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Abstract

The aerobic biotransformation pathways of 4:2, 6:2, and 8:2 fluorotelomer thioether amido sulfonate (FtTAoS) were
characterized by determining the fate of the compounds in soil and medium microcosms amended with an aqueous
film-forming foam (AFFF) solution. The biotransformation of FtTAoS occurred in live microcosms over approximately
40 days and produced 4:2, 6:2, and 8:2 fluorotelomer sulfonate (FtS), 6:2 fluorotelomer unsaturated carboxylic acid
(FtUCA), 5:8 fluorotelomer carboxylic acid (FtCA), and C, to G, perfluorinated carboxylic acids (PFCAs). Two
biotransformation products corresponding to singly and doubly oxygenated forms of 6:2 FtTA0S were also identified
through high resolution mass spectrometry (MS) analysis and liquid chromatography tandem-MS. An oxidative

assay was used to indirectly quantify the total concentration of polyfluorinated compounds and check the mass
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balance. The assay produced near complete mass recovery of FtTAoS after biotransformation, with 10% (mol/mol)
of the amended FtTA0S accounted for in FtS, FtCA, and PFCA products. The transformation rates of identified
products appear to be slow relative to FtTA0S, indicating that some intermediates may persist in the environment.
This study confirms some of the sources of FtS and PFCAs in groundwater and soil at AFFF-impacted sites and
suggests that fluorinated intermediates that are not routinely measured during the biotransformation of PFASs may

accumulate.

Introduction

Aqueous film-forming foams (AFFFs) are water-based chemical mixtures applied to liquid-fuel fires, such as ignited
petroleum hydrocarbons or chlorinated solvents, to extinguish flames and prevent fuel reignition.(1. 2) Although
AFFF is typically a proprietary mixture that varies according to manufacturer and year of production, most
formulations consist of a glycol ether-based solvent, hydrocarbon surfactants, and various poly- and perfluoroalkyl
substances (PFASs).(1) AFFF use at military, industrial, and municipal sites has led to widespread groundwater
contamination with PFASs, as well as their occurrence in soil, surface water, and aquatic organisms.(3-9) Repeated
AFFF application at training facilities where fire-fighting exercises were conducted in unlined pits has led to
particularly high environmental contamination with PFASs.(6. 7. 9-11)

Perfluorocarboxylates (PFCAs) and perfluorosulfonates (PFSAs) are persistent,(5. 7. 10) resistant to
biodegradation,(13) and cause adverse human health effects.(12) The 3M company manufactured AFFF with eight-
carbon (G,) perfluorosulfonamides, perfluorosulfonic acid (PFOS), and perfluorooctanoic acid (PFOA) until 2001
when rising concerns over their health and environmental effects led them to be phased out of production.(14.,

15) The PFASs in formulations manufactured by other companies, such as Ansul, Chemguard, National Foam,
Angus, and Buckeye, consisted of fluorotelomer-based compounds containing C, to C,, perfluorinated chains linked
to an ionic alkyl group by two to three nonfluorinated carbons.(18) The nonfluorinated alkyl groups may have
carboxylic acid, tertiary amine, dimethyl quarternary amine, and/or sulfide moieties.(18. 19) Despite growing
knowledge of the composition of AFFF, little is known about the environmental fate of these PFASSs, including their
potential to biotransform under conditions representative of the top-soil, surface water, and aquifer systems in which

they are found.

Fluorotelomer thioether amido sulfonate (FtTA0S, also sold under the trade name Lodyne, with a structure shown in
Figure 4) is a PFAS present in several widely used AFFF formulations made by at least three manufacturers (i.e.,
Ansul, Chemguard, and Angus) and was used as early as 1984.(18) Although the 6:2 fluorotelomer appears to be
the most abundant FtTAoS homologue in many formulations, 4:2, 8:2, 10:2, 12:2, and 14:2 FtTAoS have also been
detected in some AFFFs.(18. 19) FITA0S has also been measured in groundwater and soil collected from firefighter-
training sites.(10, 11) At one U.S. military base, FtTA0S was not detected in soil, despite extensive use of AFFF and
detection of other PFASs.(10) At two different sites where the application of FiTAoS-containing AFFF was known to
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occur, concentrations of 4:2 and 6:2 FtTAoS in groundwater were low relative to the measured concentrations of
fluorotelomer sulfonates (FtSs) and PFCAs. Together, the FtS/FtTAoS and PFCA/FtTAOS ratios were much greater
than the ratios measured in the AFFF formulations applied at the site, suggesting that FITAoS may have been
transformed to FtS and PFCAs after its release.(11)

