ 1.1 (Fig.�2). High �uorine 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 
e�cient 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 �uorine 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 re�ect a worst-case 
scenario because in typical HRMS measurements, only 
a much smaller number of features is present (especially 
because a su�cient 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 �sh 
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 

di�cult for compounds with I or high percentages of O, P, 
or S. The MD/C-m/C plot is therefore also highly useful to 
�nd 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 
�uorine-containing PFAS, a separation is clearly possi-
ble with limitations in case of the telomer-based aqueous 
�lm-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 di�erent amounts of �uorine 
(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, penta�uoro-
sulfanyl per�uorooctane sulfonic acid [29]; F53-b, 6:2 Cl-per�uoro 
ether sulfonic acid; PFO6TeDA, per�uoro- (3,5,7,9,11,13-hexaoxa-
tetradecanoic) acid [30]; PFOS, per�uorooctane sulfonic acid; C6O4, 
per�uoro ([5-methoxy-1,3-dioxolan-4-yl]oxy) acetic acid; GenX or 
HFPO-DA, hexa�uoropropylene oxide dimer acid; ADONA, dode-
ca�uoro-3H-4,8-dioxanonanoate; PFOA, per�uorooctanoic acid; 

6:2 diPAP, 6:2 poly�uoroalkyl phosphate diester; 6:2 FTOH, 6:2 
�uorotelomer alcohol; AmPr-FHxSA, N-dimethyl ammonio propyl 
per�uorohexane sulfonamide [31]; Capstone B (also 6:2 FTAB), 6:2 
�uorotelomer 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 �uo-
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 �uorine 
quantity parameter. The text within each subplot gives the exact �u-
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 exempli�ed in Fig.�S4
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pharmaceutical �uoxetine. 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 �uorinated AFFF), 6:2 FTOH, 
and �pronil 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 per�uoroalkyl (or per-
�uoroether) 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 
�pronil 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, ��� �� �

 and ���� �� �
 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 � �� �
 corresponds to the radial distance from the  CF2 

position and �  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 �  would 
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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 � �� �

 , features can be prioritized by sorting them 
by increasing � �� �

 . It should be noted that �  is an empiri-
cal parameter that should be interpreted as an approximate 
value.

Estimation of�the�degree of��uorination

To determine whether the degree of �uorination 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 su�cient 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 �ne 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 speci�c 
positions) with increasing distance to the  CF2-point and max-
ima along the speci�c 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 �uorine param-
eters (F/C, H/F, etc.), there are exceptions which originate from 
the underlying dataset.

To estimate how well the four �uorine 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 �uorinated 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 (�M) 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)



E�cient PFAS prioritization in�non-target HRMS data: systematic evaluation of�the�novel…

1 3

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 
di�cult. 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 �uorine 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 identi�cation of highly �uorinated 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 e�ciently be used to select potential PFAS candi-
dates with high �uorine content for subsequent MS/MS experiments 
at a high probability. This increases the identi�cation 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 �uorinated 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
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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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	�� G���
����� 8������ 	�� �������� ��� �
� -��� ��
� �� �
�
��&����
���� 	�� �� ����� �� ���,
�
 �	� ����� '
�
���	��&� �
	�� �����
 ������������ �� �� 8������ �	� ��
��	� ��
G��� 8������� �
��� �
� ������������ �� G��� 8������ 	�� G�
��
����� 8������ �	� 	�
��� �������	�� �
��
 �����	��� �
	�
�
�� 	�� ���	��� ���� �������� ����� �� 8������ 	��
���������	��� 	�� ���� ��� ��	�����
�� �� �
� �'<� 	��	�
���� �
� ��������� ��������� �
� ���	���	��� �� 8������ 	��
�3������ �� �� ���� �������� �	�
�� �
	� ��	�����
	����
�������� >� �����	�� ���� ���
 �� 8 ������ ���� �������� ��
����� 	�� ��

����	� ��������� 0�** �*2 �� ��������� 	�� ���	���
�	���� *: 	� ���� 	� �� �	��-�� ��	�
	���� *8 	�� �	��� �	���
���	��� �� ����������� �	����	����� *D 
���&��� �� ��� ���������
��&�� 	� �
� ���
	�� ���� ����	
��	���� "	�;���=	���� ��
	� �*/.0� 0 ����� �� 8����� �� 2) �	����� ���
 .55* *0 	��
�������� �
�
 �� ���
���	� �������� ��� ��� �� �������	��� 
'
� �	���� ��	��� �
	� �
��� 
�����
���� 	�� �����
����

&�'��� �� �	� �������	�� �� ������-�� ���� ��	���� �	��� �� �
� ����
	��� ��������	����� �� 	�� ������-�� ���� ���&������ ������-�� ���� �� �
�
"��#$% ���� 	�� �
��� 	� ��	���
	��� 	��	� ���
 ��	��� ��	� �	���� .1 �*. #�� ������-�	����� 
	�� �� 
��� �
	� 006 �� �
� ���	� ����� ���� �	���
�� � ����
  ��� =�	�
	� �� �
� ����
	��� ��������	����� � � ����
 � ��� ��	��� ��� �	�
 
�
������ �� �
� ��������&� ��
����� ��	�� ��� 
��� ���	��� ��
���� ����������� ��� '	��� .  
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������
	��� �	� �� �&�� �������� �� �
� ,� 2 ������ 
	����
�
�
 ���	� ��� ��������� ��	����� ��� ��3����� 	�� �	���� %�
����� 	���
�� �	���� ���
 .55: �� �
� �	
� 	��
��� ��� �
�
��������
�
��	� ���������� �� ����	���������	��� �������� *1

C�� �� �
� �	�� �
	� �� 8������ ���
 �� �� �
� 
	F�� ����
����	
��	��� �� �
� "��#$% ����� �� �� ��	���	��� �� 	���
�
�
	� �
� ����	
��	���� �� �
� "��#$% ���� ���� �	�� ��
�����-� ������� 	�� ������� �������� ���&������ ��������
�� 8����� �� ��&����
���	� �	
���� ���� 
���� ����	
��	���
��
�	��� �� ��
�� �������� ���� 0�*8

