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ABSTRACT: Hundreds of public water systems across the United
States have been contaminated by the use of aqueous film-forming
foams (AFFF) containing per- and polyfluoroalkyl substances

(PFAS) during firefighting and training activities. Prior work shows -ltilg:rrzweﬂrulgFrzé
AFFF contain hundreds of polyfluoroalkyl precursors missed by + non-targeted HRMS identified
standard methods. However, the most abundant precursors in > ox:
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business information, hindering proactive management of PFAS
exposure risks. Here, we develop and apply a novel method
(Bayesian inference) for reconstructing the fluorinated chain
lengths, manufacturing origin, and concentrations of oxidizable
precursors obtained from the total oxidizable precursor (TOP)
assay that is generally applicable to all aqueous samples. Results
show virtually all (median 104 + 19%) extractable organofluorine (EOF) in contemporary and legacy AFFF consists of targeted
compounds and oxidizable precursors, 90% of which are 6:2 fluorotelomers in contemporary products. Using high-resolution mass
spectrometry, we further resolved the 6:2 fluorotelomers to assign the identity of 14 major compounds, yielding a priority list that
accounts for almost all detectable PFAS in contemporary AFFF. This combination of methods can accurately assign the total PFAS
mass attributable to AFFF in any aqueous sample with differentiation of gross precursor classes and identification of major precursor

37+5 yrs between
patent and
detection

| targeted PFAS

species.

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a large family
of persistent anthropogenic chemicals characterized by a
fluorinated aliphatic chain that does not fully degrade under
natural conditions." Human exposure to PFAS have been
linked to diverse adverse health effects including cancer,
developmental and metabolic disorders, and immunotoxicity.”
Aqueous film-forming foams (AFFF) containing PFAS are
used to extinguish fuel-based fires and have contributed to
contamination of drinking water supplies for millions of
Americans.” The contents and toxicity of AFFF components
are mostly unknown and are frequently protected as
confidential business information within U.S. regulatory
frameworks.” Initial product review under the Toxic Substance
Control Act (TSCA) may access this information, but end-
users, state regulatory agencies, drinking water authorities, and
the public lack access to compound structures, mixture
composition, and toxicity information needed to proactively
manage exposure risks.

U.S. military specifications (MILSPEC) are currently written
for AFFF containing PFAS and other ingredients.5 However,
producers are not required to disclose PFAS use on the
product Material Safety Data Sheets (see examples in Table
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S1). Prior to 2002, the MILSPEC AFFF products predom-
inantly contained perfluorooctanesulfonate (PFOS) and other
PFAS produced by electrochemical fluorination (ECF).® The
voluntary phase out of PFOS and its precursors around the
year 2000 resulted in the proliferation of AFFF containing n:2
(n = 4, 6, 8) fluorotelomer (FT) PFAS that have n
perfluorinated carbons followed by two aliphatic hydro-
carbons.” These replacement polyfluoroalkyl precursors are
thought to share chemical properties similar to PFOS.®
However, most lack commercially available standards,
preventing quantitative detection using targeted analysis.
Several analytical approaches have been developed to
overcome limitations of targeted PFAS analysis using liquid-
chromatography tandem mass spectroscopy (LC-MS/MS).
Many studies use the total oxidizable precursor (TOP) assay to
estimate concentrations of oxidizable precursors in aqueous
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samples.””'* Presently, the TOP assay is the only quantitative

technique for measuring precursors without analytical stand-
ards. However, it may underestimate precursor abundance
because some are resistant to oxidation or yield ultrashort
chain perfluoroalkyl carboxylates (PFCA) that are not
routinely included in targeted analyte lists."”'* Nontargeted
high-resolution mass spectrometry (HRMS) is essential for
identifying the chemical structures of precursors,”">~"” which
can be used in suspect screening lists. Various methods for
total- and organo-fluorine analysis (including total fluorine
[TF]'® and extractable organofluorine [EOF])19 can validate
the completeness of the TOP assay’s ability to capture the total
PFAS mass balance,”® which has not been performed in prior
work, as well as provide quantitative measurements for
precursor molecules/classes identified by HRMS.

