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ABSTRACT: The presence of perfluoroalkyl and polyfluor-
oalkyl substances (PFASs) commonly associated with aqueous
film forming foams (AFFFs) at sites without known AFFF
contamination is a largely unexplored area, which may reveal
widespread environmental contaminants requiring further
investigation. Sensitive liquid chromatography-tandem mass
spectrometry (LC-MS/MS) screening for 23 classes of PFASs,
followed by quantitative analysis was used to investigate surface
waters from rural, urban, and AFFF-impacted sites in Canada.
The PFASs detected included perfluorohexane sulfonamide
(FHxSA), 6:2 fluorotelomer sulfonamide (FTSAm), fluoro-
telomer sulfonamide alkylbetaines (FTABs), fluorotelomer
betaines (FTBs), 6:2 fluorotelomer mercaptoalkylamido
sulfonate sulfone (FTSAS-SO2), 6:2 fluorotelomerthiohydroxyl
ammonium sulfoxide (FTSHA-SO), 6:2 fluorotelomer sulfonamide alkylamine (FTAA) and C3 to C6 perfluoroalkane
sulfonamido amphoterics. Detection of FHxSA in all urban and AFFF-impacted sites (0.04−19 ng/L) indicates the widespread
presence of rarely considered perfluorohexanesulfonate (PFHxS) precursors in Canadian waters. FTABs and FTBs were
especially abundant with up to 16−33 ng/L of 6:2 FTAB in urban and AFFF-impacted water suggesting it may have additional
applications, while FTBs were only in AFFF-impacted sites (qualitative; ∑FTBs 80 ng/L). The distributions of PFASs moving
downstream along the AFFF-impacted Welland River and between water and sediment suggested differences in the persistence
of various AFFF components and enhanced sorption of long-chain fluorotelomer betaines. Total organofluorine combustion-ion
chromatography (TOF-CIC) revealed that fluorotelomer betaines were a substantial portion of the organofluorine in some
waters and 36−99.7% of the total organofluorine was not measured in the targeted analysis.

■ INTRODUCTION
Since 1999, aqueous film forming foams (AFFFs) used to fight
liquid-fuelled fires have been implicated in local environmental
contamination with perfluoroalkyl and polyfluoroalkyl sub-
stances (PFASs),1 particularly perfluoroalkyl carboxylates
(PFCAs),1−10 perfluoroalkanesulfonates (PFSAs),2−7,9−11 and
fluorotelomer sulfonic acids (FTSAs).4,12 Extremely high
concentrations of PFASs have been associated with AFFF,
including up to 2 210 000 ng/L of perfluorooctanesulfonate
(PFOS) in Etobicoke Creek immediately after an AFFF release
from Toronto Pearson Airport, Ontario in 20003 and up to
920 000 ng/L of perfluorohexanesulfonate (PFHxS) and
14 600 000 ng/L of 6:2 FTSA in groundwater at Tyndall Air
Force Base, Florida.4 Inputs of AFFF are also implicated in less
extreme contamination of surface waters over longer time
frames, including 290 ng/L of PFOS in Etobicoke Creek in
2009 near the AFFF release site from 2000,7 and 45−64 ng/L
of PFOS in Lake Niapenco downstream of Hamilton Airport,
Ontario in 2010.5

However, while PFOS is a major component of AFFFs
prepared from electrochemical fluorination products and

PFHxS may be found in these products at concentrations less
than 15% of the PFOS concentration, most of these PFCAs,
PFSAs, and FTSAs are not major PFASs in AFFFs relative to
the primary PFAS active ingredients.14−16 In the past five years,
over 20 additional classes of PFASs in AFFFs and commercial
fluorinated surfactant concentrates17,18 and several additional
degradation products of AFFF components14,19−21 have been
identified. Reports of these recently identified AFFF
components in the environment are limited and usually focus
on sites known to have received substantial inputs of AFFF.
Efforts to determine which of the AFFF-related PFASs can be
detected at trace levels in surface waters without known AFFF
impacts, such as urban and rural surface waters, are lacking.
Only a study that estimated concentrations of fluorotelomer
sulfonamide alkylamines (FTAAs) and fluorotelomer sulfona-
mide alkylbetaines (FTABs) in French river sediments at

Received: August 7, 2017
Revised: October 12, 2017
Accepted: November 6, 2017

Article

pubs.acs.org/est

© XXXX American Chemical Society A DOI: 10.1021/acs.est.7b03994
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Cite This: Environ. Sci. Technol. XXXX, XXX, XXX-XXX

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.7b03994
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b03994
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b03994
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.7b03994


0.055−13.5 ng/g in total investigated sites without significant
known impacts from AFFF or AFFF component manufactur-
ing.13

The highly impacted sites that have been investigated in
terms of novel AFFF-related PFASs include on and around
military bases with long histories of AFFF use,14−19 near airport
and other firefighting training areas,19,20 the areas surrounding
large oil fires that were fought with AFFF,19,21−23 and near a
location of PFAS manufacturing for AFFF.24,25 These studies
have determined that a variety of AFFF-related PFASs are
present in environmental samples from these sites, with one or
more congeners of the following fluorotelomer PFAS classes
found in various environmental media: FTABs,17,19−25

FTAAs,17,19−23,25 fluorotelomer mercaptoalkylamido sulfonates
(FTSASs),14,21,23 FTSAS-sulfoxides (FTSAS-SOs),21,23 FTSAS-
sulfones (FTSAS-SO2s),

18 FTSAS-related thioether/sulfone-
linked carboxylic acids,18 fluorotelomer sulfonamides
(FTSAms),21 fluorotelomerthiohydroxyl ammoniums
(FTSHAs),21,23 FTSHA-sulfoxides (FTSHA-SOs),21,23 de-
methyl-FTAAs,21 and fluorotelomer betaines (FTBs).21,23