���������
��
 ��
����	 �	��� �������� , : � , D� 	�� , 1
����� ���� 	���	�� �������� �� *//D �� �
� "��#$% ����
��	��� 	��� , 5� ./ �� .1 �*. �� �
� 	�F	���� ����� ������������ ��
��������� ��������	
 ��&��� ���
 	� �
� )� �
�� $�&��� 	�� ��
�������� �	��� .1 %��
 	 ���	� ��������	���� �� 8 : � �9�� , : �
, D� 	�� , 1 ����� ����������� .16 �� �
� ������-�� �����
���
 ��C� ����� ������� 	� �
� 
��
��� ��������	����� ������
���� ���-�
�� �� 	��
����� ��������� ��	��	���L ������� �:
	�� �.2 � ����
�� , .. � .D ����� ���� �������� �� #'� ���
 	
���	� ��������	���� �� 2 1 � �9� ���
������ .26 �� 	��
������-�	������ �	���	��� ���������� ��	�� �� �
� �
��
	���
��	
� 
��� �� ����	� 	�� ��	��
�� ���
��� �� 	�� ����� %�
����
�� ������-�� ���	���	��� ����� �G�������� �
��

�3
������ 	 ��
��	��� �� , 1� , .D �
	�� �����
� ���
 	 ���	�
����
	��� ��������	���� �� � � ����
 � 2 D � �9�� �
��

��
�����	��� �
��� 
��
 �
����	��� '
��� ��	�
���	����
�	������ ���-�
�� �
��� ����	� �� ��	��
�� ��������� ���
�3������ ������ ���������� ���
 	� ����������
�������
�3	��
������	�� �� ���	��� 
�
������� ���

���� ����� 	�
��B,=�� ��� �� �
� �����
	��� �����&	���� �� �,� *� � �< 2

�

	�� ��,� *� � , *� *
� ��	�
���� ���
 ��&��	� ,� * ����� G������

���� ������-�� 	� ��&��	� ��������	� ���
��� ����� �
�� ������
�������� 	� 
�3����� �
��� �
� ������ ���� �������� �	����
�� �	���� ���	��� �B>,� 	�� )�9)� �� ������� �: 	�� �.: � 
����
��
���� ����� ���	���	��� ����� ����G������� ����
�������� 	� � � ����
 � / 2 � �9� �, .2 � , .DL������� �D 	�� �.8 � 

���������������
��
 ��
����	 �	��� �������������� B�
���
����� ���� ����� ���
 � � ����
 � . . � �9� ���
 	 ��
��	�
�	���� �
	�� �����
 ������������ 	� G������ ���������� �	�����
�
��� , .: ���
������� �
���� �
� 
��
��� ��������	�����
�B>,� 	�� )�9)� �� ������� �8 	�� �.D � B�
��������
���� 	��� ������-�� �� �
��� ���	���	��� ���
 �G���
���������
	� ����� ��������	����� 	� 	���� / 5 � �9� � ������� �8 	��
�.0 � 

��
�������� ���������	������
����	 �	�� ��
������� ,��
��<� �	� ����� ���
 ������ � � �	��� �� )� * ��	�
��� 
	��
��+������� <��� 	 , 1 
�
������ ���
 ��+����� ��������	�
	��9�� ��	��
�� ���
��� �	� �����&�� � � ����
 � . / � �9�� �B>,
	�� )�9)� �� ������� �1 	�� �.1 � '
�� �����	��� �
	� �
��
��
����� �	� ������ ���� �3�����&��� 	� 	 , 1��	���

�
������ '
� �������� �� �
� ,� �	� ��� �3��������
�����
����L 
���&��� �
� ��	�
���	���� �	����� �����	��� ���
�������� ������� �
� �
��� 	�� �
� -��
 , ����
 �
� ��������	�
������ ��� ������ �.5 � =���&��� )�9)� �	� ��� 	�4�����
�&�� �
� �
��� �
��
	����	�
�� ��	�� 	������� 
��� �������	�
,����������� ����
��
���� ,� *���<� �	� �������� 	� 	����3�
�
	���� ��� ������ �� 
	������� ����� ���������� �����	���� ��
�� �� 	 �������	� �
������ ���
 ����
���� 

��������	�� �!�
�	 �	��� �������� , D� , 1 ��,�� ����
���&������ ������-�� �� "��#$% 	�� �������� 	� 	
��������	���� �� / 88 � �9� .1 ��<� �, 1� �	� �
� ��
��	����

�
������ �5/6 �� �
� ��������	������ 	�� ��������
	����

�
������� 
	� &��� ��� ����������� 	�� ���� �
�������
�3������ �� �
� ��
��4�	����	��&� ����
	���� � ������� �D 	��
�*/ � ��,�� ��
������ ��	��
�� ���
��� �����&�� �� ��&��	�
�	���	��� ���������� ��	��� ���������� �
	� �
�� 
	� ��
��	�����
	���� �������� �� ��	��
�� ���������� '
� ��
��
�	��� �� ��<� �� �� ���� 	����
��� ���
 �
� �������	���
����	�	��� ����������	��� �=�����	������ ���������� 	�� �
�
������� ���
 �'<� �3��	���� ���� �
� ��������� 	�� ��3�
�������� 

��������������	�� �!�
�	 �	��� �������������� , 1 	��
, .. � , .D ��
�����,�� ���� �������� � � � ����
 � / /1 � �9���
���
 , .: ����� �
� 
	�� 
�
������ � ������� �0 	�� �*. � 
"������ ��,��� ��
�����,�� ���� �
� ���� ��
����� ��	��
���
 	 �	���3���� 	��� ��������	� ����� '
�� ����� �
��������
��
��4�	���-�� �	��� �� ��,�� ,
��
	����	�
�� ���	�	����
	�	�� �����	��� ��	��
�� ���
���� �
��
 ���� ��� ��&�����	���
�� 
��� ���	�� C�� �� ��
���� �����
	���� ���
 �
� )�9)�
������	� �
� �������� �� �
� ��
�� ���� ����� ��� ��
�����
���� 

"����#����� �������� ����� ���������
 ���� ���	��������
��&��	� =������������ ����� ���� ������-�� �� �
� "��#$%
���� =������ �, D� , ./ � ���� �
� ����������	��� ����
�������� �� �
� 
��
��� ����
	��� ��������	����� �� � � ����

