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High-resolution mass spectrometry was used to screen for emerging per- and polyfluorinated alkyl
substances (PFAS) in precipitation samples collected in summer 2019 at seven sites in the United States.
We previously quantified the concentration of ten PFAS in the rainwater samples using the method of
isotopic dilution (Pike et al., 2021). Nine of these targeted analytes belonged to the U.S. Environmental
Protection Agency Regional Screening Level list, herein referred to as EPA-monitored analytes. In this
new work, we identify emerging PFAS compounds by liquid chromatography quadrupole time-of-flight
mass spectrometry. Several emerging PFAS were detected across all samples, with the most prevalent
compounds being C3-C8 hydrogen-substituted perfluorocarboxylic acids (H-PFCAs) and fluorotelomer
carboxylic acids (FTCAs). Concentrations of emerging PFAS were in the 10-1000 ng L™ range
(approximately 1-2 orders of magnitude greater than EPA-monitored PFAS) at all sites except Wooster,
OH, where concentrations were even higher, with a maximum estimated Zpgas of 16 400 ng L™ The
elevated levels of emerging PFAS in the Wooster samples were predominantly even and odd chain-
length H-PFCAs and FTCAs comprised of complex mixtures of branched isomers. This unique

composition did not match any known manufactured PFAS formulation reported to date, but it could
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Accepted 29th October 2022 represent thermally transformed by-products emitted by a local point source. Overall, the results

indicate that PFAS outside of the standard analyte lists make up a significant and previously
unappreciated fraction of contaminants in rainwater collected within the central U.S.—and potentially
world-wide—especially in proximity to localized point sources.
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Environmental significance

PFAS, or per- and polyfluorinated alkyl substances, are ubiquitous chemicals that are both toxic to humans and long-lived in the environment. Typically only
a handful of PFAS are routinely monitored in the environment, and only four are regulated in drinking water across the United States. Here we used high-
resolution mass spectrometry to identify over 20 emerging PFAS in rainwater samples from seven U.S. sites. (Note: emerging PFAS is defined as compounds
that do not appear as EPA Method 533 and/or 537.1 analytes). The most prevalent PFAS were highly branched polyfluorinated carboxylic acids. Wet deposition of
these compounds from the atmosphere could represent an important yet ignored source of PFAS contamination. Results from our regional sampling network
suggest that local point sources exert a significant influence on the isomeric profiles and deposition fluxes of PFAS in precipitation.

manufacturing to consumer products to firefighting.* PFAS are
highly persistent in the environment, and they can enter the
atmosphere through direct emissions or through degradation
of precursors.>® Once in the atmosphere, PFAS and their
precursors can undergo long-range transport in the gas phase or
in the particle phase and return to Earth through wet and dry
deposition.*® Accordingly, PFAS have been detected at remote

Introduction

PFAS, or per- and polyfluoroalkyl substances, are anthropogenic
chemicals with a wide variety of uses, ranging from
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locations such as the Arctic,>'*** the Antarctic,"***> and open
oceans™® that are far from any possible point sources. Transport
and deposition of PFAS is of concern because of the negative
impacts of PFAS on ecosystems and human health."”~>*

Here we focus on atmospheric transport of emerging PFAS
through precipitation. PFAS removal by wet deposition depends
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on rain-air partition coefficients from the gas phase and from
the particle phase.*>** PFAS have been detected in precipitation
from urban, rural, and remote sites around the world.® Most
studies have focused on deposition of perfluorinated carboxylic
acids (PFCAs) and perfluorinated sulfonic acids (PFSAs) because
historically these classes were in the most widespread use,
particularly the C8 species PFOA (perfluorooctanoic acid) and
PFOS (perfluorooctane sulfonic acid).'®**° Other species
previously analyzed in wet deposition include perfluoroalkane
sulfinic acids,* perfluorinated ether carboxylic acids (PFE-
CAs),*>* perfluoroalkane sulfonamides,'®*"**3* perfluoroalkane
sulfonamido ethanols,*® perfluoroalkyl sulfonamido acetic
acids,*** fluorotelomer carboxylic acids (FTCAs),*"***"* fluo-
rotelomer sulfonic acids,* fluorotelomer unsaturated carbox-
ylic acids (FTUCAS),'®3"3**35373% and chlorinated PFAS.** The
acronyms for PFAS classes are summarized in Table S1.f In this
work, we use FTCAs to describe PFCAs with two F atom to H
atom substitutions regardless of the position of the H or
whether the chain length is even or odd, and we use H-PFCAs
(hydrogen-substituted PFCAs) for a single F atom to H atom
substitution, in keeping with the notation in the FluoroMatch
library.*

PFAS are a diverse group of chemical compounds, encom-
passing thousands of structures, and rapidly changing regula-
tions are driving innovation among manufacturers.*>** For
example, as restrictions on the use of PFOA and PFOS spread,
shorter-chain species and species of other functional classes,
such as the C6 ether acid hexafluoropropylene oxide dimer acid
(HFPO-DA, trade name GenX) have become more prevalent.***
Based on total oxidizable precursor assays, only a fraction of
PFAS present in most environmental samples have been
detected by targeted approaches.**** With advances in high-
resolution mass spectrometry (HR-MS), non-targeted analysis
(NTA) has become a powerful tool for solving the mystery of the
unknown fraction.***~** NTA allows for the identification of
unknown compounds without any a priori assumptions about
the sample.”®** Formulae can be determined from accurate
mass measurements and isotopic distributions, and structures
can be predicted from MS/MS fragmentation patterns through
comparison to experimental measurements or to in silico
calculations. Closely related to NTA is suspect screening, in
which high-resolution mass spectra are screened against
extensive libraries. Among the many applications of HR-MS for
PFAS analysis in aqueous media, suspect screening and NTA
have been used to identify emerging PFAS in surface waters,**>®
industrial wastewater,””*® municipal wastewater treatment
plants,®>®® and on particulate matter.*>**

