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Widespread environmental contamination of legacy long-chain poly- and per-ﬂuoroalkyl substances
(PFASs) has triggered chemical regulatory action and a global transitioning to alternative PFASs. More
than 5000 PFASs are now recognized on various lists, but few have been monitored despite ample evidence of unidentiﬁed organic ﬂuorine in human and environmental samples. Nevertheless, our review
of the literature indicates that nontarget analytical methods based on high-resolution mass spectrometry
have been used to discover more than 750 PFASs, belonging to more than 130 diverse classes, in strategically selected environmental samples, bioﬂuids or commercial products. Among these reports, we
summarize the analytical and data-processing strategies for nontarget PFAS discovery, identify knowledge gaps and propose new areas for method development. Discovery of emerging PFASs before they are
global contaminants could mitigate future contamination if strategic techniques can be developed to
prioritize some of these substances for synthesis and conﬁrmation, further monitoring, source elucidation and hazard characterization.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Per- and poly-ﬂuoroalkyl substances (PFASs) are a general class
of man-made chemicals that have been used for almost 70 years,
but only since 2001 have some of these been identiﬁed as global
contaminants [1,2]. The perﬂuoroalkyl moeity of these molecules
leads to environmental persistence [3], and longer perﬂuoroalkyl
chains impart greater hydrophobicity [4] and lipophobicity [5].
Long-chain perﬂuorinated acids (PFAAs) are of particular concern
due to their combinations of environmental persistence, high bioaccumulation potentials, and associated toxicities [1]. Since their
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discovery as global contaminants in the early 2000s [2,6], there has
been a slow global trend towards regulatory restrictions or bans on
long-chain PFAAs and their precursor PFASs (e.g. Stockholm
Convention [7]), with a concomitant shift to alternative PFASs [8].
According to limited public information, the two main categories of alternative PFASs under ongoing production are the shortchain PFAS analogues, and structurally modiﬁed legacy PFASs (e.g.
perﬂuoroalkyl ether acids) [1]. Information remains limited, but
some existing studies have already suggested that these highly
ﬂuorinated alternatives may not be less persistent [9], less bioaccumulative [10] nor less toxic [11] as intended [9]. Moreover,
traditional long-chain PFAAs and their diverse precursors continue
to be produced and used in a long list of exempted applications [7].
Thus, alternative and legacy PFASs together pose health risks to the
environment and to humans.
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In mass balance studies of total ﬂuorine content, signiﬁcant
proportions of unidentiﬁed organic ﬂuorine are reported in environmental (50% to 99% [12e14]) and biological samples (15% to
99%) [15e17]. In the total oxidizable precursors (TOP) assays
[18e21] where PFASs are oxidized to PFAAs and PFAA concentrations before and after oxidation are determined, known PFAS precursors usually only account for a portion of the produced PFAAs
(e.g. 23% in urban run-off water [18], 3e18% in wastewater [19], 60%
in AFFF-impacted groundwater [21] and 18e82% in river water
[20]). Unknown PFASs, including new alternatives or legacy substances, their transformation products or residual impurities may
contribute to a substantial proportion of unknown organic ﬂuorine
in the environment. These unknowns represent a great source of
uncertainty for ascertaining environmental and human health
risks. Analytical approaches that can discover and characterize such
unknown PFASs are a ﬁrst step to facilitating knowledge on the
hazards and environmental behaviours of these unknown substances. Hypothesis-driven targeted analytical approaches have
had success in the past [22], but this is historically a slow process
and may not be feasible given over 5000 PFASs that are recognized
today [23].
Modern advances in full-scan high-resolution mass spectrometry (HRMS) instrumentation open the possibility to unknown chemical discovery without a priori hypotheses or
authentic standards [24]. This is largely thanks to a combination
of higher mass spectral resolving power (RP), which reduces interferences and may reveal minor features, and high mass accuracy, which allows prediction of molecular formulas for the
spectral peaks. Other important advances include fast fullscanning rates (i.e. >1 Hz), which allows for on-line coupling to
chromatography, and high sensitivity, thereby allowing detection
of some trace contaminants at femtogram levels in full-scan
operation. Commercially available HRMS instruments include
various time-of-ﬂight instruments (TOF-MS, RP  20,000, mass
accuracy 3 ppm, scan rate up to 500 Hz [25]), Orbitrap (Orbitrap-MS, 100,000; 2 ppm; up to 40 Hz [26]) and Fouriertransform ion cyclotron resonance (FTICR-MS, 1,000,000;
1 ppm; 1 Hz) [24].
Nontarget HRMS analysis has been applied in molecular life
sciences [27] and in petroleomics [28], and has most recently
gained popularity in environmental analytical chemistry due to the
above mentioned advances. Since 2010 there have been reports of
unknown PFAS discovery in commercial products (e.g. aqueous
ﬁlm-forming foams (AFFFs) [29e31], surfactant concentrates
[30e33]), in environmental samples (e.g. water [34e39], sediment
[38], soil [40], airborne particulate matter [41] and concrete [40])
and in biological matrices (e.g. ﬁsh liver [42], polar bear [43] and
human serum [44]). In this way, hundreds of new or unexpected
PFASs have been revealed (Table 1). Among such recent contaminant discoveries, some are PFAA-precursors (e.g. perﬂuorooctaneamido quaternary ammonium salt [32]) that could
contribute to environmental PFAA exposure for years to come [45],
some are legacy substances likely present in the environment for
more than 40 years already (e.g. chlorinated perﬂuoroether sulfonates [42]), while others are likely new current-use alternatives
(e.g. GenX C3F7OCF(CF3)COO [35,37]) under large-scale production
today despite ongoing scrutiny of their high potential for global
distribution and health risks [46,47].
In the following sections, we summarize recent advances
(including literature available on-line up to October 31, 2018) in
analytical methods and data-processing strategies in hopes of
facilitating future discoveries that will lead to better understanding
of human and environmental exposures to PFASs. Relevant
knowledge gaps are identiﬁed and possible new methodologies are
discussed.