�� � / 88 � �9� ���� ���
 , 1 
	���� �� 71/6 � ������� �0 	��
�** � "	��� �� )�9)� �	�	 ����� �
� �������� �� �
�

������� ����� ��� �� �����
���� = *���<� ��� � E. ��<��
� ����
 � / . � �9�� 	�� =�G���<� � � ����
 � / /1 � �9�� ����
�������� &�	 ������ � � ���	��� �� ����
�� 
�
������� ����
�����&�� � ������� �1� �*2� 	�� �*: � ����
��
���� G�= 2�
��<� G�= *���<� 	�� � ����  ���<� ���� ������-�� ��
����
	��� ��������	����� �� � / /:� � / /:� 	�� � / /* � �9��
��������&��� � ������� �1 	�� �*8 � �*0 � >� �	�
 �	��� �
�
�������� �� �
� = 	��
� ����� ��� �� ��	���� �����
���� ���
�� ��
���3 ���
���� 
�3����� 

��� 	��&����������� ���� 	�� ��	���-�� 	� ������-�	���� ��&��
*� 	�������� �� ,
	������� �� 	� �*/**� *5 %� 	�� 	�	�� �
	�
��� ������-�	����� 	�� ��
���� �� �
� �3	�� ��������� �� ������

&�'��� (� B3	
��� �� 	� )�9)� �������
 �� 	� ���	���	������
���
�� 8������������	���������� 	��� ��	�
���� ���� �������� &�	
��	�
��� ��+������� �,� *� ���L <� ������� 	�� 
	��
�� ���
 	 ����
�� ��	������� ��	�
���� ������ >� ���	��� �
��� 
�� ��������
��	�
��� 
	�� ��+������� ���
 	� � ,� * 	��� �
��
 �	� ������ 	�
���
	�� ��	�
���� 
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����� 	��9�� 
������� �� �
������ 	��
� "�� �� �����
	������� ������-�	���� ��&�� *� ���	��� ���
 	� ��&����
���	�
����� �� &���� �	�
 ���
�� 
	� �� �� 	���� �� �
�
����	
��	���� ����
�� �&������ �� ���&���� �� ��
�����

	��
��� ��	�
��� 
	�� ��+������� ������� � �� 	�� 	 ������

	��
 �� �
� $' ���
 �
� $' 
���� � ������ 2 � B�>

�	����
���� �� �
� ������&� 
��� ��� ��� ��	� �� 	��

�	������� ������-�	���� 

>������������� �
� ��
��	�� ��
��4�	���-�� �	�� �� �
�
������-�� ���� �7506� �	� ���������	��� 	�� ��� �
��������
��� �3������ �� ����	�� �� 	 �
��� ��
� ��	
� �� �
�
����	
��	��� ���� �� "��#$% '
�� �� �� �	������	� �
����	���
���	��� �
� ��	����� �� ���&������ ������� ���� �� �
�� ����
����������� �� �&�� � 086 �� 	�� �������� ���� <��� ��3
��	���� �
	� 
	�� �� 	����3�
	���� 26 �� 	�� ��
��4�	���-��
���� �� �
� �	
��� 	�� ����������	��� 	�� 
	� �������	��� 	��
	� ���������� �� �
�� -��� ���� � '	��� . � '
�������� 	�
����
	��� 26 �� �
� �&��	�� ����	
��	���� ���
� ��
������������ ������� ��,�� �&�� ��
� C�� �� ����
�����	�����
	����� �
�� ��,� ������ �	� 	��� ��������� ��
�� �
� �	��� �� ��������
 �	������ �� ����
� ����� �����&�� ��
$� �
��� �� 	� �*/*.� *. '
� �	�� �
	� 
��� �� �
� =�����	�����
���� 	�� , 1��	��� �� �� ���� 	����
��� ���
 �
� �����&��
��,� ���
	���� ������ �
� �'<� 	��	� �3��	���� ����
��
���	��� �� ����	�	������ 	�� ����������� 	�� ��������� �� �
�
��������� '<� 	��	� ������� 

���� ���
� ��� 
�� ���� �	
����	�+ %� ������
��
#'� �� ���� �	
���� 	���� �'<� �����'<�� 	�� ��
��
�	����� �� �
� �����3���;�� �3��	�� ����'<�� '
��������
�� �3	
���� �
� ��	������ �� 	�� ������-�� ���� ������ �'<�
�� ��
�	���� �
��� ��	� ����������� �� �
� ������	� ���� �3��	��
�� �
��� 	���� �'<� �� #'� ������� �	� ���� �� -��
�������	� ������� ���� �3��	���� ��������� �
��
 
	� ��
������� �� 	������� �� �
� �������&�����	��� ��,�� 	�� ����� 

C�� �� �
� �����	� 	4����� �3����
���	� ����� �� �
� �'<�
	��	�� �� �����&�� 	 
��
 �
	�� �����
 ������
��	���� ��� 	��

������-�� ���������	��� ���� � ������ : �� �
��
 �3�������
������ �� 	 �����	���� � ����'<� 9� ���'<� �	��� ���
 �����	����

�
	�� �����
 '
�� �����&	���� �	� ��� ���3������� �
��
 ��
�
� ����� 	�� �����	��� ��������� �� ������	� ��	��	��� ��
����� �� ������� �
�� ���� ������ �
� '<� 	��	� .2 �2/ =���&���
����� ��������� ��	��	��� 	�� ��� 	&	��	��� ��� 
��� �� ���
������-�� ����� ���
 	 ���������� �	� ��� �������� C�� �� �
�
������ ������	���� �� ���� � ����'<� 9� ���'<� � ���
 �
� ����
�	���� �
	�� �����
�� �� �������� �
	� �������� �	� �
� ��	���
��� �����	���� ����������� ����'<� ���
 �����	���� �
	�� �����

�	�
�� �
	� �3��	���� ��
��	� ���	�����
��� ���� �����	���
�����&�� ��� ����� �� �������� �3����
���� ���� � � &� �
	��
�����
� 2. �2* %� 	��� ��� 	 ���	� ����� ��� �
� �������� ��
	&���
��� ��+����� ������ �
��
 