Although PFCAs and PFSAs have been shown to be completely resistant to microbial biotransformation under a
variety of growth conditions,(13) the larger nonfluorinated alkyl groups of the AFFF-derived PFASS, including
FtTA0S, are likely amendable to biotransformation, especially by the diverse metabolic capacity of a soil microbial
community. Some fluorotelomer compounds with more simple nonfluorinated functional groups, such as 4:2, 6:2,
and 8:2 fluorotelomer alcohol (FtOH), 6:2 FtS, and 6:2 polyfluoroalkyl phosphate esters (mono- and di-PAP)
undergo biotransformation to terminal C.—C, PFCAs as well as a number of other products.(20-26) However, slow
rates of transformation and challenges in recovering transformation products have made it difficult to differentiate
PFAS loss due to physical mechanisms (i.e., sorption) from loss due to biotransformation. Thus, given that the
potential conversion of AFFF-derived PFASs like FITAoS may constitute a significant future source of PFCAs in the
environment and that PFCAs have varying toxicities and mobility, understanding the biotransformation potential of

PFASs and their expected product formation is a topic of high importance.

Here the aerobic biotransformation of 4:2, 6:2, and 8:2 FtTAoS was investigated in soil slurries constructed with
AFFF-impacted topsoil from a U.S. military base and enriched with an FtTA0oS-containing Ansul AFFF formulation.
Although 6:2 FtTAoS removal was previously observed in activated sludge,(32) it is unknown if other FtTAoS
congeners are capable of transforming and whether their presence in an AFFF solution affects their transformation.
Additionally, in the previously published study, the disappearance of 6:2 FtTA0S was observed in autoclaved
controls, indicating that sorption or abiotic transformation may have constituted a significant portion of the observed
FtTA0S mass loss.(32) In this study, the transformation and sorption of three FtTA0S congeners were examined
and differentiated with live, sterile, and soil-free microcosms and quantitative mass balances of amended FtTAoS
recovery were enabled using a high pH, heat-activated persulfate oxidation assay.(33) High resolution mass
spectrometry was also used to identify two previously hypothesized biotransformation intermediates. By amending a
native soil microbial community with a historically used AFFF formulation, FtTA0S transformation reactions can be
described under conditions that more closely represent contaminated soil and groundwater, and the fate of other

constituents of AFFF can be assessed.

Materials and Methods

Chemicals and Standards

AFFF manufactured by Ansul with an estimated 2008 manufacture date was obtained from a U.S. military base as
previously described (Place et al. 2012).(18) It was stored in the laboratory in a sealed polyethylene tube at room

temperature in the dark. The measured chemical composition of the formulation used in this study is provided in
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the Supporting Information, Table S2. The fluorinated surfactant constituents of the AFFF sample consisted of 4:2,

6:2, and 8:2 FiTA0S, as well as molecular ion (m/z) 602. No other fluorinated surfactants were detected in the
formulation, including 6:2 fluorotelomer thiohydroxy ammonium (6:2 FtTHN-), which was described as a trace
constituent in some Ansul AFFF formulations in Houtz et al. 2013, but was not detected in the stock solution used in
this study. The concentration of diethylene glycol butyl ether (DGBE) in the sample was 220 g/L, which constituted
over 80% of the total organic carbon. A commercial source material containing 6:2 FtTAoS was donated to Oregon
State University from the Fire Fighting Foam Coalition and used as a standard reference material for quantitative
analysis. The concentration of the analyte was determined in the material using patent data and manufacturer
MSDS information, as described previously.(11. 40) C,—C,, perfluorocarboxylates, 4:2 FtS, 6:2 FtS, 8:2 FtS, 5:3
FtCA, 7:3 FtCA, 6:2 FtCA, 8:2 FtCA, 6:2 FtUCA, and 8:2 FtUCA for use as liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analytical standards were purchased from Wellington Laboratories (Guelph, Ontario, CA).
All isotopically labeled internal standards used for LC-MS/MS analysis were also purchased from Wellington as
previously described.(10, 33) Oxygen (>99.5%) and DGBE were obtained from Sigma-Aldrich (St. Louis, MO),
whereas all other chemicals were purchased from either Fisher Scientific (Waltham, MA) or Sigma-Aldrich and of

the highest purity possible.