2. Sample preparation
The purpose of sample preparation is generally to concentrate
analytes of interest, ideally while simultaneously removing unwanted matrix interferences. This is an inherent challenge in unbiased nontarget analysis when the analytes are not known, thus
any sample preparation should be kept to a minimum to prevent
unwanted losses or unnecessary contamination. For example, only
centrifuging was performed prior to PFAS discovery by on-line SPE
water analysis [34]. This can be straightforward if the sample is
relatively concentrated in PFASs (e.g. AFFFs [29,31], surfactant
concentrates [30,31,33,48] and food contact materials [48]), under
which circumstances, simple sample processing techniques such as
solvent dilution [29e31,33] and sonication with solvent [48] are
commonly used (Table 2).
In applications for discovery of new PFASs, a commonly used
sample preparation approach has been to apply similar methods to
those that are used for extracting known PFASs. Similarly, new
extraction methods have been tested and optimized using series of
known PFAS standards. For example, many reports of nontarget
PFAS discovery have directly applied the same solid phase extraction (SPE) methods used previously in targeted PFAS analysis, or
with only minor modiﬁcations [35e38,42]. Mixed-mode weak
anion exchange (WAX) [35e37,42] and hydrophilic-lipophilic
balanced reversed-phase (HLB) [38] are the two common off-line
SPE sorbent materials used. In analyzing AFFF samples, D'Agostino and Mabury [30] applied both WAX and mixed-mode weak
cation exchange (WCX) SPE cartridges for extraction in hopes of
concentrating unknown anionic, cationic and neutral PFASs. In
extracting PFASs in water, Wang et al. [39] used HLB, WCX and
mixed-mode anion exchange (MAX) SPE cartridges and combined
the extracts. Pairing of HPLC to on-line SPE has also been developed
by using ~25 known PFAS standards to optimize a C18-based online
SPE step for wastewater analysis [34]. This had multiple related
beneﬁts, including high speed, high recovery, minimizing
contamination, and high sensitivity by allowing large volumes to be
extracted and immediately directed (up to 5 mL) to the HPLC-HRMS
instrument [34]. In discovering PFASs in polar bear serum, Liu et al.
[43] used ~20 legacy PFAS standards and adapted a stir bar-assisted
sorptive extraction method, previously used for water [49], for
extracting unknown PFASs from up to 10 mL of serum.
Nontarget PFAS discovery slowly moved from applications of
commercial products or industrial discharge to include strategically
selected environmental and biological samples. Sample preparation
thereby becomes crucial yet challenging because the PFASs may only
be present at trace levels in a very complex matrix. There have only
been a few such attempts, and most have utilized strategically
selected samples to maximize likelihood of high PFAS concentrations. Examples include water [34e37,39], sediment [38] or ﬁsh [42]
collected downstream, or in the vicinity of ﬂuorochemical
manufacturing. Similarly, water [31] and concrete [40] have been
analyzed on historical sites where AFFFs were used, serum has been
analyzed from occupationally exposed workers [44] and from polar
bears [43], which are known to biomagnify legacy PFAAs [50]
(Table 2), and airborne particulate matter [41] has been analyzed
from 5 large cities in China (population 1.5e22 million).
To discover PFASs in environmental samples further from
known sources, strategic sample preparation techniques with high
extraction efﬁciency for a wide variety of PFASs are desirable. Kern
et al. [51] packed SPE cartridges with four different sorbent materials and extracted a broad range of compounds from water samples, and combinations of other extraction sorbents could be
explored in future. Granular activated carbon has been widely used
in water treatment for perﬂuorooctanesulfonate (PFOS) and perﬂuorooctanoic acid (PFOA) removal [52], and ion-exchange resins
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Table 1
Review of PFASs discovered by nontarget HRMS to date (October 31, 2018). A detailed version of this table is available on the NORMAN Suspect List Exchange (https://www.
norman-network.com/?q¼node/236) for purposes of suspect screening.
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Table 1 (continued)