Perfluoroalkane sulfonamido substances found in AFFFs or
their likely degradation products have also been measured on
highly AFFF impacted U.S. military bases, including C4−C6
perfluoroalkane sulfonamido alkylamine acids (FASAAAs),14

C4−C6 perfluoroalkane sulfonamido alkylamines (FA-
SAAms),14,15 and perfluorohexane sulfonamide (FHxSA).15,16

Many of these studies provided quantitative or semiquantitative
results for the novel AFFF-related PFASs in environmental
matrices.14−17,19,21−25

However, by focusing investigations on highly AFFF
impacted sites, previous studies were not able to address how
widespread these contaminants are in the environment and
whether the patterns in their detection and measured or
estimated concentrations may suggest that they have
applications outside of AFFF. For example, according to a
patent, 6:2 FTAB may be used to coat ceramic surfaces to
prevent deposits.26 In addition, a “betaine partially fluorinated
surfactant,″ Capstone FS-50, is marketed for various
applications, including cleaning and floor care, and has identical
listed properties to Capstone 1157, which is marketed for use in
AFFFs and is presumably a renamed Forafac 1157, which
contained mostly 6:2 FTAB.20,27,28 Herein, by screening for 23
classes of PFASs with high sensitivity and quantifying, as
possible, the AFFF-related PFASs found in surface water
samples from rural, urban, and AFFF impacted locations in
Canada, information about the environmental occurrence of
PFASs typically considered AFFF-related is obtained. This
shows which of these PFASs are relatively widespread in the
environment due to their widespread use, high persistence,
and/or environmental transport, which can help prioritize
future research into the most environmentally relevant of these
PFASs.
In addition to the occurrence of AFFF-related PFASs in

surface waters, the total organofluorine content of surface water
extracts was determined by total organofluorine combustion
ion chromatography (TOF-CIC). Comparison of results of this
technique with targeted, quantitative analysis can show when a
substantial amount of the total organofluorine is made up of
additional components containing organofluorine that were not
quantified. It has been applied to numerous matrices, including
sediments,29 water,30 and AFFF concentrates31 demonstrating
that substantial amounts of organofluorine are not accounted
for by targeted analysis. For example, the PFCAs and PFSAs

measured in the acidic fraction of Lake Ontario surface
sediment extracts accounted for only 2−44% of the total
organofluorine.29 Using TOF-CIC, the contribution of novel
AFFF-related PFASs to the total organofluorine in the surface
water samples and the size of the remaining unknown fraction
was investigated.
Another important aspect of the behavior of AFFF-related

PFASs in surface water environments is sorption to sediment,
because increased sorption can reduce the transport of PFASs
downstream.32,33 Neither laboratory nor field determinations of
the sorption behavior of the novel AFFF-related PFASs are
available. With this gap in knowledge, although the focus of this
investigation is surface water, sediment samples were collected
concomitantly with water samples from a subset of sites along
the AFFF-impacted Welland River5,34 and at one nearby
reference site. By comparing the PFAS profiles in correspond-
ing sediment and water samples, preliminary insights into the
sorption behavior of the novel AFFF-related PFASs found in
the Welland River were obtained. Where PFASs were
quantified in both sediment and water at a site, field-derived
sediment-water distribution coefficients (logKd) and organic
carbon normalized distribution coefficients (logKOC) were
determined. The determined field-derived logKOC values for
PFAAs were compared to previous field derived values in river
and coastal sediments,8,33,35 whereas field derived logKOC
values and sediment concentrations of novel AFFF-related
PFASs provide an indication of their sorption behavior.

■ MATERIALS AND METHODS
Materials. 6:2 FTAA, 6:2 FTAB, and 6:2 FTSAm were

synthesized in house. As described in detail previously,36 6:2
fluorotelomer sulfonyl chloride (FTSO2Cl) was prepared by a
one step synthesis from 6:2 fluorotelomer thiol, using KNO3
and SO2Cl2. The 6:2 FTSO2Cl was reacted with N,N-
dimethylamino-1-propylamine to form 6:2 FTAA or with
NH3 in tetrahydrofuran to form 6:2 FTSAm. The 6:2 FTAA
was used to prepare 6:2 FTAB by refluxing it with sodium
chloroacetate.36 A listing of the other solvents, chemicals, and
standards used is in the Supporting Information (SI).

Samples.Welland River (sample points 1−9) are sequential
sites along the AFFF-impacted Welland River. Because it was
not possible to sample upstream of the former firefighting
training site on the Welland River, since this site is in the
headwaters, Big Creek (two sample locations) and Welland
River Reference, which are nearby rural sites not downstream of
the former firefighting training site at Hamilton Airport, were
sampled as rural reference sites. Water was collected in
submerged 500 mL wide-mouth polypropylene bottles
(Nalgene, Penfield, NY) on October 22, 2015. Water samples
from two AFFF-impacted Arctic lakes, Resolute Lake and
Meretta Lake, were collected in August 2012 and 2014 in 1 L
polyethylene bottles (Kartell, Noviglio, Italy) by Environment
and Climate Change Canada (ECCC) personnel. Rivers in
Southern Ontario were sampled in conjunction with Ontario
Ministry of the Environment and Climate Change (MOECC)
sampling programs in 2015 with 500 mL polyethylene
terephthalate jars used routinely for monitoring perfluoroalkyl
acids (PFAAs). Of these rivers, Perch Creek, Thames River,
Grand River, Humber River, and Don River are classified as
urban; Etobicoke Creek has known prior AFFF-impacts.
Additional rural samples were collected using 500 mL wide-
mouth polypropylene bottles (Nalgene) from Little Rouge
Creek in 2016 and Lake of Bays in 2015 some of which were
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used for matrix spike and recovery. Samples were refrigerated at
4 °C prior to extraction. Sampling dates and locations are in SI
Figure S1 and Table S1. Sediment samples were obtained in
500 mL wide-mouth polypropylene bottles (Nalgene) from
four Welland River and one Big Creek site at the same time and
place as water samples. Sediments were frozen at −20 °C and
lyophilized prior to extraction.
Because the Welland River upstream of the Binbrook Dam

flows very slowly, these sediments were likely at or near

equilibrium with the surrounding waters. The month of
October 2015, prior to sampling, was relatively dry and water
levels in the reservoir (Lake Niapenco) remained below the
holding level of 650.5 feet throughout September and October
2015, prior to the sampling.37 Therefore, the residence time of
water likely was quite long prior to sampling and the water was
relatively stagnant. Observations at the time of sampling
support this assessment as the water was not observed to flow
and the flow out of the Binbrook Dam was a trickle.

