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ABSTRACT: Historically, 3M aqueous film-forming foams (AFFFs) were released at U.S.
military and civilian sites to extinguish hydrocarbon-based fuel fires. To date, only C,—C,
homologues of the perfluoroalkyl sulfonic acids (PFSAs) are documented in 3M AFFFs.
Perfluoroethanesulfonate (PFEtS) and perfluoropropanesulfonate (PFPrS), two ultra-short-
chain PFSAs, were discovered by liquid chromatography (LC) quadrupole time-of-flight mass
spectrometry. Once they were identified, PFEtS and PFPrS were then quantified in five 3M
AFFFs and in one groundwater sample from each of 11 U.S. military bases by LC tandem
mass spectrometry. Concentrations of PFEtS and PFPrS in the five AFFFs ranged from 7 to .
13 mg/L and from 120 to 270 mg/L, respectively. For the groundwater, PFEtS was quantified
in 8 of the 11 samples (11—7500 ng/L) and PFPrS in all samples (19—63000 ng/L). The
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high water solubility, mobility, and detection frequency of these ultra-short-chain PFSAs
indicate that groundwater contaminant plumes may be larger than previously believed, and their removal by conventional

activated carbon will be challenging.

B INTRODUCTION

Identifying the active ingredients in aqueous film-forming
foams (AFFFs), which were repeatedly applied at firefighter
training sites, is a critical first step to understanding the extent
of groundwater, soil, and sediment contamination at fire-
training areas on military and civilian sites. Over the past few
years, efforts focused on identifying per- and polyfluorinated
alkyl substances (PFASs) in AFFFs resulted in the
identification of PFASs with novel headgroups (e.g., zwitter-
ionic and cationic) attached to common chain lengths (e.g.,
Ci—Cp).' ™

A number of analytical tools exist for identifying unknown
PFASs. Combustion ion chromatography is used to measure
total and adsorbable organic fluorine but cannot be used to
identify individual PFASs.>>° F nuclear magnetic resonance
(NMR)”® and fast atom bombardment mass spectrometry’
provide qualitative structural information about PFASs. The
total oxidizable precursor assay, which is based on the oxidation
of polyfluoroalkyl “precursor” substances to perfluoroalkyl
carboxylic acids (PFCAs), is used to quantify precursors in
urban runoff and groundwater.” Alternatively, quadrupole time-
of-flight mass spectrometry (QTOF-MS) and Fourier trans-
form cyclotron ion resonance mass spectrometry provide high-
resolution, high-mass accuracy information that is critical for
identifying unknown PFASs."*"°

With these analytical tools in hand, attention is now shifting
to closing the mass balance on PFASs in groundwater impacted
by AFFF, with emphasis on the identification of polar
biodegradation intermediates.>**"'* In contrast, the existence
of ultra-short-chain homologues of well-known classes [e.g,
perfluoroalkyl sulfonic acids (PFSAs)] receives little attention.
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Notable recent work by D’Agostino et al. was the first to
identify the C; homologues in AFFFs for a number of
polyfluorinated classes.” A limited number of groups indicate
the analytical capacity to detect the perfluoroethanesulfonate
(PEEtS) and perfluoropropanesulfonate (PFPrS),"*~'¢ yet
none report environmental levels of PFEtS and PFPrS above
the analytical limits of detection (LODs). To the best of our
knowledge, only two reports document low levels (<20 ng/L)
of PFEtS and PFPrS in waste and tap waters.'”'® Short-chain
(C4—Cg) PECAs and PFSAs, however, are gaining attention
with respect to public policy. The U.S. Environmental
Protection Agency’s (EPA) Third Unregulated Monitoring
Rule (UCMR3) includes perfluorobutanesulfonate (PFBS),"
and the National Center for Environmental Assessment just
recently established provisional peer-reviewed subchronic and
chronic reference doses for PFBS.*

Current efforts in our laboratory to add all newly identified
PFASs associated with AFFFs to analyte lists for QTOF-MS
investigations resulted in the discovery of measurable levels of
PFEtS and PFPrS in groundwater and AFFFs containing PFASs
produced by electrofluorination (ECF). The presence of PFEtS
and PFPrS was then quantified in AFFFs and groundwater by
liquid chromatography—tandem mass spectrometry (LC—MS/
MS).
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B MATERIALS AND METHODS

Chemicals. Chemicals, reagent sources, purity information,
and chemical names for standards and internal standards are
provided in the Supporting Information. To the best of our
knowledge, no authentic analytical standards for PFEtS and
PFPrS were commercially available, whereas others received
PEPrS as gifts.”’18

Sample Collection. 3M AFFF Formulations. Five 3M
AFFF formulations, consisting of one formulation each
manufactured in 1989, 1998, and 2001 and two formulations
from 1993, were reanalyzed for this study.”’ The AFFF
formulations came from an archive of AFFF samples obtained
from U.S. military bases as previously described."