Comprehensive measurements by HR-MS facilitate source
tracking of PFAS.**** The isomeric profile of linear versus
branched species acts as a sort of fingerprint for the
compounds’ origins.*® The manufacturing process of electro-
chemical fluorination (ECF) produces a mixture of linear and
branched products: 70-80% linear for PFOS, 80-85% linear for
PFOA, and ~95% linear for PFHxS (perfluorohexane sulfonic
acid, C6), for example.® Telomerization, in contrast, preserves
the stereochemistry of the starting material (usually linear).
Targeted mass spectrometry with selective reaction monitoring
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can inaccurately measure the isomeric PFAS profile if the
chosen transitions do not capture all isomers and/or chro-
matographic separation is insufficient. Determining whether
the isomeric profile matches ECF is further complicated
because stereochemistry affects reactivity, acidity, water solu-
bility, and partitioning.®*”° Measuring the isomeric profile of
PFAS in a single compartment of the environment is often
insufficient to definitively assign sources.*”””*”® Nevertheless,
isomeric profiles have been used to determine that fluo-
rotelomer alcohol (FTOH) degradation was the major source of
PFAS deposition to alpine lakes” and that a Norwegian lake was
contaminated with PFAS from a paper factory and not from
a fire station.”” For atmospheric samples, branched PFAS
isomers have been quantified in precipitation from semirural
and urban Canada;” in precipitation from the urban centers of
Beijing, Wuhan, and Stockholm;** in precipitation from islands
off the coasts of Sweden and Portugal;® and in particulate
matter from urban centers in China.”””® To the best of our
knowledge, there have been no studies of PFAS isomers in wet
or dry deposition samples in the United States.

Here we report the first applications of suspect screening
and NTA to identify and semi-quantitate PFAS in wet deposi-
tion. This work expands on our earlier targeted measurements
of the C2 and C4-C10 PFCAs, PFOS, and HFPO-DA in rainwater
at six sites in the Ohio/Indiana region of the central United
States, with a reference site at approximately the same latitude
in Wyoming.** The sampling network included a mix of rural,
suburban, and semi-urban locations with no known point
sources near any of the collection sites. PFAS, including HFPO-
DA, were present in all samples from all sites in summer 2019.
The concentrations at the Wooster, Ohio site were significantly
elevated compared to the other locations (p < 0.05). With new
HR-MS measurements for suspect screening and NTA, we seek
to answer the question: What are we missing with the narrow,
targeted approach?

Our goals here are: (1) to identify and semi-quantitate
emerging PFAS in precipitation samples from the central
United States, and (2) to assess sources and spatial trends of
PFAS through regional atmospheric transport. First, we used
liquid chromatography quadrupole time-of-flight mass spec-
trometry (LC-QTOF-MS) to analyze rainwater samples in MS-
only mode to screen mass-to-charge ratios against accurate
mass lists from FluoroMatch*® and NIST.” We then built a list of
preferred ions for data-dependent acquisition of MS/MS
spectra, and we screened the resulting mass spectra against
the FluoroMatch library. We supplemented suspect screening
with NTA using a CF, Kendrick mass defect analysis for
homologous series of FTCAs and H-substituted PFCAs,**®*" as
well as cross-checks against characteristic fragmentation and
neutral loss patterns for PFAS.>***# We semi-quantitated all
identified PFAS with isotopically labelled surrogates, and we
conducted statistical analyses with Kruskal-Wallis tests, prin-
cipal component analysis (PCA), and Kendall's tau correlations.
Finally, we used HYSPLIT***® to model air mass back trajecto-
ries prior to precipitation events.

This journal is © The Royal Society of Chemistry 2022
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Methods

Reagents

Isotopically labelled PFAS standards were obtained from
Wellington (Guelph, ON, Canada), as was the mixture of FTCA
standards (2-perfluorohexyl ethanoic acid, 2-perfluorooctyl
ethanoic acid, and 2-perfluorodecyl ethanoic acid). Per-
fluoropropionic acid and ammonium acetate (LC-MS grade)
were obtained from Sigma Aldrich (St. Louis, MO, USA).
Solvents included LC-MS grade methanol (EMD Millipore) and
Nanopure water (18.2 MQ cm).

Sampling

Fig. S11 shows a map of the seven collection sites: Ashland, OH
(semiurban; 40.9°N, 82.3°W); Rockford, OH (rural; 40.7°N, 84.6°
W); Shaker Heights, OH (suburban; 41.5°N, 81.6°W); Whites-
town, IN (suburban; 40.0°N, 86.4°W); Willoughby, OH
(suburban; 41.6°N, 81.4°W); Wooster, OH (industrial; 40.8°N,
81.9°W); and Jackson Hole, WY (reference; 43.5°N, 110.8°W).
The Wyoming site was selected because it is located at
approximately the same latitude at the Indiana/Ohio sites but at
a distance of ~2500 km. As described in Pike et al.,** rainwater
was collected during precipitation events between May and
August of 2019. Samples were collected in high-density poly-
ethylene (HDPE) tubs and stored in HDPE bottles at 4 °C. At the
Wooster site, a HDPE funnel and carboy were used in place of
the tub. Site blanks to check for contributions from dry depo-
sition were collected at the beginning and end of the campaign.
On a day without rain, 1 L of nanopure water was placed in the
tub or carboy and allowed to remain exposed to the atmosphere
for 24-48 hours. A ride-along blank was also prepared for the
Whitestown site by shipping a 1 L bottle of nanopure water
along with the sample bottles. Sample analysis was conducted
in Wooster, OH. Table S2 in the ESIf lists the number of
samples and blanks from each site.