Many prior studies show the limited panel of analytes used
in targeted analysis (such as U.S. Environmental Protection
Agency [EPA] Method 533)*' significantly underestimates
PFAS abundance in AFFF”'®** and at AFFF-impacted
sites.” '*'? However, the relative importance of specific
compounds within AFFF has not been quantitatively resolved.
Suspect screening indicates this list can include hundreds of
PFAS at AFFF-contaminated sites.”®> Thus, identification and
ranking of analytes that are most abundant within contempo-
rary AFFF would assist in prioritizing PFAS for further
evaluation.

Here, we present a novel statistical method (Bayesian
inference) that can be applied to provide perfluorinated chain
length and concentrations of oxidizable precursors in any
aqueous sample after using the TOP assay. In AFFF, we
compare the concentrations and composition of precursors
obtained from the TOP assay and Bayesian inference to
measured TF, EOF, and chemical structures identified using
HRMS. Our analysis includes nine contemporary FT AFFF,
one legacy ECF AFFF, and a Class A foam reported to be
PFAS-free. The AFFF were diluted and analyzed as if they
were environmentally derived samples to demonstrate the
teasibility of methods for field applications. The method
comparisons performed here allow us to validate the fluorine
mass balance in AFFF and create a priority list of the most
abundant suspect precursors that warrant toxicological screen-
ing for potential health risks.

B MATERIALS AND METHODS

Aqueous Film-Forming Foams Analyzed. Nine con-
temporary FT AFFF (FT 1—9), undergoing MILSPEC testing
were purchased along with a synthetic fire-fighting foam
designed for Class A applications (PFOS-CHEK, advertised to
be PFAS-free) by the National Institute of Environmental
Health Science (NIEHS) from commercial sources in 2018
(Table S1). One legacy ECF AFFF was obtained as a 1L low-
density polyethylene (Nalgene, Rochester, NY) subsample of
FC-203CF 3 M LightWater 3% Concentrate AFFF manufac-
tured in 2001. Prior to subsampling, the 10 AFFF and Class A
foam were stored in their original containers at ambient
temperature. We anonymized the identities of these AFFF
(Table S1) using a random number generator and conducted
blinded sample analysis.

Targeted PFAS Analysis. Samples were analyzed for 27
PFAS, including PFCA, perfluoroalkyl sulfonates, n:2 fluo-
rotelomer sulfonates (FTSA), and perfluoroalkyl sulfonamides
(identified further in Table S2), with an Agilent (Santa Clara,
CA) 6460 triple quadrupole liquid chromatography—tandem

mass spectrometer (as shown in Table S3) at Harvard
University following methods described in prior work."'
Details of sample extraction methods and detection are
provided in the Supporting Information (Supporting Informa-
tion).

Fluorine Analysis. TF, EOF, and inorganic fluorine (IF)
were measured using a combustion ion chromatograph (CIC)
with a combustion unit from Analytik Jena (Jena, Germany)
and a 920 Absorber Module and 930 Compact IC Flex ion
chromatograph from Metrohm (Herisau, Switzerland). EOF
was performed on extracts using a mixed-mode, weak anion
exchange resin (OASIS WAX, Waters Corporation, Milford,
MA). Details of each measurement are provided in the
Supporting Information.

Nontargeted PFAS Analysis. Nontargeted HRMS was
performed using a Thermo Orbitrap Fusion mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) at the U.S. EPA.
Analysis was performed on 10 000X volumetric dilutions of the
AFFF mixture using HRMS methods as described previously.”
Unknown compounds that were likely to be PFAS were
identified using MS1 and data-dependent MS2 scans. Specific
details of the method are provided in the Supporting
Information.

Total Oxidizable Precursor Assay. The TOP assay,
modified from Houtz and Sedlak,” was performed on samples
prior to extraction."’ We did not detect changes in PFCA with
more than seven carbons (>C7) from the TOP assay in any
sample. Changes in C3—C7 PFCA (Table S4) were used to
determine the concentration of oxidizable precursors captured
by LC-MS/MS. Specific details of the method are provided in
the Supporting Information.