Groundwater. The groundwater samples analyzed for this
study were collected between 2011 and 2014 from nine
different U.S. military bases (sites A—F and H-J) by third
parties as detailed elsewhere.”’ Two samples (sites G and K)
that were archived at —20 °C since 1999°* were reanalyzed to
give a total of 11 groundwater samples from 11 military sites.

Sample Preparation. The AFFF formulations were diluted
39000—120000-fold in HPLC-grade water for QTOF-MS
analysis and 60000—600000-fold for LC—MS/MS analysis;
the dilution factors were based on previous data for C,—C,
PFSAs in the same five 3M AFFF formulations.”" Groundwater
samples were diluted in reagent water 1—140-fold for QT OF-
MS analysis and 1—-50-fold for LC—MS/MS analysis. The 3M
AFFF from 1998 and groundwater from site A were analyzed in
triplicate to determine the precision of the measured values. All
other samples were analyzed once.

Diluted AFFF and groundwater were extracted using a micro
liquid—liquid extraction as described elsewhere;>' a brief
description is given in the Supporting Information. Given the
lack of authentic PFEtS and PFPrS standards, it was assumed
that the extraction and ionization efficiencies of PFEtS and
PEPrS were equivalent to those of PFBS.

Discovery by Liquid Chromatography—Quadrupole
Time-of-Flight Mass Spectrometry. Chromatographic
separations were performed on a Shimadzu (Columbia, MD)
LC-30AD instrument. A 10 uL aliquot of each sample was
injected onto an orthogonal chromatographic system consisting
of silica and propylamine (NH,) guard columns placed in series
with a C18 analytical column.”’ The method by Backe et al.*'
was modified to accommodate the decreased capacity of
current, commercially available NH, guard columns (see the
Supporting Information).

A quadrupole time-of-flight ABSciex (Framingham, MA)
TripleTOF 5600 instrument with electrospray ionization in
negative ionization mode was used to obtain QTOF-MS data.
All data were collected in the information-dependent
acquisition mode for nontarget analysis. Extraction blanks,
consisting of water taken through the extraction process, were
run throughout the sample list to ensure that there was no
instrumental contamination or carryover between samples.
Instrumental parameters are listed in the Supporting
Information.

QTOF-MS Data Analysis Strategies. Negative mass
defects (0.950—1.00)**** were used to screen the QTOF-MS
data collected for the groundwater at site B. A negative mass
defect occurs when an ion’s accurate mass (to four decimal
places) is slightly smaller than its nominal (rounded to a whole
number) mass.” PFASs sharing a common headgroup but with
varying lengths of the fluorinated carbon backbone were
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classified by mass differences of S0 Da (-CF,-) for
perfluorinated compounds.”

Masses detected in the extraction blank samples were
manually eliminated from the detected masses in the site B
groundwater sample. Remaining masses with mass defects
between 0.950 and 1.00 were extracted from the background-
subtracted chromatogram. The masses of the extracted ions
were first normalized to the CF, scale (eq 1).** The resulting
masses (CF, scale) were then normalized to the mass defect
(CF, scale, eq 2).** A Kendrick mass defect plot [plot of the
mass-to-charge ratio (m/z) vs the mass defect (CF, scale)]
gives rise to homologous series, each characterized by a unique
mass defect.”* The mass defect plot for the site B groundwater
was inspected for multiple peaks. Any peak that was lower in
intensity shared an m/z with a higher-intensity peak within §
ppm mass error and gave a mass defect (CF, scale) of +0.005,
and a retention time of +0.3 min was eliminated and attributed
to branched or linear isomers. The S ppm error about the
measured accurate mass also applies to the error about the mass
defect [CF, scale (see the Supporting Information)].

mass(CE, scale) = l:mass(extracted ion) X L]
49.99681

(1)

mass defect(CF, scale)

= mass(CE, scale) — nominal mass(rounded down, CF,
)

The extracted jon chromatogram (XIC) manager in
PeakView 2.1 (ABSciex) was used to generate XICs for each
AFFF and groundwater sample based on the entered list of
exact masses and chemical formulas for PFEtS (199.0782 Da,
C,FsSO,H) and PEPrS (249.0938 Da, C,F,SO,H). PeakView
2.1 positively identified PFEtS and PFPrS in samples when the
detected masses gave a mass error of <5 ppm, when compared
to the exact masses, and measured isotope ratios that were
within 10% of the predicted isotope ratio.