Table 1. Structures, Names, and Acronyms of PFASs Detected in Surface Waters and/or Sedimentsa

aChain-lengths for congeners for which data is quantitative through use of calibration standards are in bold. All other congeners have qualitative data
with concentrations calculated based on the calibration curve for the most similar quantitative PFAS.
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Water Extraction. Water samples were extracted in the
Advanced Laboratory for Fluorinated and Other New
Substances in the Environment (ALFONSE) clean laboratory
(Class 100A) using Oasis WAX solid phase extraction (SPE)
cartridges (6 mL, 200 mg, 30 μm; Waters, Milford, MA). The
extraction protocol used to extract the approximately 500 mL
water samples was a modification of existing methods38 and is
described fully in the SI. The cartridges were eluted with
methanol (fraction containing neutrals, zwitterions, bases, and
cations) followed by 0.1% NH4OH in methanol (fraction
containing acids).
Sediment Extraction. Approximately 0.5 g subsamples of

lyophilized sediment were weighed into polypropylene
centrifuge tubes and extracted using 0.1% NH4OH in methanol
based on Houtz et al.15 with cleanup using 1 mL/100 mg
Supelclean ENVI-Carb SPE cartridges (Supelco, Bellefonte,
PA) in the ALFONSE clean laboratory. The full extraction
procedure and the method for determination of organic carbon
content are described in the SI.
LC-MS/MS. Analysis of sample extracts for PFASs by LC-

MS/MS was performed using an Acquity UPLC−Xevo TQ-S
system (Waters, Milford, MA). An Acquity UPLC BEH C18
column (1.7 μm, 2.1 mm × 75 mm) and a mobile phase
gradient of 10 mM aqueous ammonium acetate and methanol
were used. The Xevo TQ-S was operated in positive and
negative electrospray (ESI) mode. Further LC-MS/MS method
details are in the SI. Transitions for AFFF components (SI
Table S2) were optimized by infusing dilutions of suitable
AFFF extracts prepared previously.39 Screening LC-MS/MS
runs were used to determine which PFASs (Table 1) may be
present in sample extracts and included transitions for
additional AFFF-components that were never detected.
The suite of PFAAs analyzed is limited to PFOS or PFOA

and shorter in order to focus on those PFAAs most associated
with AFFFs, which generally contain primarily PFOS and C6 or
C8 perfluoroalkane sulfonamido substances or 6:2 fluoro-
telomer surfactants. The shortest PFCA analyzed was
perfluoropentanoate (PFPeA) because perfluorobutanoate
(PFBA) was poorly retained on the reverse phase column
and suffered from background contamination.
TOF-CIC. Surface water extracts from each sampling location

were analyzed by total organofluorine-combustion ion
chromatography (TOF-CIC) using previously published
procedures.31,40 The acid extracts were also analyzed for
inorganic fluoride by combining 100 μL of extract with 6.5 mL
of deionized water and directly analyzing by ion chromatog-
raphy using the TOF-CIC system.
Quality Assurance of Data. Analyses by LC-MS/MS were

completed in at least duplicate (n = 2−4). Quantification of
PFASs was performed in several ways depending on the
availability of standards. PFPeA, perfluorohexanoate (PFHxA),
perfluoroheptanoate (PFHpA), perfluorooctanoate (PFOA),
PFHxS, PFOS, 4:2 FTSA, 6:2 FTSA, 8:2 FTSA, N-ethyl
perfluorooctane sulfonamido acetic acid (EtFOSAA), and
perfluorooctane sulfonamide (FOSA) were quantified using
internal calibration with isotopically labeled standards. Per-
fluorobutanesulfonate (PFBS), perfluoropentanesulfonate
(PFPeS), perfluoroheptanesulfonate (PFHpS), FHxSA, and
6:2 FTSAm were quantified using structurally related surrogate
mass-labeled internal standards: mass-labeled PFHxS for PFBS
and PFPeS, mass-labeled PFOS for PFHpS, and mass-labeled
FOSA for FHxSA and 6:2 FTSAm. Two multiple reaction
monitoring transitions were used to confirm detection of all

PFASs, except PFPeA, PFHxA, EtFOSAA, FHxSA, and FOSA,
where a single transition was used. For 6:2 FTAB and 6:2
FTAA, matrix matched calibration was used along with mass-
labeled FOSA internal standard. The data are considered
quantitative for the PFASs analyzed as described above with
commercial analytical standards or standards prepared from
neat materials. Estimation of the concentrations for qualitative
analytes (novel PFASs) for which isolated standards were
unavailable was performed by using matrix matched calibration
curves for 6:2 FTSA for sulfonic acid-containing compounds,
EtFOSAA for carboxylic acid compounds, 6:2 FTAA for amine
or quaternary ammonium compounds, and 6:2 FTAB for
amphoteric compounds. To confirm the detection of qualitative
AFFF components, two MS/MS transitions were used and
retention times were matched to AFFF extracts containing
those components from a previous study.39