Microcosm Set-up and Growth Conditions

The microcosms consisted of 250 mL glass bottles containing 60 mL of a 30 mM bicarbonate-buffered mineral
medium,(34) 60 uL of neat Ansul AFFF, and 5 g of soil collected from a firefighter training area at the Ellsworth Air
Force Base, South Dakota, USA. The 60 uL AFFF dose yielded initial amended concentrations of approximately 26
UM 6:2 FtTAo0S, 0.06 uM 8:2 FtTA0S, and 0.005 uM 4:2 FtTAoS. This soil-to-medium ratio in the microcosms
created slurries that allowed for complete mixing of the contents on a shaker table, which facilitated the
maintenance of oxic conditions while still representing potential conditions that may be encountered in the
environment (e.g., top-soil impacted with diluted AFFF following firefighting activities). The medium was modified
from that described previously(34) by preparing aerobically and omitting cysteine sulfide, resazurin, and TES buffer,
which is a potential microbial carbon source under oxic conditions. A screw-top push-button valve previously
washed in methanol was used to ensure gastight bottle closure (Vici mininert valve, F/24 mm, Fisher Scientific). A
set of sterile controls was prepared by first subjecting the soil to three autoclave cycles followed by overnight
freezing at —20 °C after each, and then amending the medium with 0.5 g/L sodium azide and 60 pL of AFFF.
Additionally, soil-free medium controls containing only sterile medium, sodium azide, and AFFF were also prepared
to assess potential impacts of the medium on the fluorinated surfactants and to determine losses of the compounds
due to the experiment container. All experiments were run in triplicate in separate microcosms and shaken at 100
rpm in a 30 °C incubator for 60 days with samples periodically collected from the headspace or liquid slurry with
syringes. Oxygen was measured by injecting 250 pL of microcosm headspace into a Hewlett-Packard 5890 GC-
TCD equipped with an Alltech HAYESEP Q column (80/100 mesh, 0.85" ID x 6') operated isothermally at 30 °C.
Headspace oxygen was kept between 15 and 25% (v/v) in live microcosms by periodically amending the bottles with

pure oxygen using a 0.2 um-filtered gastight syringe and then depressurizing the bottles for several seconds with a
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sterile needle inserted into the cap valve. The oxygen concentrations in all microcosms are provided in Figure S2 of

the Supporting Information. Two, 60 pL aliquots of AFFF were added to the live microcosms over the course of the

experiment: on day 0 and again on day 18 after the 6:2 FtTA0S had been depleted, whereas only one aliquot of
AFFF was added to autoclaved and medium controls (day 0). On day 40, approximately 300 mg/L DGBE was added
to live microcosms to provide 175 mg/L of additional organic carbon. Dissolved organic carbon was measured in all
bottles by diluting 200 uL of microcosm supernatant (slurry previously centrifuged at 15000g for 10 min) in deionized
water and analyzing on a Shimadzu TOC-V analyzer. A lack of microbial activity in the autoclaved and medium
controls was confirmed when no significant organic carbon or oxygen consumption was observed after 60 days

(Figures S1 and S2 of the Supporting Information).

All microcosms were equilibrated with AFFF for 24 h prior to collection of the first sample and prior to sample
collection following subsequent additions of AFFF. At each time point, between 0.5 and 1.5 mL of a well-mixed soil
and media slurry was removed with a 3 mL sterile syringe (BD Luer-Lok disposable syringe) and wide gauge needle
to minimize selection of small soil particles (BD 18G x 1" needle). The slurry was then stored in a 2 mL
polypropylene centrifuge tube. Approximately 200 uL of the slurry was immediately diluted in an equal volume of
methanol and reserved for LC-MS/MS analysis, whereas 100 pL was aliquoted into a 7 mL HDPE vial for the total
oxidizable precursor assay. The remaining slurry was centrifuged at 15000¢g for 10 min, aliquoted for dissolved

organic carbon analysis, and subsequently stored at —-20 °C.

LC-MS/MS and HRMS Analyses

The 50:50 methanol:aqueous samples were vortexed for 30 min at room temperature using a Vortex-Genie 2 affixed
with a MO BIO 24-tube adapter, and then centrifuged at 150009 for 10 min. The supernatant was amended with 50
pL of an internal standard stock containing 20 to 40 ug/L of mass-labeled internal standards(10, 33) and diluted with
HPLC-grade methanol and water to produce 500 pL of a 50:50 methanol:aqueous mix containing a target analyte
concentration in the range of the established calibration curves. FtTAoS, FtS, and PFCA compounds were
quantified on an Agilent 6410 LC-MS/MS operating in negative electrospray ionization mode as described
previously,(10. 33) except for the addition of 4:2 FtS. The MS parameters and monitored ion transitions for 4:2, 6:2,

and 8:2 FtS are provided in Table S2 of the Supporting Information. As a quantitative standard was not available for

4:2 and 8:2 FtTA0S, the 6:2 FtTA0S calibration curve was used to estimate their concentrations after normalization
to the mass-labeled 6:2 FtS internal standard (described in greater detail in the Supporting Information and Table
S5).