Quantification by LC—MS/MS. Details of the LC—MS/
MS method, PFEtS and PFPrS limits of detection and
quantification, MS/MS transitions, and quality controls are
outlined in the Supporting Information.

scale)

B RESULTS AND DISCUSSION

Ultrashort (C, and C;) Perfluoroalkyl Sulfonate
Discovery. A plot of m/z against the mass defect [CF, scale
(Figure 1)] indicates six homologous series of PFASs in
groundwater at site B. Initial attempts to identify PFASs with
novel polar headgroups using the site B groundwater confirmed
the three classes of PFASs known to be present™" and provided
evidence of three additional homologous series whose
structures do not match any precursors present in AFFE.?
However, the identification of PFASs with novel headgroups is
beyond the scope of this study and is rather the focus of an
ongoing investigation.

Two ultrashort PFSAs (PFEtS and PFPrS) were discovered
during a close inspection of the masses below PFBS (solid black
dots in Figure 1) in the PESA class. The dot at m/z ~200
corresponds to PFEtS, and the dot at m/z ~250 corresponds to
PFPrS. Because all homologues within a class have the same
normalized mass defect,”* the two solid black dots in the PFSA
class were identified as PFEtS and PFPrS. The presence of

DOI: 10.1021/acs.estlett.5b00049
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Figure 1. PFAS homologous series found in groundwater from site B.
The solid black dots indicate PFEtS and PFPrS. The asterisk
represents unidentified classes. FtSAs, PFCAs, and PFSAs are the
fluorotelomer sulfonic acids, the perfluorocarboxylic acids, and the
perfluorosulfonic acids, respectively. The width of the gray lines
indicates the 5 ppm error about the normalized mass defect.

PFEtS and PFPrS was confirmed by comparing the measured
and theoretical exact masses using the XIC manager. A
detection frequency of 100% for PFEtS and/or PFPrS was
obtained upon analyzing the five 3M AFFF and 10 remaining
groundwater samples, which prompted subsequent quantifica-
tion by LC—MS/MS.

3M AFFF Concentrations of PFEtS and PFPrS. Both
PFEtS and PFPrS were quantified in all five 3M AFFFs
manufactured over a period of 12 years [1989—2001 (Figure
2)]. Concentrations of PFEtS in AFFF formulations ranged

100,000

10,000 _
) H H
@ - H Hl mPFEtS
£ 1000 { - - -~
s ™ H H wPFPrs
= m 1l OPFBS
£ H Hl OPFHxS
e o - aPFOS
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1989 1993A 19938 1998 2001
3M Manufacture Date

Figure 2. Concentrations of PFEtS and PFPrS relative to the three

most abundant perfluoroalkyl sulfonic acids (C,, C4, and Cg PFSAs) in
the five 3M AFFFs manufactured over a period of 12 years. Error bars
represent the relative standard deviation determined from n = 3
replicates of 3M AFFF manufactured in 1998. See ref 21 for PFBS,
PFHxS, and PFOS concentrations.

from 7.0 to 13 mg/L and comprised 0.22% of the PFSAs on
average. The concentrations of PFPrS were higher and ranged
from 120 to 270 mg/L, which comprised 3.5% of the PESAs on
average. On the basis of the data from the limited AFFF sample
collection, concentrations of PFEtS and PFPrS and their
relative contribution to the PESA class appear to be relatively
constant over the period of 12 years. PFEtS concentrations
were the lowest compared to those of the C;, C,, Cq4, and Cq
PESAs across the period of 12 years. On the contrary, PFPrS
concentrations were similar to that of PFBS in all five AFFFs,
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and PFPrS was tied with PFBS as the third most abundant
PESA in 3M AFFFs over a manufacturing period of 12 years.
The identification of PFEtS and PFPrS in 3M AFFF
formulations is consistent with available information about
the production of sulfonic acids and salts by ECF. The ECF
process produces PFSAs with 1—18 perfluorinated carbon
atoms depending on the hydrocarbon starting material used.”
The 3M Company acknowledges in their AFFF patent that the
C,—C,, PFSAs are present in their AFFF formulations.*
However, PFEtS and PFPrS may be part of the “residual
organic fluorochemicals” listed on materials safety data sheets
for 3M AFFF formulations.”” The presence of PFEtS and
PFPrS may also result from the cleavage of carbon—carbon
bonds during the ECF process, which generates PFSAs with
chain lengths that are shorter than the starting material.”
Whether PFEtS and PFPrS were present in 3M AFFFs before
1989 is unknown because no 3M AFFFs manufactured before
1989 were available at the time of the study.' Given the
presence of PFEtS and PFPrS in 3M AFFFs, the next phase of
the study was to quantify PFEtS and PFPrS in groundwater.
Groundwater Concentrations of PFEtS and PFPrS.
PFEtS was quantified in 8 of the 11 groundwater samples
(Figure 3 and Table S1 of the Supporting Information) at