The calibration curves had a minimum of five points and
were usually constructed from 0.02 ng/mL to 10 ng/mL in the
vial (range: 0.006−0.03 ng/mL to 10 ng/mL). This
corresponds to 0.08 ng/L to 40 ng/L in a 500 mL water
sample and 0.08 ng/g to 40 ng/g in a 0.5 g sediment sample. A
quality control sample spiked at 1 ng/mL in the vial with all the
PFASs being quantified was analyzed in duplicate during each
analysis and analyses were accepted if the concentrations
determined were within 20%. Where the concentration of a
PFAS was above the highest calibration point in a sample, that
sample was rerun with a suitable dilution factor. The limit of
detection (LOD) was defined as the concentration giving a
signal-to-noise ratio of 3 in the sample matrix and the limit of
quantitation (LOQ) was the concentration giving a signal-to-
noise ratio of 10 in the sample matrix. Matrix LODs and LOQs
are given in SI Table S4. During each water extraction, two
cartridge blanks were subjected to all portions of the extraction
procedure except sample loading to evaluate contamination of
the extraction solvents and contained no PFASs above the
LOD. Two field blanks of deionized water that were opened to
air during the collection of one Welland River sample were also
extracted and found to contain no PFASs above the LOD. For
the sediment extraction, two solvent blanks containing no
sediment were extracted along with the sediments and
contained no PFASs above the LOD. Interday duplicate
extractions were performed on Welland River 1, 2, 5, 6, 7, and
9; Welland River Reference; and Big Creek 1 water samples,
whereas intraday duplicate extractions were performed on all
sediments and Little Rouge Creek water.
Recoveries for water extraction were determined by spiking

surface water samples (∼500 mL) from relatively clean
environments (n = 5) with 2.5 ng of FTSAs, EtFOSAA,
FHxSA, FOSA, 6:2 FTSAm, 6:2 FTAA, and 6:2 FTAB and 25
ng of PFCAs and PFSAs in methanol, swirling to mix, and
extracting the following day. The recoveries were 71−96% for
all PFASs, including recoveries of 88 ± 24% for 6:2 FTAB
(zwitterionic) and 71 ± 12% for 6:2 FTAA (cationic at surface
water pH; SI Table S3). Recoveries from freeze-dried sediment
were determined by spiking sediment from Big Creek 1 (∼0.5
g, n = 4) with 1 ng each of PFCAs, FTSAs, EtFOSAA, FOSA,
FHxSA, 6:2 FTSAm, 6:2 FTAB, and 6:2 FTAA, and 5 ng each
of PFSAs in 100 μL of methanol, vortexing to mix, and
extracting the sediment the following day. Recoveries from
sediment were 76−94% for the PFASs, except 6:2 FTAB (31 ±
2%; SI Table S3). Sediment concentrations are reported
without correction.
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Statistical Analysis. Statistical comparison of the concen-
trations of PFASs found at rural (n = 5), urban (n = 5), and
AFFF-impacted (n = 14) sampling sites were performed using
the two-tailed Mann−Whitney U test. For the statistical
analysis, values determined between LOQ and LOD were
used as determined from the calibration and concentrations
below the detection limit were substituted with half the LOD.
The Mann−Whitney U test was only used for PFASs detected
in at least 21 out of 24 samples or 17 out of 19 urban and AFFF
impacted samples to limit the impact of nondetects. The
threshold for statistical significance used was p < 0.05. The
statistical tests were performed using OriginPro 2017 software.

■ RESULTS AND DISCUSSION
Fluorotelomer PFASs. Maximum concentrations of

fluorotelomer sulfonamide alkylbetaines (FTABs) and fluo-
rotelomer betaines (FTBs) were higher than for other
fluorotelomer substances (Figure 1a,b; SI Table S7). Welland
River 1 had the highest 6:2 FTAB concentration (33 ± 4 ng/L)
but 6:2 FTAB concentrations rapidly decreased downstream to
under 0.25 ng/L at sites 2−9 perhaps due to 6:2 FTAB
photodegradation in sunlit waters, which was demonstrated in
laboratory experiments.41 Therefore, the relatively high
concentrations of 6:2 FTAB (4.5−22 ng/L) and 8:2 FTAB
(1.0−4.6 ng/L) in Etobicoke Creek, Don River, and Humber
River are unexpected and suggest recent inputs of FTABs.
Inputs may occur though runoff carrying FTABs stored in soils,
wastewater treatment plant (WWTP) effluent, or AFFF use.
Biodegradation of 6:2 FTAB with WWTP sludge was slow36

and 6:2 FTAB was abundant in effluent from a WWTP treating
industrial effluent containing 6:2 FTAB,25 so FTABs can
probably survive treatment. Of these rivers, only Etobicoke
Creek has known AFFF inputs from Toronto Pearson Airport,
while North Toronto WWTP discharges into the Don River
about 1.8 km upstream of the sampling site and Humber River
receives urban and industrial runoff, sewer overflows, and
effluent from a small WWTP over 32 km upstream. Since 6:2
FTAB concentrations were not significantly different between
urban (median 0.81 ng/L) and AFFF impacted samples
(median 0.06 ng/L, U = 17), either AFFF use is unanticipatedly
widespread or additional applications of 6:2 FTAB lead to its
presence in Ontario rivers through sources including WWTP
effluent, combined sewer overflows, and septic fields. This
contrasts with analysis of surface waters in France that have
found much higher concentrations of 6:2 FTAB downstream of
firefighting training sites (up to 18,000 ng/L) and downstream
of airports (up to 1800 ng/L), with relatively lower
concentrations upstream of the firefighting training area on
an industrially impacted river (140 ng/L).17,19 However, the
widespread use of 6:2 FTAB is also suggested by its presence in
each of 12 river sediment samples from throughout France at
concentrations estimated at 0.023−3.9 ng/g.13 Possible addi-
tional applications of 6:2 FTAB include coating ceramic
surfaces to prevent deposits26 and are further suggested by
Capstone FS-50, a “betaine partially fluorinated surfactant,″
marketed for applications including cleaning and floor care.
Capstone FS-50 lists identical properties to Capstone 1157
marketed for AFFF, which is likely the same as Forafac 1157
(mostly 6:2 FTAB).20,27,28