All fluorotelomer carboxylic acid (FtCA) compounds were measured on a Shimadzu Nexera X2 UHPLC/ABSciEX
5500 Triple Quad MS system operating in negative ionization mode. The same 50:50 methanol:sample mix was first
spiked with 2 pg/L of the internal standard stock and diluted with methanol and water to yield target analyte
concentrations in the range of calibration curves. A gradient solvent program was operated with 2 mM ammonium
acetate in water and 2 mM ammonium acetate in methanol and a flow rate of 0.5 mL/min (Table S3 of

the Supporting Information). Chromatographic separation was achieved on a Waters ACQUITY UPLC BEH C18



https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3

column, 130 A, 1.7 um, 2.1 mm x 50 mm following a sample injection of 10 pL. One or two MRM transitions were

measured per FtCA compound and were quantified with isotope dilution (Table S4 of the Supporting Information).

To identify biotransformation products of the polyfluorinated compounds in AFFF, the methanol:sample mix
containing internal standard stock was analyzed on the Agilent 6410 LC-MS/MS operating in a molecular ion
scanning mode (m/z 50 to 1000) in both positive and negative electrospray ionization modes. Prominent molecular
ions were identified and their instrumental responses were normalized to the mass-labeled 6:2 FtS internal standard
response to evaluate their relative production and consumption in the microcosms. The LC-MS/MS product ion
mass spectra of two of the prominent apparent biotransformation products were acquired to help elucidate their
molecular structures. The compounds were also analyzed by high resolution mass spectrometry (HRMS) to confirm
their molecular compositions. HRMS analysis was conducted by QB3 Mass Spectrometry Facility at UC Berkeley.
Samples were purified with solid phase extraction (SPE) using Oasis WAX SPE cartridges (6 cm?, 150 mg, 30 uM;
Waters, Milford, MA) and the conditioning and elution methods previously described.(10) 50 pL of the extracted
sample was directly injected onto a Thermo Scientific Finnigan LTQ FT HRMS operating in negative electrospray

ionization over a scan range of 150 to 850, and the exact masses of the ions were confirmed within 5 ppm accuracy.

Total Oxidizable Precursor Assay

To assess the PFAS mass balance in the microcosms before and after biotransformation and to ensure that
observed FtTA0S disappearance was not due to physical losses (e.g., volatilization), a previously developed
oxidative precursor assay was applied to microcosm samples.(33) Briefly, the oxidative precursor assay employs
the reaction of polyfluorinated compounds (termed perfluoroalky! acid precursors, or PFAA precursors) with hydroxyl
radical to generate corresponding PFCAs of related perfluorinated chain length through the chemical oxidation of its
nonfluorinated functional group.(33) The samples containing PFAA precursors were exposed to an excess of
hydroxyl radicals produced through persulfate thermolysis at pH >12. PFAA precursors were converted to a suite of
PFCAs, and the molar quantity of the precursors was estimated by quantifying the molar quantity of PFCAs
produced. For C, fluorotelomer compounds, approximately 75% (mol/mol) of the compound was recovered as
PFCAs, indicating that some of the C, telomer compounds were oxidized to C, and C, PFCA products that were not
measured by the LC-MS/MS method used in this study. For C, fluorotelomers, greater than 90% of the initial mass
was recoverable as PFCAs after oxidation.(33) For the microcosm samples in this study, the reaction was
conducted in 7 mL HDPE vials containing 100 pL of a soil-media slurry, 3 mL of HPLC-grade water, and 3 mL of 120
mM potassium persulfate in 0.25 M NaOH. The vials were submerged in an 85 °C water bath for approximately 12

h. After cooling, the base was neutralized with HCI and amended with 1 mL of methanol before LC-MS/MS analysis.

Results and Discussion

Dissolved Organic Carbon Disappearance and FtTAoS Biotransformation
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The amended AFFF and DGBE constituted the majority of the dissolved organic carbon present in live microcosms

(Figure S1 of the Supporting Information). The dissolved organic carbon disappeared within 3 to 5 days in live

bottles, whereas no change in concentrations were observed in autoclaved or medium controls (Figure S1 of

the Supporting Information). Correspondingly, the headspace oxygen concentrations decreased in live microcosms

(Figure S2 of the Supporting Information), suggesting that the degradation of the AFFF organic solvents, including

DGBE, occurred rapidly by the soil microbial community.