Sample preparation

Full details of the sample preparation procedure are given
elsewhere.*"* Briefly, samples were spiked with 5.6 ng of each
of the following isotopically labelled standards: perfluoro-n-
[1,2,3,4-"*C4]butanoic acid (M4PFBA); perfluoro-n-3,4,5-"C3]
pentanoic acid (M3PFPeA); perfluoro-n-[1,2-"*C2]hexanoic acid
(M2PFHxA); perfluoro-n-[1,2,3,4-'*C4]heptanoic acid
(M4PFHpA); perfluoro-n-1,2,3,4-">C4Joctanoic acid (M4PFOA);
perfluoro-n-1,2,3,4,5-'*C5]nonanoic acid (M5PFNA); perfluoro-
n-[1,2-*C2]decanoic acid (MPFDA); sodium perfluoro-1-
[2,3,4-"°C3]butanesulfonate (M3PFBS); sodium perfluoro-1-
hexane['®02] sulfonate (MPFHxS); sodium perfluoro-1-
[1,2,3,4-"*C4]octanesulfonate (M4PFOS); and 2,3,3,3-tetra-
fluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)-'*C3-propanoic acid
(M3HFPO-DA). Each sample, typically between 500 mL to 1 L,
was concentrated by solid-phase extraction (SPE) with Oasis
WAX cartridges (250 mg, Waters). SPE cartridges were condi-
tioned with 4 mL of methanol + 0.1% ammonia, 4 mL of
methanol, and 5 mL of nanopure water. The sample was
applied, and cartridges were rinsed with 5 mL of nanopure

This journal is © The Royal Society of Chemistry 2022
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water. A first elution step was conducted with 4 mL of methanol
to collect neutral PFAS, which were not analyzed here. A second
elution step was conducted with 4 mL of methanol + 0.1%
ammonia to collect the eluate analyzed in this work. Eluates
were evaporated to dryness using a homebuilt, Teflon-free
nitrogen evaporator, and samples were reconstituted in 250
uL of methanol. A pooled sample was prepared by combining 10
uL aliquots of all the reconstituted sample extracts including
blanks.

Instrumentation

Samples were analyzed with an Agilent 1260 Infinity II liquid
chromatograph and Agilent 6545 quadrupole time-of-flight
mass spectrometer. A C18 column was used for the chromato-
graphic separation, and negative electrospray was used for
ionization. Data were first collected in MS-only mode, and all
samples were subsequently re-analyzed through data-
dependent MS/MS acquisition with a preferred ions list. Full
method details for chromatography and mass spectrometry are
provided in Table S3.}

Data analysis

The Agilent MassHunter 10.0 software suite and the open-
source software MS-DIAL (version 4.60)** were used for data
processing. The FluoroMatch PFAS library was used for suspect
screening.*® MS-DIAL parameters are summarized in Table S4.t
Strategies for feature reduction, suspect screening, and non-
targeted analysis are discussed in the Results section.

Semiquantitation

Concentrations of emerging PFAS were estimated by scaling the
peak area of the analyte against the peak area of the isotopically
labelled surrogate closest in retention time.*® Because surro-
gates were added prior to solid-phase extraction, their concen-
trations in the samples are known exactly.** This semi-
quantitative calculation introduces appreciable uncertainty
when the analyte and the surrogate are not structurally similar
and their relative extraction efficiencies, ionization efficiencies,
etc. are unknown. Nevertheless, concentration ratios from one
sample to another remain meaningful with this scaling method
since the samples are similar in composition.

Next, concentrations (mass per volume) were converted to
estimated deposition fluxes (mass per unit area) using precipi-
tation amounts from the nearest National Weather Service
station.®® The deposition flux F in ng m~? is given by:

F=1000 x C x d (1)

where C is the concentration in ng L™, d is the rainfall amount
in meters, and 1000 is a conversion factor between m?® and L.
Calculating flux rather than concentration is necessary to
account for washout and scavenging of PFAS at the start of
a precipitation event.*® Further discussion of the uncertainties
in deposition flux can be found in Pike et al.>*

Environ. Sci.. Processes Impacts
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QA/QC

The Non-Targeted Analysis (NTA) Study Reporting Tool (SRT)
was used in designing QA/QC measures and preparing this
manuscript.*”*® Isotopically labeled PFAS surrogates were
added to precipitation samples prior to solid-phase extraction,
as described previously** (see Table S5t and Sample Preparation
section for list of surrogates). Recoveries and analysis of blanks
were outlined previously and shown to be acceptable; results are
summarized in Table S6 and S7.7°* All precipitation extracts
were analyzed by LC-QTOF in random order on a contiguous
worklist. Prior to measurement, a pooled sample containing 10
uL of each precipitation extract sample (including site blanks)
was prepared. The pooled sample, an instrument blank, and
a standard mixture containing 5 ng mL ™" of each PFAS (Table
S8+) were measured after every eighth sample in the worklist.
The standard deviation of the retention time and relative stan-
dard deviation of peak areas are listed in Table S8t for the
standard and Table S91 for the pooled sample. Standards of
perfluoropropionic acid and fluorotelomer carboxylic acids
were analyzed separately using the same method as samples.
Upon re-analysis using data-dependent MS/MS acquisition, the
same worklist (with inclusion of instrument blanks, pooled
sample replicates, and instrument performance check stan-
dards) was used. Inclusion of a feature as a suspect PFAS
required the peak area to be statistically higher than peak areas
found in instrument and site blanks. Concentrations in the site
blanks were not subtracted from concentrations in the samples.
Instead, compounds that did not have concentrations signifi-
cantly higher in the samples than in the blanks (by a one-sided
t-test, p < 0.05) were removed from further analysis.