are effective in removing a wide range of PFASs [53]. Selective PFAS
desorption techniques from such adsorbents may beneﬁt the discovery process by keeping interferences to a minimum. PFAS
extraction from water and urine using ﬂuorinated solvents, such as
perﬂuorotertbutanol [54], has been explored and reduced matrix
effects were evident compared to WAX SPE. SPE cartridges packed
with ﬂuorinated sorbents (e.g. SiliaPrep™ Fluorochrom SPE cartridges [55]) are another possible candidate for selective PFAS
extraction. Nevertheless, the use of ﬂuorinated materials in sample
preparation must be done cautiously to prevent contamination of
the sample, and use of ﬂuorinated solvents should be done
responsibly to prevent exposure of personnel or the environment.
In addition to developing different sample preparation methods,
complimentary methods based on elemental ﬂuorine detection
may assist in pre-selecting those samples, or their fraction(s), with
highest organic ﬂuorine content. For example, combustion ion
chromatography (CIC) [14] and particle-induced gamma ray emission (PIGE) [56] can both measure total ﬂuorine content in various
sample types. By ﬁrst fractionating AFFF samples and analyzing
each fraction with CIC, D'Agostino and Mabury [30] differentiated
fraction(s) with high organic F signals, which were then selectively
subjected to nontarget HRMS analysis. Both CIC and PIGE, however,
have low sensitivity, limiting their direct application to many
environmental samples. The total oxidizable precursor (TOP) assay
[18] is another technique that might be used to pre-select samples
(e.g. in papers and textiles [57]) containing PFAA-precursors in
future nontarget HRMS studies.

3. Analytical separation and fractionation
Except for a few circumstances where direct infusion has
been used [30,58], chromatography is often coupled to HRMS
for nontarget PFAS discovery. Chromatographic separation
inherently beneﬁts nontarget discovery by separating matrix
components from analytes of interest, thereby improving
sensitivity by removal of matrix effects and minimizing isobaric
interferences. Moreover, commercially relevant PFASs are often
composed of multiple structural isomers (i.e. with the same
exact mass) [5,59], thus the use of chromatography can also
help to separate isomers [31,42], thereby maximizing the discovery potential and revealing mass spectra of pure compounds.
Without
chromatographic
separation,
spectral
interpretation is a much more challenging task and could lead
to incorrect structural assignments. To our knowledge, only one
study has paired gas chromatography with HRMS PFAS discovery, speciﬁcally for exploration of ﬂuoropolymer thermal
decomposition products [58]. All other studies have used
reversed
phase
liquid
chromatography
(LC)
[29,31,32,34e37,39e42,48] (Table 2), which is also the chromatographic method of choice for known legacy PFAAs. C18
analytical column chemistries were employed for separations
prior to nontarget mass spectrometry in almost all studies
reviewed (Table 2), with the only exception being a C8 column
used in one study [35]. For complex samples, two dimensional
(2D)-LC-HRMS methods, as sometimes used in metabolomics
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Table 2
Summary of nontarget PFAS discovery studies.
Reference

Sample & Preparation

Instrumentation & Polarity &
Scan Strategy

Data Processing (Software
Used)

Number classes,
homologues and
individual analytes of
new PFASs

Trier et al., 2011 [48]

industrial blends
/

mass defect, homologous
patterns (MassLynx)

16, 62, 62

Place et al., 2012 [29]

AFFFs
dilution

mass defect, homologous
patterns

10, 27, >27

D'Agostino et al., 2014
[30]

AFFFs, surfactant
formulations
dilution
SPE fractionation
wastewater
downstream of an
industrial
ﬂuorochemical park
online C18 SPE
river water
downstream of a
ﬂuorochemical facility
WAX SPE
ﬁreﬁghter's serum
solvent extraction

LC(C18 column)eESI-eQTOF
(Waters)
full-scan
FAB & LC(C18 column)-ESI-/þe
QTOF (Waters)
full-scan at RP 20K
QTOFeCIC (Sciex) &
LC(infusion)eESI-/þeFTICR
full-scan at RP 120K

mass defect, homologous
patterns (Analyst)

22, 103, >103

LC(C18 column)eESI-eOrbitrap
(Thermo)
full-scan RP at 120K (m/z 400)
alternating in-source
fragmentation scan RP at 35K
LC(C8 column)eESI-eQTOF
(Agilent)
full-scan at ~20K

characteristic in-source
fragments, CF2-mass defect
plots (Xcalibur)

5, 36, 36

statistical comparison to
upstream, mass defects,
homologous patterns, intensity
(MassHunter, MassProﬁler)
background subtraction,
statistical comparison to
control, DDA MS/MS
(MarkerView)

3, 12, 12

Liu et al., 2015 [34]

Strynar et al., 2015 [35]

Rotander et al., 2015
[44]

Dimzon et al., 2016 [33]

polyether formulation
dilution

Xiao et al., 2017 [32]

Fluorad surfactant
dilution

Baduel et al., 2017 [40]

AFFF-impacted
concrete dust and soil
cores
solvent extraction

Barzen-Hanson et al.,
2017 [31]

AFFFs, commercial
products, groundwater
dilution

Newton et al., 2017
[36]

river water
downstream a
ﬂuorochemical facility
WAX SPE

Lin et al., 2017 [38]

lab biotransformation

Gebbink et al., 2017
[37]

water near a
ﬂuorochemical facility
WAX SPE

Liu et al., 2018 [42]

ﬁsh liver
WAX SPE

Yu et al., 2018 [41]

airborne particulate
matter
solvent extraction

Liu et al., 2018 [43]

polar bear serum
polyethersulfone stir
bar-assisted sorptive
extraction

Wang et al., 2018 [39]

wastewater and river
water downstream of
an industrial
ﬂuorochemical park
MXA, WCX and HLB SPE