Complete disappearance and biotransformation of 4:2, 6:2, and 8:2 FtTAoS occurred in live microcosms when two
aliquots of Ansul AFFF were added to the bottles (Figure 1). Approximately 50 uM 6:2 FtTAo0S, the most abundant
FtTAoS congener, was biotransformed within 45 days (Figure 1A) in live microcosms, whereas concentrations in
autoclaved and medium controls remained nearly constant over the incubation period. The lower quantified
concentrations of 6:2 FITA0S in live and autoclaved microcosms than in medium controls (Figure 1A) is likely due to
incomplete extraction of the compound off of soil particles during the methanol dilution and vortexing steps
conducted prior to LC-MS/MS quantification. Because autoclaving produced additional dissolved organic carbon in

the slurry phase (Figure S1 of the Supporting Information), greater sorption and lower extracted concentrations of

6:2 FtTAoS were observed in the autoclaved microcosms than in live bottles. The lower total amended
concentrations of 4:2 and 8:2 FITAoS may have produced higher overall extraction efficiencies, yielding similar
FtTAoS concentrations among live, autoclaved, and medium control experiments (Figure 1B,C). Because analytical
standards were not available for 4:2 and 8:2 FtTA0S, their concentrations were determined semiquantitatively by
calibrating their internal standard-normalized LC-MS/MS responses to the 6:2 FITAoS calibration curve. Complete
disappearance of these compounds was observed in live microcosms, whereas concentrations in control
experiments remained nearly constant (Figure 1B,C). The apparent lack of an observable increase in 4:2 FITAoS
concentrations following the second AFFF amendment (Figure 1C) could be attributed to difficulties in quantifying
very low concentrations of the compound. The compound’s instrumental response approached fluorotelomer
detection limits in this study. The rapid biotransformation of the compound in the time period immediately following
the second AFFF amendment and before the microcosm slurry was sampled for LC-MS/MS analysis may have

contributed to the compound’s low concentration.

Figure 1. Biotransformation of 6:2 FtTA0S (A), 8:2 FtTAoS (B), and 4:2 FtTAoS (C) in live microcosms. Note the y-axis scales in
the B and C plots are less than the scale in the A plot. The second AFFF dose and DGBE amendment were made to live
microcosms only and not autoclaved or medium controls (MC). Error bars represent the standard deviation of triplicate

experimental bottles.
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6:2 FtS was the most abundant biotransformation product detected in live microcosms (Figure 2A), accounting for
8% of the total mass of FtTA0S biotransformed on day 60. 4:2 and 8:2 FtS were also detected in live microcosms;
however, together they accounted for less than 1% of total FtTA0S biotransformed (Figure S3 of the Supporting
Information). The production of 5:3 FtCA and 6:2 fluorotelomer unsaturated carboxylic acid (6:2 FtUCA) was also
observed in live microcosms, accounting for approximately 0.5% and 0.18% of total FtTAoS biotransformed,
respectively (Figure 2B). Some production of 8:2 FtIUCA appeared to have occurred in live microcosms relative to

autoclaved controls (Figure S4 of the Supporting Information). No discernible trend was observed for 7:3 FtCA or

6:2 FtCA concentrations in live microcosms compared to autoclaved controls (Figures S4 and S5 of the Supporting
Information), whereas no 8:2 FtCA was detected in live or autoclaved microcosms (Figure S5 of the Supporting
Information). Production of several PFCAs was also observed in live microcosms. PFHxA, PFPeA, and PFBA
(Figure 2C) accounted for the majority of PFCA products detected (48%, 40%, and 10% of total PFCAs quantified
on day 60, respectively), whereas lesser amounts of PFHpA and PFOA were detected (Figure S6 of the Supporting
Information). PFCA products accounted for approximately 1.5% of the total FtTAoS biotransformed by day 60,
whereas all produced FtS, FtCA, and PFCA compounds together accounted for just over 10% of total FtTAoS

transformed. No FtS, FtCA, FtUCA, or PFCA biotransformation products were detected in medium controls.

i i

Figure 2. Production of major transformation intermediates identified by direct LC-MS/MS measurement: 6:2 FtS (A), 6:2 FtUCA
and 5:3 FtCA (B), and PFBA, PFPeA, PFHXA (C). Note the y-axis scales in the B and C plots are one-tenth of the scale in the A
plot.