Statistics

Analyses and visualization were carried out using RStudio
(version 4.1.2).** Non-parametric tests were selected due to the
data not following a normal distribution. Statistical analyses
performed include Kruskal-Wallis tests, pairwise Wilcoxon
Rank Sum post-hoc tests, Kendall's tau correlations, and prin-
cipal component analysis (PCA). For all statistical tests, values
below the detection limit were replaced with a value of zero.
Results with a p-value less than 0.05 were considered
significant.

HYSPLIT

The Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT version 5) was used to calculate air mass back
trajectories for each rain event.** Meteorological data came
from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis Project at 2.5° x 2.5° spatial resolution and 6
hours temporal resolution.”” From the origin at the collection
site, trajectories at 500, 1000, and 3000 m above ground level
were traced backwards six days with a new trajectory added
every four hours.
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Results and discussion
PFAS identification

All precipitation standards and a pooled sample were measured
by LC-QTOF in MS-only mode. The data as a collective were
peak-aligned and processed with MS-DIAL (version 4.60)* using
a FluoroMatch library (version 2.431)**°* to find molecular
features that may be attributed to PFAS. The initial screen of the
MS-only data identified 10594 potential PFAS features, the
majority of which had negative mass defects. High-quality
features were identified by selecting those with the following
five criteria filtered in the order listed: (i) signal-to-noise (S/N)
ratio > 200, (ii) quality scores > 90%, (iii) peak heights > 15
000 in the pooled sample, (iv) formulae that contained only F as
a halogen, (v) and a putative identification determined to be
reasonable based on retention time compared to standards
(within 0.2 min). Relatively high data quality thresholds were
applied in order to provide certainty to the identifications since
there are few studies of emerging PFAS in precipitation. Appli-
cation of the criteria resulted in 96 features. The 96 high-quality
features were then added as preferred ions in a MS/MS re-
analysis of the samples by LC-QTOF in the Auto-MS/MS mode
of Agilent MassHunter Acquisition 10.0 software. Data were
then analyzed using the FluoroMatch MS/MS library via MS-
DIAL, resulting in 979 features. The number was further
reduced to 74 high-quality features based on S/N and retention
time criteria. The 74 high-quality features were further assessed
by verifying fragment ion matches found in MS/MS library
spectra. Since most of the 74 compounds differed only by chain
length, Kendrick mass defect plots were used to validate the
assignments (Fig. S21). Many of the 74 compounds were H-
substituted perfluorocarboxylates of various chain lengths,
eluted stepwise chromatographically within the homologous
series (Fig. S3t). Application of all the criteria above resulted in
the identification of 24 emerging PFAS compounds with confi-
dence levels of 3a or above according to the scale defined by
Charbonnet et al.®> See Table 1 for the list of emerging PFAS and
Appendix A of the ESIf for full data. As a final check, the MS-
only data set was re-screened using the NIST PFAS suspect
list”® and Agilent MassHunter Qualitative Analysis (version
10.0). The NIST suspect screening in MassHunter identified
a total of 3935 features, including the 74 high-quality features
determined via the analysis through MS-DIAL using the Fluo-
roMatch library. It is noted that the stringency of the data
analysis likely excluded low-abundance features. Further
searches for additional emerging PFAS can be done in the
future, and data are available upon request.

Reference standards were commercially available for
compounds 2, perfluoropropionic acid (PFPrA); 11, 2-per-
fluorohexyl ethanoic acid (6:2 FTCA); 17, 2-perfluorooctyl
ethanoic acid (8:2 FTCA); and 21, 2-perfluorodecyl ethanoic
acid (10: 2 FTCA), according to the numbering scheme in Table
1. The standards were analyzed with the same LC-QTOF method
used for the samples in both MS-only and MS/MS modes.
Retention times matched the presumed linear version of the
features in the samples, allowing a level 1 confidence according

This journal is © The Royal Society of Chemistry 2022
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to the scale by Charbonnet et al.®* Interestingly, significant in-
source fragmentation was observed for the telomer acids,
especially for the reference standards, which consisted of only
the linear isomers. Fragmentation led to the loss of CH,O,F, for
all FTCA standards. Overall, there is high confidence in the
identity of the compounds listed in Table 1 based on signal
strength, mass defect score, matching to an MS/MS library,
identification by both FluoroMatch and NIST databases, and
retention times predicted for homologous series.

Additional emerging PFAS were potentially identified out of
the 74 high-quality features measured in MS/MS mode. These
features had confidence levels below 3a as they lacked a match
to a library spectrum, had too few fragments, or had a S/N ratio
< 200. Compounds with S/N > 100 and retention times that are
reasonable based on retention times of standards (n = 22) are
listed in Table S10.}

Most of the 24 emerging compounds identified with high
confidence (Table 1) are H-substituted fluorinated carboxylic
acids similar in chain length (C4-C12) to PFAS compounds on
the EPA list. Incomplete fluorination and presence of odd chain
lengths (ex. 13, 7:2 FTCA) suggest the compounds were man-
ufactured by electrochemical fluorination.®® Curiously, many of
the compounds had substantial amounts of branched isomers
(see below), especially in the Wooster samples. The emerging
compounds are different from aqueous film forming foam
compositions reported in the literature.****® FTCAs have been
reported in precipitation elsewhere,*>*** but to the best of our
knowledge, this study marks the first detection in rainwater of
H-PFCAs with a single F atom to H atom substitution.
Furthermore, we present the first report of such highly
branched FTCAs and H-PFCAs, so little is known about possible
sources. Other emerging compounds identified with high
confidence included PFAS with two carboxylate end groups and
other compounds with H-substituted perfluorosulfonates. The
additional 22 emerging PFAS compounds with lower confidence
(Table S10t) showed a more diverse set of polar functional

groups including sulfonates, thioether acetic acids,
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Fig.1 Extracted ion chromatograms of m/z 376.9846 corresponding
to compound 14 (6:2 FTCA) of the pooled sample (top) and the
analytical standard (bottom) comprised of the linear isomer.
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sulfonamides, and amines. It should be noted that most of the
22 compounds were at lower concentrations compared to the
compounds listed in Table 1. However, if the identifications are
accurate, these data indicate that a wide diversity of PFAS was
found in the sampled precipitation.