	� �� ������ ��� ����
��
��&�����	����� �� 	 ��&�� �	���� �
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Abstract
Per- and poly�uoroalkyl 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 identi�ed. Therefore, 
e�cient prioritization of relevant HRMS signals is one of the most crucial steps. We developed PF�Screen, a Python-based 
open-source tool with a simple graphical user interface (GUI) to perform e�cient feature prioritization using several PFAS-
speci�c techniques such as the highly promising MD/C-m/C approach, Kendrick mass defect analysis, diagnostic fragments 
 (MS2), fragment mass di�erences  (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 identi�cation of PFAS in both HPLC- and GC-HRMS data. The PF�Screen work�ow 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 identi�ed, including four novel classes, potentially TPs of the precursors 
�uorotelomer mercapto alkyl phosphates (FTMAPs). PF�Screen 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 di�erent 
industrial applications [3]. Their high chemical resistance 
and water and oil repellency lead to the production of PFAS 
with a variety of di�erent chemistries [4]. Due to the high 
stability of C-F bonds, the per�uoroalkyl chains of PFAS 
exhibit an intrinsic persistence that leads to a worldwide 
distribution of PFAS and their terminal transformation prod-
ucts (TPs) such as per�uoroalkyl 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 de�nition and source of information. 
According to the updated OECD de�nition, all chemicals 
containing a  CF3 or isolated  CF2 group are considered PFAS, 
which has increased the number of PFAS considerably [9, 
10]. Global regulatory e�orts restricted the production of 
selected longer-chain PFAAs such as perfluorooctanoic 
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acid (PFOA) and per�uorooctanesulfonic acid (PFOS) due 
to their persistence, bioaccumulation potential, and adverse 
e�ects on humans and the environment [11]. This resulted 
in the production of replacement compounds of rather simi-
lar persistence, increasing the number of di�erent 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 �uorine (e.g., extractable organic �uorine) 
in environmental and human samples cannot be explained 
su�ciently by routinely analyzed PFAS (target screening), 
which usually include less than 50 analytes [14–17]. Since 
almost no �uorinated organic compounds occur naturally, 
unknown fractions of organically bound �uorine are clear 
indications of anthropogenic chemicals [18].

Due to the sheer number of di�erent 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 insu�cient 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 identi�cation 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, e�cient 
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 
identi�ed analytes or even less) [25].

The intrinsic properties of PFAS (with a certain �uorine 
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 prede�ned MD range 
(e.g.,  � 0.25 to  + 0.1 Da) [27–29]. However, this range is 
not �xed, 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, 
poly�uorinated 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 e�ciently 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 �uorine (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 �uorinated 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 �uorine 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 �uorinated 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 di�erent matrices, potential PFAS fea-
tures with a certain fraction of �uorine within the molecule are e�-
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 identi�cation [27, 33]. In 
the  MS2 data, lists of PFAS-speci�c diagnostic fragments 
(DFs) as well as fragment mass di�erences 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 di�erences, 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-speci�c 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 work�ow can be performed, 
decreasing both computational and manual e�ort regard-
ing the further inspection of the features. Although many 
of the above discussed PFAS-speci�c techniques for prior-
itization and identi�cation 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 PF�Screen, an open-source 
Python-based software tool with a simple graphical user 
interface (GUI) that combines the discussed techniques 
to e�ciently prioritize PFAS in LC- or GC-HRMS data 
acquired with electrospray (ESI) or atmospheric pressure 
chemical ionization (APCI). PF�Screen can be applied 
vendor-independently either on mass spectrometric raw 
data (mzML, automated feature �nding via pyOpenMS) or 
on custom feature lists (external feature �nding by other 
software tools). The PF�Screen work�ow 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 identi�ed. The advantages of the combined 
work�ow are discussed in detail. The source code is avail-
able via GitHub and can be easily automatically installed 
and executed via batch �les 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

PF�Screen work�ow

PF� Screen 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). PF� Screen is 
structured in several individual Python functions that are 
executed from one main �le 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) 
�les into the mzML data format (.mzML) by using the 
MSConvert software from ProteoWizard [40, 41]. Only 
mzML �les with centroided spectra and one collision 
energy (CE) should be used. If pro�le data was acquired 
and  MS2 spectra from several di�erent 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 �les.

In the following, the three main functionalities of 
PF� Screen are explained in the same order as they can be 
executed in the GUI (Fig.�2 and Fig.�S1).

FeatureFinding

The �rst 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 speci�ed. 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 �nding 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 PF� Screen, 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 speci�ed 
criteria are removed from the dataset. After preprocess-
ing, the raw data is ready for speci�c PFAS prioritization. 
If feature �nding 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 
PF� Screen without feature detection via OpenMS. How-
ever, the raw mzML �les 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 work�ow 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 cuto�s, 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 PF� Screen is usually below 1 min (e.g., for  ~ 4000 
spectra per sample), input parameters can easily be varied to 
test their in�uence on the outcome. After execution, a folder 
is generated named after the sample �le 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 �le 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 PF�Screen work�ow 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 di�erences which generates a strongly reduced feature 
list of potential PFAS. The data from this list can be visualized and 
veri�ed by the RawDataVisualization tool (3) together with other out-
put �les such as interactive HTML plots which allow e�cient NTS 
(Fig.�S3–S5)
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In the work�ow to prioritize features according to their 
likelihood of being PFAS, several pieces of evidence are 
calculated individually for all detected features in the �rst 
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-
de�ned 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 di�erences are 
calculated comprehensively. Therefore, all fragment dif-
ferences within each  MS2 spectrum are calculated and 
matched against a prede�ned list of PFAS typical mass 
di�erences (e.g., �CF2, �C 2F4, �HF, �C 10H3F17, more 
details can be found in [31]). This allows an e�cient 
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 speci�ed 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 
di�erence matching. It is important to select a suitable 
instrument-speci�c 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 di�erences can be 
speci�ed to �ag a  MS2 spectrum as potential hit.