Intermediate Product Identification

LC-MS/MS molecular ion scans indicated the presence of four polyfluorinated compounds in the microcosms for
which no analytical standards were available: molecular ions 602, 618, 702, and 718. The proposed structures for
602 and 618 possess one or two oxygens (respectively) on the thioether functional group of 6:2 FtTA0S. These
compounds are designated 6:2 fluorotelomer sulfoxide amido sulfonate (6:2 FtSOA0S) and 6:2 fluorotelomer
sulfone amido sulfonate (6:2 FtSO,A0S), and their structures are shown in Figure 4. Similarly, molecular ions 702
and 718 are designated 8:2 FtSOA0S and 8:2 FtSO.A0S, respectively (Figures S9 and S10 of the Supporting
Information). LC-MS/MS retention times and chromatograms are shown in Table S6 and Figures S7 and S8 of

the Supporting Information, respectively. Molecular ion 602 was observed in live, autoclaved, and medium-control

microcosms (Figure 3A), whereas molecular ions 618, 702, and 718 were observed only in live microcosms

(Figures 3B, S9, and S10 of the Supporting Information, respectively). Molecular ion 602 was also present in the

AFFF formulation. The MS response of the ion on day 0 in the microcosms was equivalent to the medium control

and approximately doubled in the live microcosms after a second aliquot of AFFF was added (Figure 3A). The
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analyte response of 602 appeared to increase slightly in live microcosms over time and then decrease, which is
consistent with a compound that is both produced and consumed. The response of the ion also increased slightly in
autoclaved microcosms but not medium controls, suggesting that its production could have occurred through an
abiotic reaction involving the solid phase. The abiotic production of ion 602 is further supported by the slight loss of
6:2 FiTAO0S in autoclaved controls that was observed over the incubation period. The analyte response of m/z618
increased linearly in live microcosms over the incubation period, but always remained less than that of 602

(Figure 3B). The responses of ions 702 and 718 increased over the course of the incubation (Figures S9 and S10 of
the Supporting Information), consistent with a biological production of these species. The instrumental analyte
response of m/z 586 (6:2 FtTA0S) and m/z686 (8:2 FtTA0S) obtained during the same MS analyses are plotted for

comparison in Figures S11 and S12 of the Supporting Information, respectively.

o e

Figure 3. Average LC-MS/MS analyte responses (peak area) of molecular ions 602 (A) and 618 (B) normalized to the mass
labeled-6:2 FtS internal standard response (peak area) in live, autoclaved, and medium-control (MC) microcosms. The second
AFFF and DGBE amendments were made to the live microcosms only. Error bars represent the standard deviation of triplicate

microcosms. The exact mass measurements and proposed structures of the compounds represented by each ion are shown.

The exact mass measurements of 602 and 618 were obtained through high-resolution mass spectrometry of live-
microcosm sample extracts after 38 days. The molecules had the same atomic composition as 6:2 FITAoS with one

(602) or two (618) additional oxygen atoms (Table S5 of the Supporting Information). Once the atomic compositions

of the molecular ions were known, sample extracts were analyzed on the LC-MS/MS operating in the selected ion
mode. The mass spectrum for each of the two molecular ions is included in Figure S13 of the Supporting
Information. Key structural features were proposed based on the mass spectrum observed for each molecular ion

(Figure S13 of the Supporting Information). The product ion scans of both 602 and 618 showed fragments

corresponding to the entire nonfluorinated part of 6:2 FITA0S adjacent to the thioether moiety (m/z 206) as well as

the terminal sulfonate moiety (m/z 135) contained within m/z 206 (Figure S13 of the Supporting Information).

Because these two fragments were also observed in the mass spectrum of 6:2 FtTA0S, it is likely that the oxygen
additions occurred on the part of the molecule containing the fluorotelomer thioether group. Although exact mass
measurements for molecular ions 702 and 718 were not obtained due to their low relative abundance in live
microcosm samples, the mass spectra generated from MS product ion scans on 686, 702, and 718 produced mass
fragments m/z 206 and 135, suggesting oxygen addition on the 8:2 fluorotelomer thioether moiety. Molecular ions
502 and 518, which would correspond to the singly- and doubly oxygenated species of 4:2 FtTA0S (4:2 FtSOA0S
and 4:2 FtSO,A0S, respectively), were not detected in these microcosms with either LC-MS/MS molecular ion scans
or HRMS. This is likely due to the low initial abundance of 4:2 FtTAoS in the AFFF.