Quantifying Oxidizable Precursors Using Bayesian
Inference. Prior work hypothesized that the ratio of linear to
branched isomers of PFCA produced in the TOP assay could
be used to infer the origins of precursors in AFFE.’ However,
these ratios are highly dependent on perfluorinated chain
length and functional group and are not known for
precursors.”® On the other hand, information on the molar
oxidation yields of PFCA during degradation of representative
precursors (Table S5)'*'**° suggest that precursors with
distinct perfluorinated chain lengths and manufacturing origins
(ECF vs FT) have unique oxidation yield patterns in the TOP
assay. We use this information along with measured changes in
PFCA concentration due to precursor oxidation (Table S4),
and associated uncertainty, to reconstruct the original
perfluorinated chain lengths, manufacturing origin, and
concentrations of precursor compounds in AFFF using a
statistical technique known as Bayesian inference.”” This
technique allows prior information on precursor identity to be
used in a likelihood calculation for occurrence of different
precursors. For ECF precursors, we use their expected
estimated ranges based on measured PFOS concentrations
from previously published work” as the prior for the Bayesian
inference (Table S6). We use a noninformative uniform prior”’
for FT precursors in AFFF because no statistically general-
izable quantitative information was available.

We distinguish among precursors grouped by perfluorinated
chain length and manufacturing origin by multiplying their
unique yields by an iterative sequence of simulations of their
best estimates using Markov chain Monte Carlo (MCMC)
analysis. We find the solution by minimizing the least-squares
of the log difference of our model and measurements. We
implement our MCMC model using emcee 3.0.2°° in Python
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Figure 1. Fluorine measurements in AFFF performed using four independent techniques. Panel a compares concentrations of extractable
organofluorine (EOF) and total fluorine (TF). Panel b compares EOF and targeted PFAS detected using LC-MS/MS. Hatching of circles denotes
AFFF containing PFAS purportedly phased out since 2015 by the PFOA Stewardship Program.”® Panel ¢ shows EOF and the sum of targeted
PFAS and unknown polyfluoroalkyl compounds detected using the TOP assay. Error bars represent the 25% and 75% of inferred oxidizable
precursors using Markov chain Monte Carlo (MCMC) Bayesian inference method (see Materials and Methods and the Supporting Information).
Ordinal least-squares (a) and weighted least-squares (c) linear regression of PEAS-based AFFF (black dash) in the panels are compared to the 1:1

line (solid gray).

3.7.1. The median and the interquartile range of the modeled
precursor concentrations are reported after subtracting those
identified using targeted analysis (Table S7) as TOP
precursors (Table S8). A complete description of the Bayesian
inference model is provided in the Supporting Information.

B RESULTS AND DISCUSSION

EOF in PFAS-containing AFFF ranged from 220 to 840 mM F
(Figure 1 and Table S1). No fluorine or PFAS were detected in
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Figure 2. Inferred concentrations of oxidizable precursors and their
perfluorinated chain length in AFFF using Bayesian inference and
results of the TOP assay. Panels show probability density functions
estimated by the nonparametric kernel density of the concentrations
of oxidizable precursors in (a) a contemporary FT AFFF (Table S1
FT 1) and (b) the legacy ECF AFFF inferred using Markov chain
Monte Carlo (MCMC) analysis (see Figure S1 for other
contemporary FT AFFF). A high kernel density indicates greater
probability of the estimate. Precursors are grouped by perfluorinated
chain length and manufacturing source. ECF precursors range from 4
to 8 perfluorinated carbons (C4—C8) while FT precursors have n
perfluorinated carbons followed by two aliphatic hydrocarbons (n:2, n
= 4,6, 8).

the Class A foam (Figure 1). Targeted PFAS explained <1% of
EOF in FT AFFF (Figure 1b and Table S9). Long-chain
perfluoroalkyl acids and their precursors, including PFOA,
perfluorononanoate, and 8:2 FTSA, were detected in 6 out of 9
FT AFFF (Figure 1b and Table S7). These compounds were

targeted for elimination by 2015 under the U.S. EPA’s PFOA
Stewardship Program.””