1,000,000 1 =

100,000

g 10,000 1
2

e mPFEtS
-.% 1,000 L M PFPrS
.‘E' OPFBS
§ OPFHxS
8 100 - mPFOS
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| SN E NN NN

| SN EEEEEEEEEEEEEEET
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Site

Figure 3. Concentrations of PFEtS and PFPrS relative to PFBS,
PFHxS, and PFOS for a representative seven-site subset of the 11
groundwater samples. Error bars represent the relative standard
deviation determined from n = 3 replicates of the groundwater sample
from site A. The asterisk indicates PFEtS fell below the method limit
of detection (0.80 ng/L).

concentrations of 11-7500 ng/L. PFPrS was quantified in all
11 groundwater samples (Figure 3 and Table S1 of the
Supporting Information) with concentrations of 19—63000 ng/
L. As expected, the presence of PFEtS and PFPrS at these 11
sites, some of which have been closed since 1990, clearly
indicates that ultrashort PFSAs are as persistent as their long-
chain homologues (e.g,, PFOS).

The relative ratios of PFEtS and PFPrS to PFBS, PFHxS, and
PFOS in groundwater vary among the seven sites (data for the
four other sites were similar but are not shown). The variability
in PFEtS, PFPrS, and PFBS ratios may be due to several factors,
including site hydrogeology, sampling location relative to the
points of AFFF discharge, variations in AFFF composition and
use over time, the transport characteristics of each chemical,
and the time between the last AFFF application and sampling.

DOI: 10.1021/acs.estlett.5b00049
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In addition, the composition of 3M AFFF formulations prior to
1989 may differ significantly from the composition of those
examined for this study. Furthermore, PFEtS and PFPrS may
result from the biodegradation of perfluoroalkyl sulfonamide-
based precursors in a manner analogous to that of PFOS.***
However, only one report identifies three C; analogues of
known precursors [perfluoropropyl sulfonamido amine, per-
fluoropropyl sulfonamide amino carboxylate, and unnamed
class (class U in ref 2)] in commercial 3M AFFFs, while no C,-
based precursors were identified.”

To the best of our knowledge, no health-based risk values
exist for PFEtS and PFPrS. However, some health-based risk
values exist for the closest related homologue in the PFSA
series, PFBS. The Minnesota Department of Health (MDH)
established a subchronic and chronic non-cancer health risk
limit (HRL) of 7000 ng/L for PFBS,* and Germany set a
provisional health-related indication value (HRIV) for PFBS at
3000 ng/L.3’1 The concentration of PFEtS in groundwater at
site K and the concentration of PFPrS at sites B, G, H, and K
are above the HRL and HRIV for PFBS. Given the presence of
PFEtS and PFPrS in groundwater at U.S. military bases, these
ultrashort PFSAs may be present in other drinking water
sources.

To the best of our knowledge, no toxicological information
or occurrence data for biota are available for PFEtS and PFPrS.
Only a limited number of studies have examined the
toxjcitysl_33 of PEBS, the closest PFSA homologue, in animals.
In addition, only two reports indicate shorter serum elimination
half-lives in rats, monkeys, cows, and humans compared to
those of longer-chain PFSAs, primarily because of the
elimination of PFBS through urine.**** Despite lower serum
elimination half-lives, PFBS was found in human serum and
tissues.> %% By analogy, PFEtS and PFPrS may also be found
in human serum and other tissues, despite their high water
solubility.

Implications. The discovery of the two ultra-short-chain
PESAs in AFFFs and at a high detection frequency in
groundwater from 11 military sites indicates that PFEtS and
PEPrS are present and have gone unmonitored at sites where
AFFFs either are currently or were historically used for
firefighting and training purposes. High-mass accuracy mass
spectrometry led to this discovery more than 15 years after the
first early reports of PFOS and other PFASs in AFFF-
contaminated groundwater.”*>**"* After the 2002 phase-out
of Cg-based chemistries, 3M shifted its ECF-based synthesis to
C,-based chemistries.*>*® Given the continuation of ECF-based
syntheses in the United States and abroad,*' PFEtS and PFPrS
production and use may actually increase and result in
continuing human and environmental exposure. Because of
their persistence, high solubility, mobility, and the potential for
increasing prevalence in the marketplace, we recommend that
PFEtS and PFPrS be included among the PFASs monitored in
groundwater potentially impacted by AFFFs and other PFASs
sources. Given their high mobility in the subsurface, PFEtS and
PFPrS are most likely to be at the leading edge of PFAS-
contaminated plumes. Removal of these water-soluble forms
will be challenging using ex situ remedial approaches based on
adsorption, such as granulated activated carbon, because an
early breakthrough of perfluorobutanoic acid and PFBS relative
to PFOS has already been documented.**
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