Although Weiner et al. (2013) proposed the occurrence of a sulfoxide and sulfone species as potential
biotransformation products of 6:2 FtTA0S, it was not determined whether 6:2 FtSOA0S was a biotransformation

product as no production of the compound was observed in live microcosms.(32) 6:2 FtSO,A0S was also not
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detected in their study. Here, the exact molecular masses of the biotransformation products were determined,
evidence supporting their proposed molecular structures was obtained, and time course trends confirming their role
as FtTAoS biotransformation products were constructed. The identification of these species describes the

mechanism through which multiple congeners of FtTA0S may aerobically biotransform to FtS compounds.

FtTAoS Biotransformation Pathways

The proposed biotransformation pathways for 4:2, 6:2, and 8:2 FtTAoS (Figure 4) were based on quantification of
4:2, 6:2, and 8:2 FtS, 5:3 FtCA, 6:2 and 8:2 FtUCA, and C.—C, PFCAs with certified analytical standards, as well as
the detection of intermediate compounds identified by HRMS and molecular fragmentation patterns. Because more
6:2 FtSOAO0S was produced in live microcosms than in autoclaved controls in the 20 days following the first AFFF
amendment, it is likely that this reaction was attributable to both microbial and abiotic activity. Thus, the first two
steps in the biotransformation reactions of each FITA0oS compound appear to involve sequential oxygen additions
on the thioether group to form FtSOA0S and FtSO,A0S, which are then followed by the formation of FtS through a
third oxygen addition and cleavage of a carbon—carbon bond, resulting in a fluorotelomer sulfonate and an alkyl
amidosulfonate group. The aerobic biological oxidation of a thioether group to its corresponding sulfoxide and
sulfone has been previously reported with a variety of sulfide-containing compounds, including dimethy! sulfide,
dibenzothiophene, and bis-(3-pentafluorophenylpropyl)sulfide (PFPS), and across diverse groups of
microorganisms, such as Nitrosomonas, Rhodococcus, and Gordonia spp.(36-38) The abiotic oxidation of thioethers
through this mechanism has also been reported, such as the environmental photooxidation of dimethyl sulfide.
(39) The oxidation of 6:2 FtS to 6:2 FtUCA, 5:3 FtCA, PFHxA and PFPeA in aerobic microcosms inoculated with
activated sludge has been reported previously.(24) In this study, the production of PFHpA, PFOA, and 8:2 FtUCA
(Figures S6 and S4 of the Supporting Information, respectively), which were the likely products of 8:2 FtS

biotransformation (Figure S3 of the Supporting Information), were consistent with those observations and formed an

analogous oxidation pathway for 8:2 FtTAoS (Figure 4). Production of PFBA and some 4:2 FtS was also observed in

live microcosms (Figures 2C and S3 of the Supporting Information, respectively). Although PFBA is expected to be

a terminal oxidation product of 4:2 FtS, its concentration in live microcosms at the end of the 60 day incubation
period (0.5 uM) was much greater than the total estimated 4:2 FtTAoS biotransformed (<0.01 uM), suggesting that it

was also a biotransformation product of 6:2 FtS produced from 6:2 FtTAo0S.

Figure 4. Proposed biotransformation pathways of 4:2, 6:2, and 8:2 FtTAoS by aerobic soil microcosms. Compounds in dashed
boxes are proposed biotransformation intermediates and were not directly detected in microcosms. The double arrow indicates

that the reaction occurs both biologically and abiotically.

The cleavage of the carbon—carbon bond during the oxidation of fluorotelomer sulfonates and alcohols has been
observed in previous studies. For example, Wang et al. (2011) detected PFBA formation (accounting for
approximately 0.14% mol/mol) when 6:2 FtS was aerobically oxidized,(24) whereas production of PFBA was also
observed when 6:2 FtOH was biotransformed under aerobic conditions.(23, 25, 26) In this study, PFBA accounted
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for approximately 0.1% (mol/mol) of the total amended 6:2 FtTA0S at the end of the incubation. It is possible that 8:2
FtS biotransformation also produced the C,, PFCA product, PFHxA, as aerobic 8:2 FtOH biotransformation to
PFHXxA has been previously observed.(25) Although approximately 0.3 uM PFHxA was formed, it is likely that the
majority of it was produced from 6:2 FtS oxidation, as the concentration of 8:2 FtTAoS in the AFFF in this study was
much lower than that of 6:2 FtTA0S. For both 6:2 and 8:2 FtTAo0S biotransformation in these microcosms, the
terminal C, and C,, PFCA products (PFHxA/PFPeA and PFOA/PFHpA, respectively) were produced in

approximately equimolar quantities. Similar findings were reported for the biotransformation of 6:2 FtS and 6:2