LC(C18 column)eESI-eQTOF
(Sciex)
DDA: full-scan at RP 30K
(m/z 403)
Up to 12 MS/MS in each cycle
LC(C18 column)-ESI-/þe
Orbitrap (Thermo)
full-scan at ~60K (m/z 400)
LC(C18 column)-ESI-/þeQTOF
(Waters)
DIA: MSE RP at ~10K (m/z 554)
LC(C18 column)eESI-eQTOF
(Sciex)
DDA: full-scan at RP 30K (m/z
403)
Up to 10 MS/MS in each cycle
LC(C18 column)eESI-/þeQTOF
(Sciex)
DDA: full-scan
Up to 12 MS/MS in each cycle
LC(C18 column)eESI-eQTOF
(Agilent)
full-scan at RP ~20K

LC(C18 column)eESI-eOrbitrap
(Thermo)
full-scan at RP 120K
MS/MS at 60K
LC(C18 column)eESI-eQExactive (Thermo)
full-scan at RP 140K
MS/MS at 35K
LC(C18 column)eESI-eOrbitrap
(Thermo)
full-scan RP at 120K (m/z 400)
alternating in-source
fragmentation scan RP at 35K
LC(C18 column)eESI-eQTOF
(Sciex)
DDA: full-scan
Up to 20 MS/MS in each cycle,
RP 30K
LC(C18 column)eESI-eOrbitrap
(Thermo)
full-scan RP at 120K (m/z 400)
alternating in-source
fragmentation scan RP at 35K
LC(C18 column)eESI-eQTOF
(Sciex)
DDA: full-scan
Up to 20 MS/MS in each cycle,
RP 30K

3, 4, 4

mass defects, homologous
patterns (DataAnalysis)

1, multiple, -

MSE characteristic fragments
(MassLynx)

11, 91, >91

intensity threshold cut-off,
mass defects, homologous
patterns, DDA MS/MS
(PeakView)

10, 38, 38

Background subtraction, mass
feature extraction, CF2-mass
defect plots (MassFrontier)

40, 131, >131

mass feature extraction,
statistical comparison to
upstream, mass defects,
homologous patterns
(MassHunter, MassProﬁler)
statistical trend analysis,
intensity threshold cut-off
(Xcalibur, XCMS)

3, 12, 12

suspect screening, homologous
patterns (Xcalibur)

5, 14, 22

characteristic in-source
fragments, mass defects,
homologous patterns (Xcalibur)

10, 73, >330

background subtraction, CF2mass defect plots (Peakview)

9, 34, 34

characteristic in-source
fragments, mass defects,
homologous patterns (Xcalibur)

4, 13, 35

mass defects, homologous
patterns (Peakview)

7, 41, >41

1, 2, 2
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[60], are also a consideration. Such methods can theoretically
enable co-eluting analytes from the ﬁrst column to be separated on the second orthogonal column. For example, Backe
et al. [61] connected two guard columns in front of a C18
analytical column; similar PFASs that co-eluted from guard
columns were separated on the C18 column. The orthogonal
silica and propylamine guard columns in the study retained
cationic and anionic PFASs, respectively, enabling large volume
injections (900 mL) with good separation and peak shape. Performing ofﬂine SPE fractionation before nontarget HRMS can
also assist in reducing interferences [30], and the availability of
versatile SPE cartridges grants researchers many choices in
method
development.
Furthermore,
combining
prefractionation with CIC [12,30] or PIGE [56] may help to accelerate the discovery process by prioritizing only those fractions
with detectable ﬂuorine-signals for further HRMS analysis.
Analyte separations within the vacuum of an MS instrument
are also possible, enabled by differences in gas phase ion mobility
[62]. Ion mobility separation can be particularly useful for
differentiating among isobars, isomers or even enantiomers.
Commercial HRMS instruments incorporating ion mobility cells
are available from multiple vendors [63,64] and can be paired
with HPLC for added selectivity. Third-party ion mobility spectrometers (e.g. FAIMS interface [65]) can also be hyphenated with
HRMS [66].

9

4. HRMS acquisition and workﬂow
TOF [29e32,35,39e41], Orbitrap [34,37,38,42] and Fouriertransform ion cyclotron resonance (FTICR) [30] are three HRMS
technologies already proven as useful tools in PFAS discovery. Most
studies have been performed under negative electrospray ionization mode [32,34e38,40e42,44] (Table 2), thereby revealing new
anionic PFASs (Table 1). In studying AFFFs and commercial PFAScontaining products, some studies have also reported identiﬁcation of cationic and zwitterionic PFASs by the additional use of
positive electrospray ionization mode [29e31,33].
While different identiﬁcation strategies and approaches have
been used, all nontarget discovery studies share the common
workﬂow steps (Fig. 1) of (1) producing highly resolved full-scan
chromatograms and/or spectra to reveal all detectable ions in the
sample, (2) selecting prospective PFAS features from the full-scan
data, (3) assigning plausible molecular formulas, (4) MSn (n  2)
fragmentation experiments to conﬁrm molecular formula and
reveal structural information, and (5) structural proposal or analyte
conﬁrmation.
4.1. HRMS full-scan
Full-scan mode on modern HRMS instruments acquires massto-charge ratios (m/z) over deﬁned mass ranges with a speciﬁed