The presence of the emerging PFAS compounds in precipi-
tation may be linked to the manufacturing process and to
volatility, which influences atmospheric mixing ratios. Vapor
pressure increases as the chain length decreases and as the pK,
of the acid group increases, allowing the neutral, more volatile
species to form at a lower pH. Substitution of H for F near the
carboxylate head group in PFCAs reduces electron induction
effects and raises the pK, by ~2-3 units.”” It may be that H-
PFCAs are optimal for atmospheric deposition because they
possess a pK, high enough to promote volatilization of the
neutral protonated form and they are also acidic enough to
promote dissolution in aqueous aerosol particles and cloud
droplets.

Fluorocarbon chain length and branched isomers

Polyfluorinated carboxylic acids were the most commonly
detected emerging PFAS in precipitation samples, particularly
in the Wooster location. Compounds with even-length fluo-
roalkyl chains such as 11,17,21 (6 : 2 FTCA, 8: 2 FTCA, and 10:
2 FTCA, Table 1) are typically produced by telomerization, which
due to the synthesis mechanism, results in linear carbon chains
with even numbers of fluorinated carbon groups.®**® Similarly,
the oxidation of fluorotelomer alcohols in the environment also
results in the same even-numbered chain length speciation of
PFCAs.” However, we found that precipitation samples had
substantial amounts of odd chain length PFCAs, for example,
compound 13, 7 : 2 FTCA. Such findings are not indicative of an
even chain length series that would be predicted for PFAS
chain length
compounds were often at the same order of magnitude in
concentration as the even chain length PFAS in the rainwater
samples. For example, the relative ratios of the estimated
concentrations of 6:2,7:2, 8:2,9:2, and 10: 2 FTCA for the 5
June 2019 Wooster sample were 2.6:5.0:3.5:2.2: 1.0, respec-
tively. High concentrations of odd chain length compounds
were consistent for samples at the Wooster location, with 7:2
FTCA sometimes having a concentration similar to even chain
PFAS. The presence of odd chain lengths of PFAS may indicate
other unknown local sources near the Wooster sampling site
that contribute besides direct emission and deposition of
fluorotelomer-derived products from the atmosphere.

Another notable observation was the large number of chro-
matographically distinct peaks observed for the emerging PFAS.
For example, the extracted ion chromatogram (EIC) of the
376.9846 m/z ion corresponding to 6:2 FTCA has many peaks
distributed across the retention time window of 10.5-13.2 min
(Fig. 1). The peaks were attributed to branched isomers,'*
which typically have shorter retention times due to lower affinity
of branched chains to the C18 stationary phase because steric
effects reduce lipophilicy.'***** Interestingly, there were at least
11 chromatographic peaks for 6 : 2 FTCA, which may be due to

produced by fluorotelomerization. Odd
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Fig.2 Extracted ion chromatograms for m/z 394.9759 corresponding
to compound 11, H-substituted PFCA from (A), Ashland, OH; (B),
Rockford, OH; (C), Wooster OH.

both variations in the degree of branching and the position of
the C-H groups relative to the carboxylate end group. The
commercial standard for 6:2 FTCA (alternatively named 2-
perfluorohexyl ethanoic acid) is the linear form, which can be
used to verify the straight-chain isomer. Based upon the relative
peak areas of the linear and branched forms, >70% of the
376.9846 m/z ion feature in the pooled sample was present as
putative branched isomers. This high degree of branching is
uncharacteristic of PFAS manufactured by telomerization,
where linear straight chain compounds are the predominant
isoforms, nor does the profile match what is typically observed
for PFCAs produced by ECF.® It was observed that the branched
isomers in the precipitation samples exhibited less in-source
fragmentation compared to the linear standards. Gas-phase
dimerization was observed in the mass spectra of the linear
FTCA standards, but was generally absent in the spectra of the
putative branched features. We note that when calculating the
amount of PFAS, the sum of peak areas for both the linear and
branched forms was used in semi-quantification.

The peaks of the m/z 376.9846 ion elute across a two-minute
retention time window, which is a fairly broad elution profile.
Nevertheless, we conclude that the peaks are isomers because
they correspond to a single exact mass. Such a wide range is
possible given that Pellizzaro et al'® determined that a C8
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perfluorinated PFAS has 89 potential congeners. Substitution by
H for one or more F atoms leads to substantially more conge-
ners and structural diversity. One of the reasons for the
substantial variation in retention times is the slowly changing
solvent gradient used that is two times longer compared to
previous reports.'® The chemical interactions between a PFAS
analyte and a non-polar stationary phase are not widely
understood. The substitution of an H atom to various isomers
appears to lead to substantial changes in affinity to the C18
stationary phase, potentially due to differences in polarity in
parts of the PFAS structure or to steric effects. The unique
chromatographic behavior of H-substituted emerging PFAS
could be further studied in the future to better understand the
properties of this class of molecules.