FTBs have only been reported in fish, soil and sediments
following an AFFF deployment previously21,23 and were
detected, in this study, in high apparent concentrations
(qualitative; ΣFTBs: 8−80 ng/L) in Welland River and

Etobicoke Creek samples and lower concentrations (qualtita-
tive; ∑FTBs: < 1.3−1.9 ng/L) in Resolute and Meretta Lake
samples (Figure 1b). These sites have known AFFF-impacts
from upstream airports, which are probably the FTB sources,
perhaps through Buckeye AFFFs.14,15,42 However, an AFFF
sample dating from an aircraft fire within meters of Etobicoke
Creek in 200512 contained FTBs and was reportedly from
Ansul.39 FTB concentrations do not decrease nearly as rapidly
as 6:2 FTAB concentrations downstream of Hamilton Airport.
This suggests that 5:1:2 and 5:3 FTBs are less environmentally
degradable and/or less sorptive than 6:2 FTAB, although there

Figure 1. Concentrations of (a) FTABs, (b) FTBs, and (c) FHxSA,
FOSA, and EtFOSAA in surface water samples in ng/mL. Error bars
are standard deviations and are excluded for clarity from the FTBs so
patterns can be seen clearly despite uncertainty in estimated
concentrations for these qualitative analytes.
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are limitations to assuming that the grab samples are
representative of the concentrations present when the down-
stream waters were at the upstream sites. Slower environmental
degradation may be due to the lack of the sulfonamide group
that may absorb sunlight and has an oxidizable nitrogen with a
lone pair of electrons. The sulfonamide group likely enables
some of the observed aqueous photolysis and aerobic
biodegradation of 6:2 FTAB.36,41 Etobicoke Creek samples
have a greater proportion of 7:1:2, 7:3, 9:1:2, and 9:3 FTBs
than Welland River samples, which may be due to formulation
differences or greater sorption of longer chain congeners from
Hamilton Airport.
Fluorotelomer PFASs other than betaines were detected at

lower maximum concentrations (SI Figure S2a, SI Tables S6,
S8) with 6:2 FTSA having the highest maximum concentration
at 2.5 ± 0.8 ng/L in Welland River 1 consistent with the
association of 6:2 FTSA with AFFF-impacts.4 However,
concentrations of FTSAs in all other surface water samples
were low (<0.45 ng/L) and there was not a statistically
significant difference in 6:2 FTSA concentrations between
AFFF impacted (median: 0.065 ng/L) and urban water samples
(median: 0.086 ng/L, U = 32, SI Table S10). Higher 6:2 FTSA
cocentrations were measured in Meretta Lake (0.42 ± 0.01 ng/
L) compared to Resolute Lake (<0.12 ng/L), which is similar
to measurements in 2010−11.43
Detections of the 6:2 FTAB degradation product 6:2 FTSAm

(<0.65−0.84 ng/L),36 occurred alongside substantial 6:2 FTAB
concentrations. The amine-containing 6:2 FTAA (<0.1−0.16
ng/L) and quaternary ammonium-containing 6:2 FTSHA-SO
(qualitative: <0.25−0.29 ng/L) were detected in some urban
samples, which is the first environmental detection of 6:2
FTSHA-SO oustide a known AFFF-impacted area.21,23 Don
River, Humber River, Grand River, and Thames River samples
had 6:2 FTSAS-SO2 detected at concentrations <0.1 ng/L
(qualitative), while Etobicoke Creek had 6:2 FTSAS-SO2
concentrations of 0.24−0.83 ng/L (qualitative). This is the
first detection of 6:2 FTSAS-SO2 in surface water and its
relative abundance in AFFF-impacted Etobicoke Creek is
consistent with a degradation product of AFFF-component 6:2
FTSAS.4,44

The only fluorotelomer PFASs detected in rural samples
without known AFFF-impacts were 6:2 FTAB in Big Creek
(<0.2 ng/L) and Little Rouge Creek (<0.2 ng/L), and 6:2
FTSA (<0.025 ng/L) in all samples except Lake of Bays. The
6:2 FTSA has been detected in precipitation previously.45

Concentrations of 6:2 FTSA at rural sites (median: 0.01 ng/L)
were significantly lower than those at urban and AFFF
impacted sites (p < 0.05, SI Table S10).
Perfluoroalkane Sulfonamido Substances in Surface

Waters. Most PFASs reached maximum concentrations in the
Welland River nearest Hamilton Airport (Welland River 1).
However, FOSA and EtFOSAA had maximum concentrations
at the sites furthest downstream (Figure 1c, SI Table S6), which
suggests primary sources other than AFFF from Hamilton
Airport. In contrast, FHxSA had maximum concentrations
nearest Hamilton Airport (19 ± 2 ng/L), which suggests
perfluorohexane sulfonamido precursors to FHxSA were used
in AFFFs at the airport since perfluorohexane sulfonamido
substances have been identified in AFFF concentrates18,39,42

and FHxSA has been measured in AFFF-impacted ground-
water, soil, and aquifer solids.15,16