Fig. 1. General schematic workﬂow for nontarget PFAS discovery by HRMS.
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scanning frequency and/or resolving power (RP), the limits of
which are determined by instrumental speciﬁcations. In mass
spectrometry, RP is the ability of the MS instrument to separate two
adjacent spectral peaks, but is often deﬁned by the full width of a
single peak at half maximum height (FWHM) [67]. When performing full-scan MS, higher RP leads to better separation of
isobaric ions, and may thereby reveal minor analytes that cannot be
observed or distinguished at lower RP. However, higher RP inherently produces more complicated sample mass spectra, and strategies are necessary to prioritize prospective PFAS spectral features
from non-ﬂuorinated compounds.
In previous PFAS discovery studies, researchers have used instruments operating with RP between 10,000 (e.g. TOF, at m/z 554)
[32] and 140,000 (e.g. FTICR, at m/z 200) [37]. RPs >30,000 have
generally been used for complex environmental and biological
samples [34,37,38,40e42,44] (Table 2). For AFFF active ingredient
characterization, D'Agostino and Mabury [30] used FTICR MS with
120,000 RP after ﬁrst concluding that a QTOF MS (~8000 RP) was
insufﬁcient for the purpose. For accurate molecular formula
assignment, RP  60,000 is recommended for reliable formula
assignment for compounds composed only of C, H, O, N, F and P
[24]. For analytes that may additionally contain a sulfur atom,
which is common among PFASs (e.g. perﬂuoroalkyl sulfonates and
sulfonamides), RP  100,000 is recommended to differentiate between the 3.37 mDa mass split of C3 and H4S [68].
4.2. Strategies for identiﬁcation of PFASs in complex mass spectra
It is challenging with no a priori information to distinguish
potential PFAS ions from background signals in full-scan spectra,
especially when PFASs are present at trace levels. This is perhaps
the most difﬁcult and critical step in nontarget PFAS discovery, and
is akin to ﬁnding the proverbial needle(s) in a haystack. Subtraction
of background signals from the instrument or reagents should always be done as a ﬁrst step, and is a common practice in nontarget
discovery studies [31,44]. This is most easily accomplished by
comparison to solvent blanks, procedural blanks or ﬁeld blanks.
More advanced feature-ﬁltering techniques will vary for different
classes of compounds (e.g. isotopic patterns for brominated compound discovery [69]), and some have been developed speciﬁcally
for PFASs. Common practices for data-reduction prior to featureﬁltering include background signal removal [44], intensity
threshold cutoff [40] and grouping by stable isotopes and adducts.
Mass defect is the difference between the nominal and exact
mass of an atom or molecule. Compared to hydrocarbons, PFASs
tend to have low or negative mass defects due to the replacement of
many hydrogen atoms (each with Dm/z ¼ þ0.0079) with many
ﬂuorine atoms (each with Dm/z ¼ 0.0016). Mass defect ﬁltering in
full-scan spectra can therefore serve as a preliminary PFAS featureﬁltering method (Table 2). Depending on whether rounding or
rounding down is used in nominal mass calculation, 0.1 to 0.15
(rounding) [29,30], 0.85 to 1.0 (rounding down) [40] and 0.85 to
0.15 (rounding down) [31] have been used as plausible PFAS mass
defect ranges in previous studies. However, this technique can lead
to false-positives because many contaminants contain other heteroatoms (e.g. S, P, O and Cl) that similarly decrease the molecular
mass defects into this range. For example, bis(1,3-dichloro-2propyl) phosphate (C6H10Cl4O4P) is a metabolite of a ﬂame
retardant ingredient, which has a mass defect of 0.907.
Homologous series searching is another data-ﬁltering method
to ﬂag for the presence of PFASs (Table 2). This technique can be
useful because many PFASs were, and are still manufactured as
mixtures containing a series of chain-length homologues. Homologue m/z spacing depends on the PFAS class, but could be
49.997 for CF2 units [70], 99.994 for CF2CF2 units [70], 64.012 for