To enhance annotation in the  MS2, fragments that have 
a de�ned mass di�erence 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 di�erence (e.g., �C2F4) to an 
annotated chemical formula (e.g.,  C12H5F12O4S + �C 2F4). 
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 modi�ed 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 �nding or the complete work�ow, the MS 
raw data can be directly visualized via the PF�Screen 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 �le) 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 speci�ed 
(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 speci�ed. 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 di�erences 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 speci�ed 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 �nd 
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 
PF� Screen, four di�erent 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 �elds 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]. Brie�y, 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 �ltered through a 0.2-µm regenerated cellulose 
syringe �lter, 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 In�nity 
HPLC system (Poroshell 120 EC-C18 column; 2.1 mm × 100 
mm; 2.7 µm particles at 40 °C) at a �ow 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: ������� � � ���

���
� �� ��  . 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 identi�cation with PF�Screen 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. PF�Screen 
runtimes are usually below 1 min (e.g., for  ~ 4000 spectra 
per sample) for the whole work�ow. When changing speci�c 

input parameters (e.g., tolerances, thresholds, mass di�er-
ences), their e�ect 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 cuto� value. Subsequent 
KMD analysis, fragment mass di�erences, DF matching, 
and suspect screening then result in a detailed table of a 
manageable size.

To demonstrate the PF�Screen work�ow, it was applied 
here to four contaminated agricultural topsoils. The iterative 
identi�cation process started with the soil extract of M1. 
After data preprocessing and application of prioritization 
techniques, the identi�ed PFAS (including adducts and in-
source fragments) were manually added to the suspect list, 
and the same work�ow was applied to the next soil sample. 
In the following, the whole work�ow starting from data 
reduction to �nal identi�cation is discussed in detail.

Data preprocessing

After data-dependent acquisition (DDA), the raw MS data 
(.d �les, Agilent) were converted into mzML with MSCon-
vert [40]. For each soil, PF�Screen 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-
�ed 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 di�erence of  < 0.1 min and were not at 
least �vefold 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 �rst 
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 di�erent 
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 cuto� at m/C = 30 was chosen since PFAS 
that are dominated by �uorine usually have a higher m/C 
(e.g., m/C6:2 diPAP � 49; m/C PFOA � 51; m/C 6:2�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 �uorine (compared to hydrogen, high H/F ratio) such 
as the pharmaceutical �uoxetine with only three �uorine 
atoms  (C17H18F3NO, m/C � 18) fall below the applied cut-
o�. Depending on the underlying NTS question, this cuto� 
can be adjusted accordingly. Attempting to remove further 
features, an MD/C cuto� of  <  + 0.003 was set, although as 
seen in Fig.�3a the m/C dimension was much more e�ec-
tive for data reduction. The MD/C-m/C approach was more 
e�cient 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 cuto�s 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 �ipped 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 e�-
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 cuto� 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-
o� is highly recommended, since these features are easily 
removed by this additional criterion. Eventually, when com-
bining both m/C and MD/C cuto�s, only 949 features (7.4%) 
remain in all four soils together. This is an appropriate num-
ber of features for further PFAS-speci�c calculations such as 
KMD analysis, DFs, fragment mass di�erences, 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 e�ect 
on false positives.

KMD analysis, fragment di�erences, DFs, 
and�suspect screening

For further prioritization and tentative identi�cation, 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-
o�, 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 PF�Screen is performed without 
checking the systematic RT shift, but the interactive KMD 
plot (HTML) allows a fast veri�cation 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 cuto� 
is applied, the number of detected HS in soil M1 is reduced 
to 26 (~ 65% data reduction, see Fig.�4b) which con�rms the 
utility of this approach.

For detection of fragment mass di�erences and DFs in 
the  MS2 data, preliminary �CF2, �C 2F4, �HF, and the 
list of DFs were used (later speci�c mass di�erences were 
searched). This resulted in the detection of 30  MS2 spectra 
that contained the speci�ed mass di�erences, 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 (�rst 
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 cuto� in soil M1.

Manual identi�cation process with�the�PF�Screen 
results table

The veri�cation and (partially manual) identi�cation pro-
cess of prioritized features from the PF�Screen results table 
(Excel or CSV) was performed by sorting the table accord-
ing to decreasing intensity, after removing features based 
on de�ned MD/C-m/C cuto�s. 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 �nding algorithm. Each feature was veri�ed 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 cuto� (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 di�erences 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 di�erent RTs. Therefore, they are 
not always correctly removed depending on the speci�ed 
parameters. By using the RawDataVisualization tool of 
PF� Screen, EICs of every m/z belonging to one HS (using 
the integrated HS extrapolator) can be veri�ed for RT shift 
and peak shape, eventually resulting in identi�cation of 
homologues with very low abundances that were missed in 
the feature �nding 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 PF�Screen. 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 
PF� Screen in the four soils that exhibited at least one sus-
pect hit per HS or compound (Fig.�5). Per�uoroalkyl carbox-
ylic acids (PFCAs,  C4–C20), �uorotelomer alkyl phosphate 
diesters (diPAPs, 4:2/6:2–12:2/12:2), n:3 fluorotelomer 

carboxylic acids (FTCAs, 5:3–13:3), �uorotelomer sulfonic 
acids (FTSAs, 6:2–16:2), per�uorosulfonic acids (PFSAs, 
 C4–C10), per�uorooctane sulfonamide (PFOSA), N-ethylp-
er�uoro-1-octanesulfonamidoacetic acid (N-EtFOSAA), and 
N-ethyl per�uorooctane sulfonamide ethanol–based phos-
phate diester (diSAmPAP) were identi�ed in all four soils. 
Di�erent 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 identi�ed 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 identi�cations and triPAPs are not shown in the �gure
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abundant precursor class, namely FTMAPs, was detected 
(including isomeric pro�les ranging 6:2/6:2 to 10:2/12:2), as 
well the previously identi�ed TPs FTMAP-sulfoxides [31].

The 6:2 �uorotelomer mercapto alkyl phosphate esters 
(6:2/6:2 FTMAP) could be con�rmed with an in-house syn-
thesized reference standard, leading to identi�cation levels 
of 1 for 6:2 FTMAP and 2a for the further homologues due 
to clear MS/MS evidence [59]. In general, all identi�ed 
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 PF� Screen results table also revealed several 
unknown HS that were detected but did not have an accurate 
mass match with the suspect list. Their identi�cation with 
the help of the EIC correlator of PF�Screen is discussed in 
the following.