In this first report of FHxSA in surface waters, FHxSA was
measured outside areas with known AFFF-impacts with FHxSA

found ubiquitously in all urban waters (0.04−0.94 ng/L,
median: 0.32 ng/L) at significantly lower concentrations than
in AFFF impacted waters (0.35−19 ng/L, median: 2.4 ng/L, U
= 67, p < 0.05, SI Table S10), but only detected in one rural
sample (<0.04 ng/L). Concentrations of FHxSA at Meretta and
Resolute Lakes (1.2−3.6 ng/L) were similar to downstream
sections of the Welland River (1.0−4.2 ng/L). This, along with
the elevated PFHxS concentrations, suggests the lakes received
inputs of AFFFs containing perfluorohexane sulfonamido
substances.
Indeed, Welland River, Meretta Lake, and Resolute Lake

samples also contained low concentrations of C3−C6
perfluoroalkane sulfonamido substances previously identified
in AFFFs39,42 (SI Figure S2b, Tables S8 and S9), but a broad
suite of these C3−C6 compounds was only detected in
Welland River 1 (Σ4 ng/L, qualitative) with concentrations
decreasing downstream. However, C6 FASADA and C6
FASAB could be detected in downstream samples at total
concentrations under 0.7 ng/L (qualtitative). Resolute Lake
and Meretta Lake samples had less than 0.8 ng/L (qualitative)
total of these perfluoroalkane sulfonamido substances. The low
concentrations of these PFASs are consistent with previous
studies of AFFF-impacted groundwater that found relatively
low concentrations of C4 to C6 FASAAAs (≤660 ng/L each)
compared to PFOS concentrations (≤2 300 000 ng/L) in a few
highly contaminated groundwater samples.14,15 Interestingly,
FASAAms were not detected in surface waters, while
FASADAs, and FASABs make up a larger share in water than
they do in AFFFs, where they are side products.39,46 This
absence of FASAAms may be due to enhanced sorption of
amines on mineral cation exchange sites or faster degradation of
amines because they have two oxidizable nitrogen atoms with
lone pairs of electrons. The increased share of FASABs and
FASADAs compared to FASAAAs in water may be caused by
inhibition of oxidation without a tertiary amine with a lone pair.

PFAAs. Profiles of PFAAs in water samples were typically
dominated by PFOS, PFPeA, PFHxA, and sometimes PFHxS
(Figure 2a, SI Table S5). Higher concentrations of PFPeA and
PFHxA relative to PFHpA and PFOA suggest inputs from
degradation of short chain fluorotelomers due to shifts in PFAS
production, although greater sorption of longer chain PFCAs
may be a factor.47 The PFHxS concentration is over half the
PFOS concentration in most samples from Welland River and
in samples from Resolute Lake, Meretta Lake, and Perch Creek.
Since Welland River, Resolute Lake, and Meretta Lake are
known to have elevated PFOS concentrations due to AFFF
impacts from airports,5,43,48 the higher concentrations of
PFHxS may be due to degradation of perfluorohexane
sulfonamido substances found in 3M AFFFs.14,18,39,42 AFFF
impacts to Perch Creek have not been reported, but Perch
Creek runs alongside Sarnia Airport approximately 2.7 km
upstream from the sampling site and AFFF from the airport
may be a source of PFOS and PFHxS.
Etobicoke Creek PFOS concentrations (11−16 ng/L) were 2

to 3 times lower than those reported for comparable locations
in 2009 (32−41 ng/L) showing continuing attentuation of
PFOS concentrations since an AFFF spill in 2000.7

Concentrations of PFOS (24−46 ng/L), PFHxS (13−30 ng/
L), and PFOA (8−14 ng/L) in Meretta and Resolute Lake
samples from 2012 and 2014 were similar to measurements in
200548 and 2010−11,43 which likely indicates slow attenuation
of PFAAs from the Arctic lakes and/or ongoing inputs to the
lakes, perhaps through runoff, since raw sewage inputs stopped
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in 1998.49 Concentrations of PFOA and PFOS in Don River
and PFOA in Humber River are 2−3-fold lower than 2007
measurements, while PFOS in Humber River decreased slightly
(8.3 ng/L in 2007; 7.2 ± 0.4 ng/L in 2015).50 These decreases

likely show effects of the PFOS phase-out51 and the PFOA
stewardship program.52 It is notable that concentrations of all
PFAAs except PFBS were significantly higher (p < 0.05) in
AFFF-impacted samples than in urban samples (SI Table S10).
Compared to PFOS, PFBS, and PFCA concentrations

reported for Welland River water in 2010,5 water sampled in
2015 has lower concentrations of PFAAs nearest Hamilton
Airport and higher concentrations downstream. For example,
Welland River 1 had PFPeA concentrations of 270 ng/L in
20105 and 150 ± 40 ng/L in 2015, while Welland River 5 had
PFPeA concentrations of 2.4 ng/L in 20105 and 140 ± 30 ng/L
in 2015. This may be due to ongoing transport of PFSAs and
PFCAs downstream of the airport, continuing degradation of
PFAA precursors from AFFFs, and/or differences in river flow
between the sampling times.
Among the rural sites without known AFFF-impacts, the Big

Creek samples contained short-chain PFCA and PFHxS
concentrations (<5−6.6 ng/L PFPeA, < 1.2−1.3 ng/L
PFHxS) similar to urban sites without known AFFF-impacts
(<5−7.3 ng/L PFPeA, < 1.2−13 ng/L PFHxS), which suggests
these sites may have a local PFAS source. At the remaining
rural sites, PFOA (<0.6−0.7 ng/L) and PFOS (<0.2−2.5 ng/L)
were always detected, whereas PFPeA, PFHxA, PFHpA, PFBS,
and PFPeS were detected in one or two rural samples each at or
below their respective LOQs. These PFAAs, including PFOS
and PFOA, are known to be present in rainwater due to
atmospheric oxidation of PFAA precursors45,53,54 and may also
be deposited through dry deposition of atmospheric particles
containing PFAAs.55 The concentrations of PFHxA, PFHpA,
PFOA, PFBS, PFHxS, and PFOS were significantly lower in
rural samples than in urban samples (p < 0.05, SI Table S10),
while insufficient detections of odd-chain PFSAs were obtained
in rural samples.