CH2CF2 units [36] and 65.991 for CF2O units [70]. Kendrick mass
defect plots [71] have been widely applied in petroleomic studies
[72] to reveal homologues differing by -CH2- in complex HRMS
data, and CF2-normalized mass defect plots, a method integrating
both negative mass defects and homologous series, have been
similarly used for PFAS feature recognition in several studies
[34,36,39,41,58] (Fig. 2, Table 2). Even prior to modern HRMS,
Place and Field [29] used low-resolution fast atom bombardment
(FAB) MS prescreening to identify homologue series with m/z
spacing of 50 or 100 in concentrated AFFFs, followed by higherresolution QTOF analyses to characterize structure of the prospective PFASs.
In an HRMS full-scan spectrum, once a single potential PFAS
feature is identiﬁed, homologue searching is a useful step to
identify related PFAS homologue ions [30,31,35,58]. Moreover,
identiﬁcation of a homologous series provides a further layer of
conﬁdence that the ions are indeed PFASs. With accompanying
chromatographic data, the retention times of the prospective
chain-length homologues should be compared to ensure they
follow a pattern that is theoretically consistent with the chromatographic mode being used. For example, longer homologues
should have longer retention times in reversed-phase chromatography (Fig. 2).
Mass defect ﬁltering and homologue searching are useful, but on
their own may leave too much ambiguity in PFAS feature recognition. Study design is another powerful means of PFAS discovery. For
example comparison between water from upstream and downstream of a ﬂuorochemical manufacturer [35,36], or between
serum from AFFF-exposed ﬁreﬁghters and a control population [44]
(Table 2). Other methods include time trend analysis over a series of
samples collected at different times [73].
PFASs produce highly diagnostic ﬂuorine-containing product or
fragment ions (e.g. C2F
5 ) and/or neutral losses (e.g. HF). Therefore,
in addition to the above techniques which are all based on intact
molecular ions produced in full-scan [29,35,44], PFAS-feature
ﬁltering can also be achieved using characteristic fragments or
neutral losses (Fig. 3). In addition to full-scan acquisition, Rotander
et al. [44], Baduel et al. [40] and Yu et al. [41] acquired MS/MS information in the same analytical run to help discover new PFASs in
ﬁreﬁghters' serum, AFFF-impacted concrete dust, and airborne
particulate matter, respectively (Table 2). By looking for diagnostic
PFAS fragments in MS/MS spectra (e.g. C2F
5 ), the authors respectively ﬁltered out 10, 3 and 9 classes of new PFASs, respectively. In
these analyses, selection of ions as MS/MS precursors was based on
ion intensities in full-scan, so-called “data-dependent acquisition”
(DDA). Because the MS/MS fragmentation scans can only be performed for several of the most intense ions in full-scan [40,44] (e.g.
for up to the top 10 ions [40]), DDA is theoretically most applicable
to enriched samples whereby PFAS signals are dominant. Nevertheless, some of today's HRMS instruments allow background and
dynamic exclusion, making DDA MS/MS of less abundant PFAS ions
more likely.
For some HRMS instruments, MS/MS scanning can also be
independent of the full-scan data. Termed “data-independent
acquisition” (DIA), this is potentially better suited for minor
component recognition (and thus discovery) in general environmental samples because “all ions” are introduced to the collision
cell for fragmentation [74]. Sometimes DIA (e.g. SWATH by Sciex
[64] and DIA by Thermo Fisher [75]) is performed over multiple
pre-deﬁned m/z windows, and higher speciﬁcity and sensitivity
result from spectral acquisition over narrower m/z ranges making
this approach advantageous for discovering trace PFASs. So called
“all ion fragmentation” (AIF) [75], a permutation of DIA, simultaneously fragments the entire m/z range without preselection by
the quadrupole, and is expected to be highly effective for ﬂagging
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Fig. 2. A homologous series (colored points) is ﬁrst identiﬁed based on features occurring on a horizontal line in a CF2-normalized mass defect plot, each separated by m/z 100
(99.9936), which is a CF2CF2 unit. As a conﬁrmation step, the analytes with larger ﬂuorinated chains have longer retention times in reverse phase liquid chromatography.

Fig. 3. Example workﬂow showing PFAS identiﬁcation by diagnostic F-containing fragments and subsequent conﬁrmation steps.

the presence of unknown PFAS ions. Although no previous
demonstration in environmental samples has been reported, Xiao
et al. [32] used an alternating AIF and full-scan procedure on
QTOF for characterizing 3M Co. surfactant concentrates, and they
identiﬁed 12 classes of new PFASs by focusing on ﬂuorinecontaining fragments in both negative (e.g. C3F
7 ) and positive
ionization modes (e.g. C5H3F9NO2Sþ). Analogous AIF techniques
from other vendors include “All Ions MS/MS” [76], and “MSE” [32].
Similar to MS/MS scanning for characteristic PFAS-fragment ions,
neutral loss scanning (i.e. loss of HF) could also be useful in future
applications. This could be performed alternating in time with
full-scan, to screen for ﬂuorotelomer or H-substituted PFASs.
The above AIF-based PFAS discovery study by Xiao et al. [32] is,
from another point of view, a PFAS retention time ﬂagging method.
The diagnostic ﬂuorine-containing fragments in MS/MS scans are
used to ﬂag the retention times of PFAS ions by examining full scan
mass spectra at retention times corresponding to chromatographic