EIC correlator: coelution correlation analysis 
for�identi�cation of�unknowns

After identi�cation 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 di�erent 
homologues, many coeluting ions were observed, often 
characterized by HF losses and other mass di�erences 
(Fig.�S8). This is an indication of in-source fragmentation 
of these classes [60, 61]. To be able to e�ciently group 
corresponding in-source fragments and potential adduct 
ions together, the EIC correlator from the raw data visuali-
zation tools of PF�Screen 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 exempli�ed 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 di�erences such as �C2F4 
and �HF 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 
di�erences 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 identi�cation 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 identi�ed 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 PF�Screen for the identi�cation 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 identi�ed 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 �nding algorithm of 
pyOpenMS (in case of Br, a wrong isotope grouping occurred) and 
therefore not detectable by the correlation analysis



PF�Screen — an�open-source tool for�automated PFAS feature prioritization in�non-target HRM…

1 3

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 identi�cation 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 identi�cation 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 con�rmed with rather high 
con�dence (identi�cation 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

PF� Screen can be used e�ciently 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 PF�Screen (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 e�cient work�ow are 
of importance to comprehensively elucidate the identity 
occurrence and fate of organic pollutants such as PFAS.
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Non-extractable PFAS in functional textiles –
characterization by complementary methods:
oxidation, hydrolysis, and � uorine sum parameters †

Jonathan Zweigle, a Catharina Capitain, a Fabian Simon,b Philipp Roesch, c

Boris Bugsela and Christian Zwiener *a

Per- and poly � uoroalkyl substances (PFAS) are widely used for durable water-repellent � nishing of di � erent

fabrics and textiles such as outdoor clothing, carpets, medical textiles and more. Existing PFA S extraction

techniques followed by target analysis are often insu � cient for detecting widely used side-chain

� uorinated polymers (SFPs) that are barely or non-extractable. SFPs are typically copolymers consisting of

a non- � uorinated backbone with per � uoroalkyl 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� uorine

(EOF), and total � uorine (TF) with � ve functional textiles and characterized 7 further textiles only by

PhotoTOP oxidation. The results show that when applied directly to textile samples, dTOP and PhotoT OP

oxidation and also hydrolysis (THP) are able to capture large fractions of TF in the form of per � uoroalkyl

side-chains present in the textiles while methods relying on extracts (EOF, target and non-target anal ysis)

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 � uorinated side chains is in contrast to previous studies.

Concentrations ranged from <LOQ to over � 1000 mg F kgŠ1 after oxidation/hydrolysis and <LOQ to over

2000 mg F kg Š1 for TF, while EOF and target PFAS in extracts were detected at much lower

concentrations (up to � 60 mg F kgŠ1) (amount of � uorine is in the order: extraction � EOF � oxidation/

hydrolysis # TF). Per� uoroalkyl carboxylic acids (PFCAs) and � uorotelomer alcohols (FTOHs) from THP

hydrolysis and PhotoTOP oxidation both represented chain-length distribution in the textiles show ing that

long-chain SFPs are still used in current textiles. Further advantages and disadvantages of the app lied

methods are discussed.

Environmental signi � cance

In comparison to other per- and poly � uoroalkyl 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 per � uoroalkyl 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 per� uoroalkyl 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 poly� uoroalkyl 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-
e� ects such as environmental persistence, adverse e� ects on
human health and either high mobi lity in the case of short chain
or bioaccumulation for long-chain PFAS.6 Furthermore, degrad-
able PFAS eventually transform into persistent end-products such

aEnvironmental Analytical Chemistry, Department of Geosciences, University of
Tübingen, Schnarrenbergstraße 94-96, 72076 Tübingen, Germany. E-mail: christian.
zwiener@uni-tuebingen.de
bFederal Institute for Materials Research and Testing (BAM), Division 1.1– Inorganic
Trace Analysis, Richard-Willstätter-Straße 11, 12489 Berlin, Germany
cFederal Institute for Materials Research and Testing (BAM), Division 4.3–
Contaminant Transfer and Environmental Technologies, Unter den Eichen 87,
12205, Berlin, Germany

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d3em00131h

Cite this: Environ. Sci.: Processes
Impacts, 2023, 25, 1298

Received 5th April 2023
Accepted 12th July 2023

DOI: 10.1039/d3em00131h

rsc.li/espi

1298 | Environ. Sci.: Processes Impacts , 2023, 25, 1298–1310 This journal is © The Royal Society of Chemistry 2023

Environmental
Science
Processes & Impacts

PAPER

P
ub

lis
he

d 
on

 1
2 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
S

IT
A

E
T

 T
U

E
B

IN
G

E
N

 o
n 

10
/3

/2
02

3 
10

:5
9:

35
 A

M
. 

View Article Online
View Journal  | View Issue



as per� uoroalkyl 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 o� en not extractable or ionizable.16,17 Besides polymers such
as Te� on (polytetra� uoroethylene, 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 per � uoroalkyl 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.
Di� erent materials such as textiles or textile � bers can be
� nished with di � erent SFP formulations that are part of the
group of durable water-repellent (DWR) coatings. These are
based on a very wide range of di� erent chemistries, both with or
without � uorine. 23,24 Fluorinated DWR coatings are usede.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 di� erent 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
per� uoroalkyl 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 di � erent 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 quanti � ed 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 C 6-based side-chain � uorinated 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
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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 speci� cations of all used chemicals are given in
the ESI (Section S1†).

Textile collection and prioritization using the contact angle q

Di� erent functional textile samples were ordered from two
German textile online shops (sto� 4you.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 sun� ower oil drops were taken on � 1 cm
textile strips (both sides) using a Canon EOS 1200D digital
single-lens re� ex 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. A � erwards, 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. A� er 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 Zweigleet al. 2022]28 and irradiated for 5 h (selected
textiles up to 10 h). For PFAS quanti� cation and non-target
screening, 100mL samples were taken and diluted with 900 mL
MeOH followed by centrifugation (30 min @ 20 817 rcf).
Subsequently, 600mL of supernatant was transferred into HPLC
vials for analysis.