All of the H-substituted PFCA compounds identified in Table
1 showed multi-peak EICs characteristic of substantial amounts
of branched isomers (ESI,} Appendix A). The distributions of
the chromatographic peaks (and, by extension, the isomeric
branching profiles) were evaluated with respect to sampling
location and date. The chromatographic profile at Wooster was
unique compared to other sites, where the EICs exhibited less
overall abundance and fewer peaks at earlier retention times.
For instance, compound 14, a H-substituted analogue of PFOA
(m/z =394.9772) had five distinct peaks, whereas only the peaks
with the shortest retention times were present in the chro-
matograms from samples at other sites (Fig. 2). At Wooster, the
presumably branched isomer with the longer retention time
dominated in terms of peak area. The isomeric profiles at
Wooster in comparison to the profiles at the other sampling
sites were consistent regardless of date, implying that location
was the dominant factor controlling PFAS profiles. We
hypothesize that Wooster is located in close proximity to
a unique PFAS point source at the time of sampling, whereas the
profiles at the other locations are more indicative of an average
PFAS background. Moreover, background levels of H-
substituted PFCAs appear more branched than the per-
fluorinated species. It is unknown why the more polar isomers
are the predominant forms with high abundance in the diffuse
regional background, perhaps due to long-term persistence
and/or long-range transport. Further studies correlating the
physical properties of emerging isomeric-rich PFAS and their
fate and transport could be informative.'**

EPA-list PFAS compounds showed much less branching
compared to the emerging PFAS. For example, the branched
fractions of PFOA (C8 perfluorinated carboxylic acid) and PFHxS
(C6 perfluorinated sulfonic acid) comprised < 15% of the overall
peak area (see Fig. S4 and S57). The limited degree of PFOA
branching is consistent with other literature reports testing
precipitation samples.>**” Overall, the polyfluoro (H-
substituted) compounds in our rainwater samples consisted
primarily of branched isomers, whereas the perfluorinated
compounds were primarily found as linear isomers. It is
unknown if the differences in profile are due to source variation,
to distinct transformation pathways, or to changes in physical
properties (e.g., pK,) that alter partition ratios for the different
classes of PFAS. However, these data suggest that further work is
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sorely needed to better model the occurrence, fate, and trans-
port of emerging PFAS.**

Both the high degree of branching among FTCA isomers and
the presence of FTCAs with odd-numbered chain lengths in
precipitation from Wooster suggest a unique localized point
source during the sampling time period.'® Thermal degrada-
tion of PFAS source compounds could explain the unique range
of compounds detected at Wooster; however, recent literature
reviews note that the thermal transformation processes of PFAS
are poorly understood,'**'*” and data have indicated that PFAS
destruction efficiencies depend upon structure, combustion
chemistry, temperature, and operational conditions, such the
presence or absence of oxygen.'*®'* Xiao et al.''® studied the
thermal stability and decomposition kinetics of PFAS from
spent granular activated carbon during thermal regeneration.
Interestingly, a PFOA thermal degradation intermediate with
a precursor m/z of 395 and a fragment m/z of 119 was detected
by low-resolution mass spectrometry.*® This species could
correspond to compound 14 (Table 1) found in our precipitation
samples. It is critical to note that the source of additional PFAS
detected at the Wooster site is unknown. However, the differ-
ences in emerging PFAS seen at Wooster indicate that PFAS can
vary at the sub-regional scale.

Concentrations and fluxes of PFAS in rainwater

Concentrations and deposition fluxes for the newly identified
PFAS are given in Tables S11 and S12,} respectively, for the
precipitation samples at each site. Concentrations in the blanks
are given in Table S13.} The sum of all PFAS (Spg,s) includes the
ten PFAS quantified in Pike et al* and the 22 PFAS semi-
quantified in this work. (Compounds 22 and 24 from Table 1
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Fig. 3 Boxplot comparing the logarithm of the estimated PFAS
deposition fluxes (in ng m~2) of each compound and sampling date
across each site. Red asterisks denote sampling sites with significantly
different (p < 0.05) estimated deposition fluxes from Wooster, OH.
Black points indicate outliers for each sampling site.
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are excluded from the analysis because of their high presence in
method blanks). We refer to compounds as emerging if they do
not appear in EPA Method 533 (ref. 111) and/or 537.1.'*

The most notable result from the semi-quantitative analysis
is the anomalously high level of PFAS in rainwater from
Wooster. To the best of our knowledge, H-PFCAs have never
before been reported in precipitation, and the median
concentrations and fluxes of .ppcas are 782 ng L' and 4.3 x
10* ng m™ 2, respectively, in Wooster. We also report the first
published measurements of 8:2 FTCA, 10:2 FTCA, and 6:2
FTUCA in rainwater anywhere since 2010%* (and in the United
States since 1999).® Concentrations of these species in Ashland,
Shaker Heights, Willoughby, and Rockford are on the same
order as what has been seen elsewhere.’'*>*”% In contrast,
concentrations in Wooster are higher by 1-2 orders of magni-
tude, as shown in Fig. S6.1 The exceptionally high PFAS levels in
rainwater from Wooster, coupled with the unique profiles dis-
cussed above, imply that a point source is likely present in the
immediate vicinity of the sampling site. A previous study of the
influence of point sources on PFAS deposition was conducted by
Barton et al.,”> who measured PFOA in rainwater collected in
2005 near a manufacturing plant that was actively using
ammonium perfluorooctanoate. The authors found PFOA
concentrations of 1660 ng L' in rainwater collected at the
manufacturing site, but the concentrations dropped to
~10 ng L™" at a distance of just 1 mile from the plant.”> The
median Zppas concentration in our Wooster samples was
4450 ng L', on the same order as the concentration of PFOA
observed by Barton et al.** directly at the point source. The
difference in PFAS levels at Wooster relative to the other Ohio/
Indiana sites in our 2019 measurement campaign highlights
the fact that sub-regional variations in PFAS deposition profiles
are possible, presumably due to localized sources.

Regulations and restrictions surrounding PFAS use have
certainly expanded since the 2005 measurements by Barton
et al.”> We no longer observe parts per billion levels of PFOA in
rainwater samples, but we do see parts per billion levels of
emerging PFAS in rainwater. Indeed, Fig. S67 shows that FTCA
and FTUCA levels are even higher now than they were in prior
decades. Although the absolute concentrations and fluxes in
Table S11 and S12} are approximate because of the limitations
of semi-quantitation, the values are still alarmingly high. In
2022, the U.S. EPA updated its lifetime health advisories for
drinking water to just 0.004 ng L' PFOA, 0.02 ng L' PFOS,
0.01 ng L' GenX (HFPO-DA), and 2000 ng L ' PFBS (C4
sulfonic acid)."® With a maximum Zpgss concentration of 16
400 ng L' in rainwater from Wooster, our results show that
these advisories, while ambitious, are likely insufficient to
mitigate PFAS intake, especially given the diversity of emerging
PFAS now present in the environment.