Total Organofluorine. Any measured inorganic fluoride
was subtracted from the total fluoride measured by TOF-CIC
in the acid fractions to obtain the total organofluorine
concentrations in the acid fractions shown in Figure 2b. The
percentage of the total organofluorine in the acid fraction that
was not accounted for by the measured PFASs, the unknown
acids, ranged from 30% to 99.7% (44−700 ngF/L). The only
significant contributors to the acid fraction organofluorine were
PFAAs. Shorter chain-lengths of PFAAs, which are inadequately
retained in reverse phase liquid chromatography, may account
for some unknown acids. In particular, trifluoroacetic acid
(TFA) and perfluoropropionic acid (PFPrA) were the two
most abundant PFCAs in precipitation samples from Tsukuba,
Japan54 and Canada,53 with TFA most abundant by a large
margin. Since TFA has been measured at variable concen-
trations up to hundreds of ng/L in surface waters,56,57 TFA
may account for a significant portion of the unknown acid
fraction organofluorine. Because PFBA was not measured due
to analytical challenges, it may also represent a significant
source of organofluorine in the surface water extracts since it is
sometimes a major PFCA in water samples.58−60

In the methanol fraction, fluorotelomer betaines (FTBs and
FTABs) accounted for the largest portion of the total
organofluorine of any measured PFASs at up to 44%, while
perfluoroalkane sulfonamido substances accounted for up to
10%, and other fluorotelomer substances accounted for 1% or
less. The portion of methanol fraction organofluorine not
accounted for by measured PFASs was 45 to 100%. Due to the
lack of isolated standards, concentrations of FTBs have

Figure 2. (a) Concentrations of PFCAs and PFSAs in surface waters in
ng/L with error bars showing standard deviations. (b) Total
organofluorine in the surface water extracts as measured by TOF-
CIC plotted with the amount of total organofluorine accounted for by
measured PFASs. PFAAs include PFCAs and PFSAs; fluorotelomer
acids include FTSAs and 6:2 FTSAS-SO2; PFSA precursor acids
include FASADAs and EtFOSAA; other PFSA precursors include
FHxSA, FOSA, FASAAAs, and FASABs; and fluorotelomer betaines
include FTABs and FTBs. Unknown acids are organofluorine not
accounted for by measured PFASs in the acids fraction and unknown
MeOH fractions are organofluorine not accounted for by measured
PFASs in the methanol fraction. c) Distribution of fluorotelomer
substances in sediment and water from Welland River 1 sampling site.
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significant uncertainty and the share of organofluorine
accounted for by FTBs may be larger or smaller than estimated.
A study of AFFF-impacted groundwater using the oxidation

of precursors assay found that unknown PFAA precursors
accounted for 9% of total PFASs in highly contaminated
groundwater,15 which is substantially less unidentified organo-
fluorine than was found in surface waters here. This may be
partially due to the sensitivity of TOF-CIC to short chain
PFCAs, including TFA. While 6:2 FTSA was 11% of the total
PFASs in the groundwater study,15 the total fluorotelomer acids
accounted for at most 0.15% of the total organofluorine here.
Perhaps the low relative proportion of FTSAs in surface waters
compared to groundwater is related to surface water only loss
processes, such as aqueous photolysis or aerobic biodegrada-
tion. Perfluoroalkane sulfonamido substances, categorized as
PFSA precursors, account at most 1.4% of the total
organofluorine at Welland River 1, which is close to the 3%
of groundwater PFASs accounted for by FHxSA.15 The FTABs
and FTBs, which contribute 2.5−6.2% of total organofluorine
in eight samples are a unique finding of this study. Recently,
Barzen-Hanson et al. identified 40 additional classes of PFASs
in AFFF concentrates, commercial products, and AFFF-
impacted groundwater, which may account for some of the
unidentified organofluorine, particularly at AFFF impacted
sites.18

PFASs in Sediments. The concentrations of PFAAs
determined in sediment samples from the Welland River
were similar to those reported for river sediment from around
France.13 Previous studies have reported relatively high 6:2
FTAB concentrations in sediments from rivers in France
(0.02−4 ng/g) and upstream (8 ng/g) and downstream (81
ng/g) of a firefighting training area in France,13,17 in
comparison to the results determined here (<LOD-0.44 ng/
g). This is not unexpected given the high 6:2 FTAB
concentrations measured in water upstream (18,000 ng/L)
and downstream (140 ng/L) of the firefighting training area17

relative to the water concentrations at the relevant sites in this
study (<0.2−33 ng/L).
As Welland River 1 had the highest PFAS concentrations, it

best illustrates the different PFAS profiles in sediment and
water (SI Table S11). The PFAA profile in sediment is
dominated by PFOS, whereas the PFAA profile in water also
has substantial PFHxS, PFHxA, and PFPeA (SI Figure S2c),
due to the greater sorption of long-chain PFSAs, such as PFOS,
compared to short-chain PFAAs, especially PFCAs. The
sediment water distribution coefficient (Kd) was calculated
site by site for quantitative and qualitative analytes detected
above the LOQ in both sediment and water according to

=K
c
cd

s

w (1)

where cs is the concentration in sediment in ng/kg and cw is the
concentration in water in ng/L. These were converted to
organic carbon normalized distribution coefficients (Koc) by
dividing by the fraction of organic carbon in each sediment and
average logKd and logKOC were calculated for each PFAS. The
results are tabulated in SI Table S12. The determined logKOC
for PFOS (3.67 ± 0.28) is similar to that derived from field
sediments in the Netherlands (3.18 ± 0.44)8 and Tokyo Bay
(3.8 ± 0.1),33 while the logKOC for PFHxS (2.40 ± 0.27) is
within the range of values reported previously following an
AFFF release in the Netherlands (1.98)8 and in Tokyo Bay (3.6
± 0.1).33 Trends that have been reported in the literature

previously are seen as PFOS is more sorptive than PFHxS,
while FHxSA (logKOC: 2.71 ± 0.25) is more sorptive than
PFHxS as has been seen for FOSA and PFOS.61 The logKOC
for EtFOSAA (4.33) is also greater than for PFOS and close to
that determined in Tokyo Bay sediments (4.8 ± 0.1)33 and
river sediments in Vietnam (4.4 ± 0.3).35 Thus, the data reflect
the expected trends in distribution coefficients for PFASs with
previously reported data.
Therefore, comparing the distribution of the fluorotelomer