Direct TOP (dTOP) oxidation assay

A modi� ed direct TOP assay from Liagkouridis et al. 2021 was
applied to four textiles, one textile extract, and a blank. 17 Brie� y,
20 mg of textile was placed in a 60 mL 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. A� erwards, 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
6 mL MeOH with 0.1% NH 4OH, 3 mL MeOH, and 6 mL water 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. A� er drying, PFCAs were eluted with 3 mL
MeOH, followed by 6 mL MeOH with 0.1% NH 4OH. 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 700mL extract) were
combined in 1.5 mL glass vials, vortexed, and placed in an oven
at 60 °C for 16 h. A� er 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. A� er 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. 450mL 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 200mL
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
quanti � ed by HPLC-QqQ-MS/MS (1290 In� nity 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 Š1 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 quanti� ed using two MRM mass transitions
except for PFBA (Table S4†). The injection volume was 5 mL and
quanti � cation was performed with seven calibration standards
(50 ng LŠ1–10 mg LŠ1) measured before and a� er each set of
samples. MeOH blanks and quality controls (1 mg LŠ1 calibra-
tion standard) were measured a� er every � 10th sample to
monitor the instrument dri � . PFAAs in samples from dTOP
experiments were corrected using isotopically labeled internal
standards.

FTOHs were quanti� ed (<10 : 2 FTOH) and semi-quanti� ed
($ 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-MSvia 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 minŠ1 to 250 °C which was held for 2 min. Helium was
used as carrier gas at 1 mL minŠ1 and a constant water � ow of
0.1 mL min Š1 into the APCI source was achieved with the HPLC
pump which keeps the humidity at a constant high level to
increase ionization e� ciency.30,31 The corona current was
turned o � 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
quanti � ed with standards (10 mg LŠ1–10 mg LŠ1) while
concentrations of n : 2 FTOHs (n $ 10) were semi-quanti� ed
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. A� er 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 so� ware 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 125mg F LŠ1. Both
samples and standards were measured in instrumental tripli-
cate. The limits of detection and quanti � cation were 3.4 mg F
kgŠ1 and 10.3 mg F kgŠ1, respectively.34

Total � uorine analysis by CIC

TF in textile samples was quanti� ed 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 Scienti � c
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. Quanti � cation of the samples was enabled using ten
point calibration curves from 1 to 250 mg LŠ1 FŠ1 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 quanti � cation (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

Paper Environmental Science: Processes & Impacts

P
ub

lis
he

d 
on

 1
2 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
S

IT
A

E
T

 T
U

E
B

IN
G

E
N

 o
n 

10
/3

/2
02

3 
10

:5
9:

35
 A

M
. 

View Article Online



The LOQ for HPLC-QqQ and HPLC-QTOF measurements was
de� ned as a S/N ratio > 50 for signals at the second lowest
calibration point (100 ng L Š1 for PFCAs and 10 mg LŠ1 for
FTOHs). LOQ were 1.2mg F kgŠ1 for extraction (PFAAs), 0.82 mg
F kgŠ1 for PhotoTOP, 0.36 mg F kgŠ1 for dTOP, and 1 mg F kgŠ1

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 di� erent 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 kgŠ1) and PFHxA (� 0.005 mg F kgŠ1) in T15, no
further PFAS were detected (LOQ= 1.2 mg F kgŠ1). Neither
Kendrick mass defect (KMD) analysis, nor fragment mass
di � erences in acquired MS/MS spectra were detected, providing
the � rst evidence that these textiles do not contain signi � cant
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
di � erent PFCAs when oxidized directly (Fig. 3a and Table 1)
ranging from C 4 (PFBA) up to C12 (PFDoDA) and mainly either
PFOA or PFHxA were the dominant oxidation products with
di � erent chain-length distributions and concentrations. No
per� uoroalkyl 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 Š 1) per� uorinated 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
re� ect the actual per� uoroalkyl 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 C 5–
C12 peaking at C8 were observed. Only T25 di� ered from these
two groups since only PFHpA was formed a� er oxidation.

Concentrations of the sum of PFCAs (SPFCAs) ranged from
<LOQ for T10, T11, T19, and T23 up to 149 mg mŠ2 for T15 or to
1601 mg kgŠ1 (= 1067 mg F kgŠ1) 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 a� er 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 ase.g., (meth)
acrylate polymers with attached FTOHs (chain length distribu-
tion from synthesis). 42,43 However, per� uoroalkyl sulfonamido
ethanol-based SFPs can also be composed of combinations of
di � erent per� uoroalkyl 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 sun� ower 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 di � erence between both sides was observed. Note
that strongly di � ering contact angles on both sides are indicative of the
application of a DWR formulation to the � nal textile rather than � bers
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.†
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Table 1 Summary of the results from di � erent methods for the investigation of � uorine content and chain length distribution of side-chain � uorinated polymers (SFPs) as well as extractable
PFAS residues in functional textile samplesa

Sample Type Available information
Density
(kg mŠ2)

PFAAs from
extraction
(mg F kgŠ1)

P
PFCAsPhotoTOP

(mg F kgŠ1)

P
PFCAsdTOP

(mg F kgŠ1)

P
FTOHsTHP

(mg F kgŠ1)
TF
(mg F kgŠ1)

EOF
(mg F kgŠ1)

T05 Awning fabric OR, WR, Te� on 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, Te� on coating,
60% polyacrylic, 40% polyester, Oeko-
Tex standard 100 certi� ed

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, Te� on
coating

0.20 <LOQ 87� 12 — — — —

T19 Jersey fabric Stain resistant, 81% cotton, 19%
polyurethane, Oeko-Tex standard 100
certi� ed

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-quanti � ed FTOHs (>8 : 2). LOQ were 1.2mg 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
quanti � cation. b FTOHs $ 10 : 2 were semi-quanti� ed.
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precursors also form PFCAs but of one chain length (e.g., PFOA
from the C8 sulfonamide precursor).

To con� rm 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 a� er 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
mŠ2) were formed a� er dTOP oxidation but were dominated by
PFBA, PFPeA, and PFHxA, showing that stronger chain short-
ening of the per � uoroalkyl chain occurred compared to Pho-
toTOP oxidation which was also true for T20 (lower overall
concentration). We did not include per � uoropropionic acid
(PFPrA) and tri� uoroacetic 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 shi� ed by one
CF2-unit to shorter chains. A � er oxidation of the T07 extract
only trace amounts of C7–C10 PFCAs were formed (SPFCAs=
0.13 mg mŠ2), while in T10 no PFCAs were detected. Overall,
similar results for PFCAs were observed, but shi� ed 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 hydrolysisvia the THP assay, where FTOHs
<10 : 2 were quanti� ed with analytical reference standards or
semi-quanti � ed ($ 10 : 2) based on the response of 8 : 2 FTOH
(Fig. 3c). The highest estimated concentrations were found a� er
hydrolysis of T05 (� 520 mg mŠ2) 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
kgŠ1 comparison see Table 1). T07 showed a similar FTOH
pattern but with a lower overall concentration ( � 124 mg mŠ2).
T15 and T20 formed almost exclusively 6 : 2 FTOH with 68 and
48 mg mŠ2, respectively. Only traces of 8 : 2–12 : 2 FTOH were
found in the T07 extract ( � 2.3 mg mŠ2), while in T10 no FTOH
could be detected.