Statistical testing

Statistical testing was carried out to address whether PFAS
profiles in Wooster were significantly different from profiles
elsewhere with reference to class, functional group, or chain
length. Comparisons between sites and PFAS class build on our
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Fig. 4 Boxplot comparing log flux (in ng m™2) of emerging and monitored PFAS at each site. Black asterisks indicate that emerging and

monitored PFAS are statistically different (p < 0.05) at that site.

earlier statistical analysis,** which was limited to a subset of 10
PFAS (C2 and C4-C10 PFCAs, PFOS, and HFPO-DA) in precipi-
tation. All statistical tests herein for samples compared esti-
mated deposition fluxes instead of concentrations to remove
influences of washout and scavenging, which cause PFAS
concentrations to decrease over the course of a precipitation
event.'® We note that the estimated deposition fluxes integrate
both wet and dry deposition over each sampling period, but dry
deposition appeared to contribute a minor fraction of PFAS
according to the site blanks in Table S13.1 (Samples and blanks
were compared using concentrations from Table S137 rather
than fluxes because the method of calculating deposition fluxes
through eqn (1) is restricted to precipitation events and cannot
be extended to blanks). Finally, we acknowledge that the esti-
mated deposition fluxes bear inherent uncertainty because of
the semiquantitative nature of suspect screening and non-
targeted analysis. Nevertheless, Kruskal-Wallis tests, Kendall's
tau correlations, and PCA can provide insight into trends within
the data set.

Overall deposition flux. A Kruskal-Wallis test was used to
compare estimated deposition fluxes of all PFAS across
sampling sites (Fig. 3). As anticipated, deposition of PFAS in
Wooster was significantly different from deposition at most
other sampling sites. All other sites showed no statistical
difference in estimated deposition fluxes. The significantly
greater flux in Wooster suggests that a local point of PFAS
contamination is likely present.

Environ. Sci.; Processes Impacts

EPA monitoring status. In this work, suspect screening and
a non-targeted approach allowed for 23 emerging PFAS to be
identified with high confidence (Table 1, excluding EPA-
monitored compound 16). Fig. 4 compares the estimated
deposition flux of EPA-monitored PFAS and emerging PFAS at
each site. Shaker Heights, Willoughby, and Wooster displayed
significantly different estimated deposition fluxes when
comparing EPA-monitored and emerging PFAS according to
a Kruskal-Wallis test (Table S14f). At each site, estimated
deposition fluxes of emerging PFAS exceeded those of EPA-
monitored PFAS. Indeed, our results likely underestimate the
PFAS fraction in rainwater comprised by emerging compounds
because we did not quantify the additional 23 emerging PFAS in
Table S10t that had lower identification confidence (levels 3¢
and d, 4, and 5a and b).”

Chain length. According to a Kruskal-Wallis test for chain
length and site location, several sites had significantly different
levels (Table S15 and S16}) of ultra-short PFAS (C2-C3) in
comparison to short-chain (C4-C7) and long-chain (=C8) PFAS.
As shown in Fig. S7,7 the estimated deposition fluxes of ultra-
short PFAS greatly exceeded the estimated deposition fluxes of
other PFAS detected in the precipitation samples collected at
Ashland, Jackson Hole, and Shaker Heights. This trend matches
earlier measurements of trifluoroacetic acid (TFA, C2) and
PFPrA (C3) in rainwater in which the concentrations of ultra-
short PFCAs greatly exceeded the concentrations of longer-
chain PFCAs.>¢33»383%114 The ultra-short chain PFAS are likely
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present in precipitation at such high levels because these small
molecules have higher vapor pressures and are more water-
soluble than longer-chain PFAS. Accordingly, TFA and PFPrA
are more likely to enter the atmosphere through volatilization
and subsequently partition into aqueous aerosol particles or
cloud droplets. Furthermore, ultra-short PFAS are readily
formed from reactions of other fluorinated species, such as
longer-chain PFAS or from the hydrochlorofluorocarbons
(HCFCs) and hydrofluorocarbons (HFCs) used as refriger-
ants.>'"* TFA in particular is ubiquitous in all compartments of
the environment, including rainwater.**>*”

Functional class. A Kruskal-Wallis test for functional class
and location indicated that each sampling site displayed
significant differences in PFAS profile according to functional
class. Notably, the estimated deposition fluxes of FTCAs and H-
PFCAs at Wooster are significantly greater than the fluxes of
most other functional classes (Fig. S8 and Table S17 and S187).
In a related analysis, Fig. S97 illustrates differences in estimated
deposition flux for each functional class across all sampling
sites. Wooster had a significantly different deposition profile of
FTCAs, FTUCAs, H-PFCAs, H-PFdiCAs, oPFSAs, and PFCAs
when compared to all other sampling sites (see Table S19 and
S207 for data and Table S17 for acronyms). The differences in
estimated deposition are particularly interesting for the sites
located in close proximity. As shown in Fig. S1,T Shaker Heights,
Rockford, Ashland, and Willoughby are all located within 280
km of Wooster. The differences in functional class profiles
found in precipitation at these sites further support the
hypothesis that elevated PFAS deposition in Wooster is a local-
ized phenomenon.