peaks of diagnostic fragments. Two years earlier, a similar, method
termed “in-source fragmentation (ISF) ﬂagging” was developed on
an Orbitrap instrument [34] (Fig. 3), whereby the fragmentation
was induced in the MS source region rather than in the collision
cell. The application of the technique to HPLC-HRMS analysis of
wastewater [34], ﬁsh liver [42] and polar bear serum [43] successfully revealed 5, 10 and 4 classes of previously unknown PFASs,
respectively (Table 2).
PFAS retention time ﬂagging can also be achieved by replacing
AIF or ISF scanning in the HRMS instrument with a stand-alone
ﬂuorine-detection system, running parallel to HRMS after the
chromatographic system. Although no such trials have been done,
as a proof-of-principle Qin et al. [77] analyzed PFAS-spiked samples
by coupling HPLC in parallel to continuum source molecular absorption spectrometry (CS-MAS) and low resolution MS. A fast and
sensitive ﬂuorine detection system is favored in future method
development.
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4.3. Molecular formula assignment
The high inherent mass accuracy of well calibrated HRMS makes
it possible to propose molecular formula(s) for compounds based
on measured and theoretical m/z. Mass accuracy describes how the
measured m/z deviates from theoretical mass of the ion based on its
molecular formula. It is calculated as the ratio of m/z difference
(Dm) to the theoretical m/z, typically expressed as parts-per-million
(ppm) [67]. Modern HRMS instruments all have mass accuracy
speciﬁcations within 5 ppm, and sometimes <1 ppm
[29e38,40e42,44,48]. C, H, O, N, F and sometimes P are commonly
included as possible elements in nontarget PFAS discovery formula
predictions [29,30,34,35,40]. Restrictions on total numbers of these
atoms have been researcher-dependent, but generally guided by
composition of known PFASs. The number of S and Cl atoms, two
common elements in PFASs, can be restricted post-acquisition by
considering isotope patterns [30,42]. When alternating fragmentation scans (e.g. DDA, DIA or SIF) are used, fragmentation patterns
can also be used in setting element number ranges. For example,
the observation of C8F
17 fragment indicates a minimum of 17 F
atoms, while the loss of 2HF and CO2 refer to at least two H atoms
and two O atoms.
Constraints such as charge state, nitrogen rule and double bond
equivalent range are usually also integrated into commercial formula computation software (e.g. Xcalibur, PeakView) to minimize
the number of theoretically possible formula candidates. Candidate
lists may be further reﬁned by applying the “Seven Golden Rules”
[78] and other criteria such as “Chemical Building Blocks” [79] (i.e.
formula extrapolation from smaller ions in a homologous series to
larger ions).

4.4. Structural characterization of unknown PFASs
To elucidate the structure of an unknown PFAS, and in part to
conﬁrm the proposed molecular formula, fragmentation of the
corresponding PFAS ion is a common approach as MS/MS spectra
can be collected in many HRMS systems. Product ion acquisition is
the most straightforward strategy, by isolating the speciﬁc parent
ion, fragmenting by collision-induced dissociation (CID) or other
mechanisms (e.g. electron-capture dissociation [74]), and collecting
the product ions in full-scan mode to obtain complete MS/MS
spectra. CID is the most widely used fragmentation method in small
molecule identiﬁcation including PFASs, and can be performed in a
collision cell [30,31,34,36,41,42,80] or an ion-trap [34,42,80]. Some
HRMS systems can also be used for multiple stage fragmentation
(i.e. MSn). For example, Liu et al. [42] used MSn (with n up to 4) on
an Orbitrap instrument to propose structures of novel N-heterocyclic PFASs in ﬁsh liver extracts.
An additional injection is typically required for product ion
spectral acquisition after full-scan analysis and identiﬁcation of
prospective PFAS ions [29e31,36,37]. However, when using DDA
acquisition, resulting MS/MS spectra have unambiguous precursors, making it possible to accomplish both precise parent
PFAS ion recognition and structure proposal in a single analytical run. Special attention, however, has to be paid to isobaric
interferences, because precursor ion selection in MS/MS analyses is conducted by the quadrupole or linear ion trap, which is
of lower mass resolution and unable to differentiate mass differences below 0.2 amu [81]. On the other hand, in DIA
(including AIF) [32] or ISF [34,42], due to the wide precursor m/z
range, a second injection with product ion acquisition mode is
necessary to produce clean MS/MS spectra for accurate structural characterization. Compared to DDA, DIA and ISF have
greater potential to discover analytes in a single analysis, and