substances between water and sediment nearest Hamilton
Airport (Figure 2c) may suggest trends in sorption of novel
fluorotelomer substances. These trends could be further
investigated for confirmation, which is outside the scope of
this work. In sediment there are increased contributions of
some PFASs, particularly 7:1:2, 7:3, 9:1:2, and 9:3 FTBs and
6:2 FTSAm compared to water. These are likely relatively more
sorptive compounds, which is as expected given the uncharged,
less water-soluble nature of 6:2 FTSAm and the longer chain-
lengths of the FTBs. Fluorotelomer substances that make up a
smaller share of the profile in sediment than in water include
5:1:2 and 5:3 FTBs and 6:2 FTAB. The calculated logKOC
values for 6:2 FTAB, 7:1:2 FTB, and 7:3 FTB, which should be
interpreted only qualitatively due to the poor recovery of 6:2
FTAB from sediment and lack of standards for FTBs, are 2.7,
3.0, and 3.3, respectively, in order of increasing number of
fluorines. While it is limited by the comparison of three
different fluorotelomer betaine structures, this sediment
analysis suggests that sorption increases with increasing
fluorinated chain-length of fluorotelomer betaines. This is
consistent with trends observed for PFCAs and PFSAs, at least
above a threshold chain-length.32,33,47

The only perfluoroalkane sulfonamido AFFF component
detected in sediment was a low concentration of C6 FASAAm
below the LOQ in Welland River 1 sediment. Combined with
the lack of detection of FASAAms in water, it appears
FASAAms may be more sorptive than FASABs, FASAAAs,
and FASADAs, which were all detected in water and not in
sediment.

■ ENVIRONMENTAL IMPLICATIONS
This study shows that some PFASs associated with AFFFs are
broadly distributed in Canadian surface waters and may be
found in relatively high concentrations. In terms of compounds
associated with perfluoroalkane sulfonamido AFFF compo-
nents, FHxSA was detected in all the urban and AFFF-impacted
sites investigated. This indicates that precursors to PFHxS are
broadly present in urban and AFFF-impacted Canadian surface
waters, while these classes of PFASs are rarely considered given
that FHxSA has only been measured previously at highly AFFF-
impacted U.S. military sites. Little is known about the biological
or toxicological effects of FHxSA other than that it is a carbonic
anhydrase inhibitor62 and is toxic to red imported fire ants.63

The detection of several perfluoroalkane sulfonamido AFFF
components in AFFF-impacted surface waters in the Welland
River, Resolute Lake, and Meretta Lake suggests that these
precursors likely contribute to FHxSA, PFHxS, PFPeS, and
PFBS concentrations in these waters. However, it is likely that
other as yet unidentified precursors contribute to the presence
of FHxSA in urban surface waters, which may include PFHxS
precursors involved in the high serum PFHxS concentrations
observed in a Canadian family who frequently used carpet
treatments.64 If the biodegradation of various perfluorohexane
sulfonamido substances is similar to that of EtFOSE where
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FOSA is the longest lived intermediate,65 FHxSA may be a
particularly long-lived intermediate and useful in environmental
monitoring.
The FTABs represent a large proportion of the PFASs

characterized in some samples, including Don River where 6:2
and 8:2 FTAB constituted 36% of the known organofluorine,
which is remarkable since 6:2 FTAB degrades by aqueous
photolysis and biodegradation,36,41 while PFCAs and PFSAs are
fully persistent. The presence of 8:2 FTAB at 20−30% of the
6:2 FTAB concentration in Don River and Humber River water
samples is significant because it is a potential PFOA precursor
and elimination of such compounds in emissions and products
by 2015 was a goal of the PFOA Stewardship Program.52 The
FTBs were also detected in high apparent concentrations
(∑FTBs ≤ 80 ng/L, qualitative) in AFFF-impacted waters.
Since, FTABs and FTBs represent significant sources of PFAS
contamination in some surface waters, more research is
required on their potential sources in addition to AFFF,
toxicology, and environmental fate, including the degradability
of FTBs.
The relatively low concentrations (<3.5 ng/L total) of

fluorotelomer PFASs that are not betaines, including FTSAs,
may indicate that these compounds are degraded relatively
quickly in surface waters. This may be why levels of 6:2 FTSA
were under 1.5 ng/L in surface water samples from Albany,
NY,45 the River Elbe in Germany,66 and in 13 rivers in China.67

A large proportion of total organofluorine in surface water
extracts determined by TOF-CIC was not characterized by
measuring AFFF-related PFASs (36−99.7% of total organo-
fluorine). Although a significant proportion of this may be
made up of very short-chain PFCAs in the acid fraction,
between 4 and 51% of the unidentified organofluorine was in
the methanol fraction and may consist of commercial PFASs
other than those investigated here, degradation products of
commercial PFASs, or other molecules containing organo-
fluorine. This highlights the range of PFASs found in
environmental samples and the difficulty of closing the mass
balance of organofluorine by quantifying all the significantly
contributing compounds. Because of this, general approaches to
fluorine quantitation, such as TOF-CIC or the total oxidizable
precursor assay15,68 may be needed to fully assess the extent of
PFAS contamination in the environment.
Analysis of Welland River sediments suggested that longer

perfluoroalkyl chain-length is associated with increased sorption
of fluorotelomer betaines. There is a need for research to
systematically examine the sorption of various chain-lengths of
FTBs, FTABs, FTAAs, and other AFFF components to
different soils and sediments and compare them to other
PFASs. These experiments may elucidate the impact of factors
such as pH and cation exchange capacity on sorption of these
PFASs and will show whether basic and cationic PFASs are
preferentially sorbed as suggested by the detection of C6
FASAAm exclusively in sediment.
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