The fraction of PFAS captured using targeted methods
changes over time as new analytical standards are made
commercially available. The availability of these analytical
standards has not kept pace with the new PFAS in commerce,
and the existence of chemical standards does not always
immediately result in the expansion of common PFAS testing
panels. Three zwitterionic and cationic PFAS known to occur
in AFFF were not included on our targeted list and would have
increased, but not completed, the fraction of PFAS accounted
for in the targeted analysis. For example, the expanded U.S.
EPA 533 PFAS panel,”’ published in 2020, captures <50% of
EOF in the legacy ECF AFFF (Figure 1b) despite the product
first appearing on MILSPEC qualified products list over four
decades ago.” Most EOF in the legacy ECF AFFF was PFOS,
which by itself accounted for 34% of the EOF.

We found excellent agreement among the two total fluorine
methods used in this study and precursors reconstructed using
the TOP assay and Bayesian inference (Figure 1a,c). EOF and
TF differed by <20% for all but two AFFF (Figure la).
Agreement between measured EOF and TF in this work
indicates that all precursors (including zwitterionic and
cationic ones) are captured by the mixed-mode WAX used
for extractions. This finding validates the effectiveness of
current analytical methods used to perform site assessments,
which often include extractions to concentrate PFAS in
environmental samples. Inorganic fluorine (IF) was only
detected in the ECF AFFF at trace levels (<4% of TF, Table
S1).

The percent difference between EOF and the sum of
targeted PFAS and oxidizable precursors was <20% in all but
two AFFF (FT 3 and FT 9) (Table S9). In all the PFAS-based
AFFF, measured EOF fell within the interquartile range of
model estimates (Figure 1c). Linear regression indicates our
model agrees 1:1 with EOF within standard error (R* = 0.96,
Figure 1c). These data show that targeted PFAS and oxidizable
precursors inferred from the changes in C3—C7 PFCA
constitute virtually all of the EOF (104 + 19%) in the AFFF
(Table S9). The detection of ultrashort chain PEFCA < C3 was
not needed to complete the PFAS mass balance in these AFFF.
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Table 1. Fourteen Most Abundant PFAS Identified Using HRMS” in Contemporary AFFF”

Patent vear Year of first
Formula PFAS (CASRNY) oo AFF% ed  detection in
environment®
6:2 FTSAS-sulfoxide (1513864-10-2)
P RFRF 0 H .
1 Cy5H;sF13NOsS, FWSWNX\S’/ NA 20183
FFFFFF 0 ¢ O
6:2 FTSHA (88992-45-4)
FFEFFEF
2 CiHigFiNOS FW N 198334 ND
s N¥
FE FFFF on |
6:2 FTSAS (88992-47-6)
FR FR FF F 0 0,
3 CisHigFi3NO4S, FWAS/\)J\NX/\S\\/OH NA 201315
Pt FFFF H °
4  Ci4Hi5F3N,0,S Exact structure undetermined
6:2 FTTh-PrAm (64972-10-7)
FFREFFEF o]
H,oF 35 D
5 Ci1HoF3sNOS E}W/\S/\)LNHZ 1977 N
F FFFF
6:2 FTSA (27619-97-2)
FFFFF F o
6 CyHsF1s0s8 FWS/, 197236 200437
FEFFFF ¢ OH
6:2 FTSA-PrB (34455-29-3)
7 CsHFNOS R NRT SN AN, 197138 201315
F )
FFFFFF ©
6:2 FTNO (80475-32-7)
o
8 CiHFiN,08 FLATRS Aot 19813 201740
F
FFFFFF
EtOH-AmPr-PFHXSAPrS (76201-56-4)
OH o
F H \/ % _OH
9 C16H23F13N20582 F. NTRS Qé'NWNWQb 198041 ND
F »
FFFFFF
6:2 FTSO-OHPrTAm (1513864-18-0)
P RFRF OH |
10 CyyHyoF3NOsS i AN NA 20174
FFFFFF

11 CyHysF13N404S
12 CieHpnF1sNOSS
13 Cy7HyF13N5058
14 CyH3F13N5058

Exact structure undetermined
Exact structure undetermined
Exact structure undetermined
Exact structure undetermined

“HRMS = high-resolution mass spectrometry. YAFFF = aqueous film-forming foam. “CASRN = Registered Chemical Abstracts Service Number.
“NA = No patent for use in AFFF in SciFinder” database. °ND = Not detected in environmental media in studies found in SciFinder" database.