Since hydrolysis is a much more selective cleaving process
for ester bonds and does not a� ect saturated hydrocarbon
moieties in comparison to OH-radicals, the THP provides
unchanged per� uoroalkyl chains (as FTOHs).29 Therefore, the
observation of mixed chain lengths for T05 and T07 and one
distinct chain length (C 6-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. Per� uoroalkyl side-chains in
telomer-based SFPs are typically connectedvia an ester linkage
to non-� uorinated polymer backbones which are e.g., acrylates,
methacrylates, or polyurethane.23,47,48 We hypothesize that the
strong di � erences 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 a� er PhotoTOP oxidation
(<LOQ–149 mg mŠ2) were in a similar range to those formed
a� er dTOP oxidation (<LOQ–205 mg mŠ2), 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 mŠ2). 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
a� er dTOP and PhotoTOP oxidation, respectively. For textile T5,
however, the concentrations of semi-quanti � ed FTOHs a� er
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 di� erence of approximately 10% arises from
their di � erent molar masses (414 and 464 g molŠ1)). The
observed di� erences could arise from the properties of the
textile type which may a� ect 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 (di � erent 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 e� ect of fabric type on the release of PFAAs during textile
aging was shown previously.49 Here, of course systematic errors
in the semi-quanti � cation of $ 10 : 2 FTOHs could also play
a major role.

The THP assay has the clear advantage of per� uoroalkyl
chain length conservation. This is also partially provided by the
PhotoTOP since telomer-based precursors mainly yield PFCAs
with chain lengths of ( n Š 1) per� uorinated carbon atoms. For
example, PFOA is formed from 8 : 2 FTOH. Per� uoroalkane
sulfonyl � uoride (PASF)-based PFAS only yield PFCAs with one
de� ned chain length from both the PhotoTOP and dTOP (e.g.,
PFOA from C8 sulfonamide). 28 Therefore, the PhotoTOP o� ers
more structural information than the dTOP (Fig. 4). Further-
more, with respect to sample preparation e� ort, both the THP
and PhotoTOP do not need time consuming and partially
discriminating SPE which yields highly di � erent recoveries for
PFAAs of di� erent chain lengths depending on the used sorbent
material. Potential losses from ultra-short chain PFCAs a� er
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
per� uoroalkyl 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 per � uoroalkyl chain to ( n Š 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-quanti� ed concentrations of n : 2 FTOHs with n $ 10.

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts , 2023, 25, 1298–1310 | 1305
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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 di � erent textiles and observed a strong
ine� ciency 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
per� uoroalkyl side-chains to PFCAs by oxidation. Since the
concentrations of PFCAs still increased a� er 5 h for these
textiles (correlation plots in Fig. 5 include the measured
concentrations a� er 5 h of oxidation), a complete conversion
(up to 100%) seems to be possible a� er approximately 10 h. This
becomes more obvious in Fig. S5† where the concentration
approximately doubled a� er 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 a� er 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
a� er the oxidation of textile extracts where PFCAs were also 25–
50 times lower than those a� er direct oxidation of the textiles.
The EOF results are approximately a factor of 2 higher when
compared to the textile extract a� er 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 kgŠ1

textile or � 3 to over 97 mg F mŠ2 textile (up to � 150 mg mŠ2

PFCAs or� 1600 mg kgŠ1 PFCAs; note: maximum concentra-
tions correspond to di � erent textiles due to di � erent densities).
The results were clearly con� rmed 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 Š1 target PFAS a� er
TOP assay and up to 3160 mg kgŠ1 6 : 2 FTOH a� er hydrolysis.50

Nikiforov measured 300 mg mŠ2 FTOHs a� er hydrolysis of
polyester textiles,29 Zhu and Kannan found 1296 mg m Š2 of
PFCAs in water repellent textiles a� er the TOP assay,51 and
medical textiles investigated by Liagkouridis et al. ranged from
28 to 560 mg F mŠ2.17 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 Š2)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 o� en observed, but can potentially also be attributed to
impurities. 24,42,43,47The water-repellent jersey (T19) and outdoor
fabric (T15) were both certi� ed by the OekoTex Standard 100
which states that all components of the product have been
tested for harmful substances and the product is therefore
certi� ed to be harmless to health. While T19 did not form
PFCAs a� er oxidation, T15 yielded the highest PFCA concen-
trations a� er oxidation compared to all textiles ( SPFCAsPhotoTOP

540 mg F kgŠ1, 2061 mg F kgŠ1 TF) although it was stated to be
coated with Te� on (polytetra� uoroethylene) which would not be
oxidized to the observed PFCA patterns. Besides an SFP-based
DWR impregnation, Te� on can also be present in the textile,
but not exclusively, since the PFCAs a� er PhotoTOP oxidation
explain roughly one quarter of the TF (note that a longer

Fig. 5 Correlation of � uorine in SPFCAs after PhotoTOP and dTOP
oxidation (mg F kg Š1) vs. � uorine 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
insu� cient extraction of SFPs, which is also re� ected 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 � uorine 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 certi � cation 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 Te� on coatings, but showed
totally di � erent chain-length distributions than T15 which
shows that besides Te� on, SFPs are likely present. Signi� cant
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 a� er
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
o� en high production chemicals that are insu � ciently 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 o� en insu� cient 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 and microplastic� bers form during use (e.g., weathering,
sunlight etc.) and washing which is of special concern for long-
chain SFPs still in use.18,19,49,58Furthermore, at the end of their
lifecycle, SFPs can cause problems during disposal in land� lls,
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 and mobile 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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