PFAS correlations. Kendall's tau correlation was employed to
examine the relationship between the estimated deposition
fluxes of individual PFAS at each site. Table S21t highlights
particularly strong correlations (tr > 0.80). PFAS with strong
positive correlations may have originated from the same source,
though origins cannot be proved through correlations alone.
Wooster had the greatest number of correlations between
compounds, which can be divided into the two distinct groups
listed in Table S22.1 First, compounds 1, 2, 3, and 12 (Group A)
were all strongly and positively correlated to one another.
Functional classes of the Group A PFAS vary; however, three of
the four PFAS are short-chain, while the fourth is ultra-short.
Group B consists of 15 PFAS. Again, the functional classes of
these compounds vary greatly, but all have a long chain length.
The A and B groupings, which are defined by their strong
correlations and chain lengths, suggest short-chain and long-
chain PFAS detected in Wooster could have different origins—
either different emission sources or different atmospheric
formation routes.

Principal component analysis. Principal component analysis
was performed on the precipitation samples to visualize simi-
larities between sample compositions, again with the goal of
gaining insight into PFAS origins. The first principal compo-
nent (PC1) explains 96% of the variation in the data, while the
second principal component (PC2) accounts for 3% of the
variation (Fig. S10t). The cumulative variation explained by the
first two components is 99%.
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Fig. S117 clearly shows the anomalous nature of the samples
collected in Wooster. While all other samples lie primarily in
proximity to zero in PC1, the samples from Wooster are more
distributed along this axis. PC1 was strongly correlated (coeffi-
cient > 0.90) to 25 PFAS (see Table S237). The estimated depo-
sition fluxes of these compounds distinguished Wooster from
other sampling sites. In addition, the sample collected in
Wooster on 6 July 2019 is vastly different from all other samples
and is clearly visible in Fig. S117 as an outlier along PC1. This
particular date was a key focus of our air mass back trajectory
analysis, discussed later. Along PC2, sites other than Wooster
displayed more spatial variability in Fig. S11.1 TFA, PFHpS (16),
and HFPO-DA most significantly contributed to PC2, suggesting
that the deposition of these compounds across sites varies
widely. In summary, PCA clearly highlights yet again the
anomalous deposition flux of PFAS in Wooster.

Air mass back trajectories

We turned to air mass back trajectories for further site-specific
insights into whether regional atmospheric transport affected
PFAS deposition profiles. The frequency plots in Appendix B of
the ESIT show regions where the majority of air masses have
crossed. In general, air masses approached the collection sites
from the west. At each site, we compared back trajectories on
days with high PFAS levels (defined as Zppas > 50% of the
maximum Zppas deposition flux) and on days with low PFAS
levels (defined as Zppas = 50% of the maximum Sppag deposi-
tion flux). For most Ohio sites, days with elevated PFAS levels
exhibited more influence from air masses passing over Michi-
gan: more than 25% of trajectories crossed Michigan on high
PFAS days in Ashland, Shaker Heights, Rockford, and Wil-
loughby. Southwestern influences also contributed to air
masses on elevated PFAS deposition days: more than 25% of
trajectories crossed western Illinois on high PFAS days in
Rockford, and more than 25% of trajectories crossed Arkansas,
Missouri, and Illinois on high PFAS days in Ashland and
Wooster. We caution that air mass back trajectories are not
direct indications of PFAS origins; rather, the frequency plots in
Appendix B are intended to simply illustrate patterns in mete-
orological conditions. Although it is reasonable to detect high
PFAS levels in precipitation from air masses that have crossed
Michigan, where PFAS contamination from industrial activities
is well-established,"*® such evidence is circumstantial for rain-
water from the Ohio sites. Insufficient samples were collected to
identify trends in air mass trajectories at Jackson Hole, WY or
Whitestown, IN.

Curiously, PFAS levels in precipitation from Wooster were
about an order of magnitude higher in the 6 July 2019 sample
than in any other sample. The estimated total PFAS deposition
flux and total concentration were 7.48 x 10> ng m~> and 1.82 x
10" ng L*, respectively, on July 6™ in comparison to median
values of 4.41 x 10* ng m 2 and 4.69 x 10° ng L™ for the
Wooster site overall. Even though the July 6™ sample from
Wooster was an egregious outlier on the PCA plot (Fig. S117),
the air mass frequency map for July 6 showed roughly the same
patterns as the maps on the other nine sampling dates in
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Wooster (see Fig. B7 in the ESIT). We conclude that, at least at
the Wooster site, local sources dominated over background
deposition of PFAS from atmospheric transport.

Conclusions

Data here show that emerging compounds may make up
a majority of total PFAS load in precipitation and potentially
elsewhere in the environment if cumulative deposition from the
atmosphere is significant. However, instrumentation to
conduct high-resolution mass spectral analysis is not widely
accessible for routine testing, and data analysis is time-
consuming.® Further measurements of emerging PFAS can be
used to generate targeted analyte lists of representative
compounds that, in conjunction with legacy monitored analy-
tes, should more accurately estimate total PFAS fluxes.
Branched isomers also require further study. The chromato-
graphically distinct mixtures of PFAS observed in non-targeted
analysis highlight the need for a wider range of PFAS stan-
dards. Standards that include branched isomers would be
especially helpful to confirm the identity of mass-identical,
chromatographically distinct features, which would subse-
quently improve the understanding of PFAS mixtures for source
identification. The structural complexity of the emerging PFAS
detected also suggests a need for improved structural databases
of manufactured fluorochemicals. In addition, understanding
how fluorochemicals are chemically transformed, either by an
industrial process or through reactions in the atmosphere, may
be useful to explain the structural diversity of PFAS detected in
precipitation. Toxicological data should be collected to under-
stand the risks of the emerging PFAS. If the high concentration
of emerging PFAS in Wooster, OH is due to incomplete incin-
eration of PFAS, then the data highlight the critical need to
study and optimize thermal mechanisms to mineralize PFAS
and prevent emission of fluorochemicals.
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