Using the TOP assay and Bayesian inference, we found 90 +
1% PFAS in the contemporary AFFF were 6:2 FTs (Figure 2a,
Figure S1). The only targeted 6:2 FT analyte included in our
analysis (6:2 FTSA) accounted for than 3% of the 6:2 FTs in
the AFFF. Our results showed 8:2 FT's made up <1% of PFAS
in the contemporary AFFF tested (Figures 2a and S1),
consistent with their targeted elimination under the PFOA
Stewardship Program. Modeled concentrations of 4:2 FTs
have the greatest degree of uncertainty (Figure 2a). This is
likely due to the low yields of 4:2 FT's to PFCA > C3 in the

TOP assay (Table SS). However, our modeling and HRMS
work suggest the compounds make up only a small fraction of
precursors in contemporary AFFF. In total, our modeled
reconstruction of precursors suggests that >99% of oxidizable
precursors in the FT AFFF were of FT origin. For the legacy
ECF AFFF, modeling results suggest 81 + 24% of precursors
were of ECF origin. The most abundant precursor (median
63%) in the legacy ECF foam also had six perfluorinated
carbons (Figure 2b).
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Nontargeted HRMS revealed 14 suspect PFAS (Table 1)
above an integrated peak area of 500000 (a qualitative
threshold to establish a priority list of major AFFF
constituents) (Tables S10—S12) (Figure S2). The most
abundant PFAS were all confirmed to be 6:2 FTs and
comprised 96 + 1% of PFAS peak area in negative ionization
mode and 92 + 6% of PFAS peak area in positive ionization
mode (Figure S3). These results are consistent with the
dominant precursors identified using the Bayesian inference on
TOP assay results.

We identified chemical structures and registered Chemical
Abstracts Service numbers for 9 of the 14 PFAS identified in
the FT AFFF using SciFinder™ and reference MS/MS spectra
from literature sources (Table 1 and Figure S4). Four PFAS
(Table 1: PFAS 3 and 6—8) were recently identified in
contemporary AFFF from European manufacturers.'® Other
work has identified several of these compounds in AFFF-
contaminated environmental media (Table 1), indicating the
potential for human and ecological exposure to these
compounds. The average time between patent date for AFFF
use and environmental detection was 37 + S years (Table 1).
Prior work on legacy PFAS has shown that decades may be
required to associate those exposures with health risks,
potentially resulting in widespread exposures in the general
population before mitigation measures are initiated.””'

Two compounds (Table 1: PFAS 6 and 7) are listed as
existing, active chemicals in commerce in the United States
TSCA and European Union REACH chemical inventories.
However, no publicly available toxicological data are available
for either of these compounds based on a search in the EPA
CompTox Database,”> and limited toxicity information is
presented in the REACH registration dossiers.

We estimated release of 2—S kmol yr~' of 6:2 FTs from
ongoing AFFF use in the United States by combining our
measurements with estimated AFFF use from Darwin® (Table
S13). 6:2 FTs are not directly regulated, but several have been
shown to transform into regulated compounds upon environ-
mental release.””" If these compounds exhibit similar
toxicities, regulations based solely on their degradation
products would underestimate the risks of ongoing AFFF
use. Further assessment of the toxicities of these 14
compounds, and their mixtures is urgently needed.

The analytical and statistical methods presented here can be
applied to AFFF-impacted environments to better understand
the composition of dominant PFAS. Bayesian inference on
TOP assay results is a generalizable technique that enables
quantification of the chain length and concentrations of
precursor compounds. When combined with EOF analysis, this
technique identifies whether most precursors in an aqueous
sample are captured by the TOP assay or remain unidentified.
Such information is complemented by HRMS that allows
identification of suspect PFAS and can confirm the chemical
structures of major precursors identified in the TOP assay, as
shown here for the 14 dominant precursors in contemporary
AFFF.
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