are of high value if the data are to be archived and accessed in
the future for retrospective screening.
4.5. Structural proposal and conﬁrmation
While MSn experiments enable structural proposals for unknown analytes, structural conﬁrmation requires comparison to an
authentic standard or coupling to nuclear magnetic resonance
(NMR) spectroscopy. Nevertheless, structural proposals based only
on mass spectral evidence are valuable to the scientiﬁc community
and are now commonly reported in peer-review for nontarget PFAS
discoveries. However, it is important that such proposals are
accompanied by expressions of uncertainty. A useful guide that has
been used for PFASs are the conﬁdence levels suggested by Schymanski et al. [82]. Here, conﬁdence levels range from 1 to 5, where
1 is the highest level of conﬁdence, conﬁrmed by authentic standard, and 5 is the lowest, used when even the single empirical
formula cannot be proposed with conﬁdence. Level 2 represents
probable structures by comparing to library spectra or by diagnostic evidence, level 3 represents tentative candidates whose
possible structure can be proposed but lack sufﬁcient information
to assign an exact structure, and level 4 is assigned when the unknown analyte ion can only be assigned an unambiguous formula.
Most published nontarget PFAS identiﬁcations are in the CL 2e3
range [29e42,44,48] (Table 1), as authentic standards are rarely
available.
5. Suspect screening
The above sections describe full workﬂows for some nontarget
HRMS discovery approaches. In reality, established databases now
also allow for suspect screening for PFASs, including SFISHFLUORO
on the NORMAN Suspect List Exchange [83], and EPAPFASINV,
PFASKEMI and PFASOECD etc. on the U.S. Environmental Protection
Agency (EPA) CompTox Chemistry Dashboard [23]. In the step of
full-scan acquisition (i.e. Stage 4.1), molecular formula assignment
(Stage 4.3) and MS/MS structural characterization (Stage 4.4),
respectively, suspect screening can be performed against databases
containing: (i) exact mass and isotope patterns [29,35,39,48,83,84],
(ii) generated molecular formula(s), (iii) MS/MS data from literature
and other public databases (e.g. Massbank [41,85], MZCloud [86]), or
MS/MS predictions in-silico (e.g. MetFrag [41], CFM-ID [41], and
MassFrontier [31]).
Suspect screening does not require the immediate availability of
authentic standards, can allow progression from conﬁdence level 3
to conﬁdence level 2 in structural proposals, and can be used for
rapidly screening many samples. Nevertheless, at least 1000 of the
~5000 PFASs listed in public databases have no molecular formula
and/or structural information, thus nontarget analysis is still advantageous for PFAS screening. Moreover, comprehensive nontarget
workﬂows are able to discover potential PFAS transformation products, manufacturing impurities, or PFASs not in available databases.
For example, despite more than 5000 known PFASs in all available
databases, Liu et al. [42] tentatively proposed a new class of perﬂuorinated N-heterocycles in ﬁsh liver with a conﬁdence level of 3.
6. Summary of PFASs discovered by nontarget HRMS
We surveyed the published literature to date (October 31, 2018)
and summarized the PFASs that have been discovered by techniques
covered in this review. The resulting list (Table 1) is organized by
structural category, including per/polyﬂuoroalkyl carboxylic acids
(PFCAs), per/polyﬂuoroalkyl sulfonic acids (PFSAs), ﬂuorotelomers
(FTs) and per/polyﬂuoroalkyl sulfonamides (PFSMs) as the four
major classes. Other structures include per/polyﬂuoroalkyl
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phosphates,
per/polyﬂuoroalkyl
alcohols,
per/polyﬂuoroalkylamides, per/polyﬂuoroalkyl sulfates and N-per/polyﬂuoroalkyls. These new PFASs are usually of structures very similar
to legacy PFASs, with slight modiﬁcations, including H- and Clsubstitution, ether-, thioether and double-bond/ring functionality
insertion, and/or variations on non-ﬂuorinated polar head groups.
In total, more than 750 PFAS analytes in more than 130 classes
have been discovered and reported containing PFAS moieties
ranging from small (e.g. C2F4) to very large (e.g. C44F79) (Table 1).
PFCAs, PFSAs, FTs and PFSMs combined compose 82% of all
discovered PFAS classes, and 74% of all PFAS analytes. This estimate
of total PFAS discoveries may still underestimate the total number
of PFAS molecules observed because of unresolved structural isomers from electrochemical ﬂuorination. Substantial direct evidence
of such isomers has been observed in some nontarget studies with
chromatography [30,31,42] (Table 2), but others used infusion
which masks any isomers for each distinct homologue. Moreover,
coelution may occur even with chromatographic separation. Both
factors may lead to an underestimation of the true numbers of PFAS
analytes already detected. For example, Liu et al. [38] detected
highly complex MS/MS spectra for some PFAS classes in ﬁsh liver
extracts, which likely indicate isomer coelutions.
7. Conclusions and future directions
Historical hypothesis-driven targeted analysis with sensitive
and highly speciﬁc analytical methods have made great contributions to PFAS discovery and to quantiﬁcation of concentrations in
human and environmental samples. However, such methods have
limitations and cannot keep pace with the number of historic and
emerging PFASs in the market place. Recent advances in HRMS
make discovery of unknown or suspect PFASs in human or environmental samples possible without immediate need for authentic
standards, thereby allowing their discovery earlier in the chemical
life-cycle, possibly at the source before they become globally
distributed. Nontarget HRMS methodologies have equipped environmental scientists with powerful tools, and in less than a decade
the scientiﬁc community has detected and proposed structures for
~980 new PFAS analytes (not considering associated branched
isomers) (Tables 1 and 2). With many other known PFASs (e.g.
>5000 [23]), their possible transformation products and side
products, improved workﬂows and increased training of scientists
in nontarget analysis, more PFAS discoveries are inevitable. While
the application of HRMS in nontarget PFAS discovery has signiﬁcantly deepened our understanding of current environmental and
human PFAS exposures, many identiﬁcations remain tentative and
must be followed by authentic chemical standard synthesis for
conﬁrmation, further targeted and quantitative monitoring, as well
as toxicology, all of which are necessary to understand the risks
posed by new substances.
With so many new PFASs being detected and partially characterized, a particularly important question is which of these chemicals should be prioritized for further research, including which
should be synthesized, conﬁrmed, monitored and tested for biological activity. Development of quick, cheap and effective chemical
prioritization systems are therefore of great importance for sound
chemical management and safe environments in the future. One
consideration for prioritization is that, before moving to structural
conﬁrmation (including chemical synthesis), wider-scale spatial
and temporal environmental screening could be done without
concern for absolute concentrations, and PFASs of high detection
frequency, or those showing increasing trends in archived samples,
could be prioritized for further research [87]. Another consideration is the toxicity perspective, whereby quantitative structureactivity relationships (QSAR) could be used to predict which
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PFASs are most likely to have high acute toxicity or other undesirable characteristics such as genotoxicity.
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