FtOH.(23. 24)

Generally, the rate of FtTA0S disappearance observed in this study was faster than the rate of transformation of
intermediate compounds, indicating that the rate-limiting step in PFCA production likely occurs after FtSOA0S
production. It is unknown whether the observed FtTA0S biotransformation occurs metabolically or cometabolically
by the soil microbial community in these microcosms. Biotransformation of FtTA0S and production of FtS and PFCA
products continued to occur after the labile organic carbon compounds disappeared. Although dissolved organic
carbon may only represent a certain fraction of the total bioavailable organic carbon in the system, high
concentrations of amended labile carbon did not appear to have a significant impact on PFCA production,

suggesting some factor other than organic carbon may control the rate of FtTAoS biotransformation.

Precursor Oxidation Assay and Mass Balance

The FtS and PFCA biotransformation products that could be quantified directly by LC-MS/MS (4:2, 6:2, 8:2 FtS, 6:2
FtUCA, 5:3 FtCA, and C.—C; PFCAs) accounted for approximately 10% of the total FITAoS transformed. The PFCA
products alone accounted for approximately 1.5% of the FITAoS transformed, a recovery within the range of those

observed in other aerobic FtS and FtOH biotransformation studies (0.3—10% mol/mol).(20-26) It is unclear whether

the new intermediate products described constitute the remainder of the FtTAoS mass balance.

Because a complete mass recovery of 6:2 FtTA0S was not obtained, the total oxidizable precursor assay was
employed on microcosm samples to check the material balance. Seven samples extracted from each live,
autoclaved, and medium control bottle over the 60 day incubation period were subjected to the assay. In live
microcosms, these samples represented time points before, during, and after the two aliquots of FITAoS were
biotransformed. Of the approximately 26 uM 6:2 FtTAoS amended to all experimental conditions, the precursor
assay recovered 75-85% of the compound as C.—C,; PFCA products (Figures 5, S14, and S15 of the Supporting
Information). After the second AFFF addition in live microcosms, the recovery ranged from 80 to 100%. As
described by the oxidation model presented in Houtz et al.,(33) these results confirm that approximately 75% of a
fluorotelomer PFAA precursor is recoverable in PFCA products using this assay. The incomplete recovery of the
precursor in some samples may be due to the production of PFCAs with fewer than four carbons that are not
quantified by this LC-MS/MS method.(10. 33) The concentration distribution of PFCA congeners (C,:C::C;) produced
from the precursor assay is also consistent with products of C, fluorotelomer precursor oxidation, confirming that 6:2

FtTAoS and its related C, transformation products were the primary oxidizable PFASs in these microcosms.


javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#notes-3
https://pubs.acs.org/doi/10.1021/acs.est.5b01219#fig5
javascript:void(0);
javascript:void(0);
javascript:void(0);

Figure 5. Concentration of 6:2 FtTA0S and PFCA products generated in live microcosm samples after oxidation in the PFAA
precursor assay. The dotted line represents the total amended FtTAoS and was obtained by summing the 4:2, 6:2, and 8:2

average FtTA0S concentrations measured in the medium controls. PFNA was not detected.

Although the majority of the total amended FtTAoS was not accounted for as intermediates and terminal products,
the precursor assay provided insight into the PFAS mass balance. The nearly complete recovery of amended
FtTAo0S as oxidized PFAA precursors before, during, and after biotransformation confirmed that all significant
quantities of unidentified transformation compounds remained in the soil-media slurry and that substantial quantities
of transformation intermediates were not lost through volatilization into the headspace or sorption to bottle walls and
cap closures. Although small quantities of volatile intermediate compounds may have been produced, such as the
5:2 ketone or 5:2 sFtOH compounds that were previously reported in 6:2 FtS biotransformation,(24) the generation
of these compounds likely did not represent a significant sink for the 6:2 FITAoS disappearance in this study.
Additionally, if cleavage of the fluoroalkyl tail to less than a C, perfluorinated chain or complete defluorination had

occurred, the assay would have likely yielded lower recoveries in PFCA oxidation products.

Environmental Implications

The results of this study may help to explain the occurrence of FtS and PFCA compounds in groundwater and soil at
sites where AFFF was released.(35) As FtTAo0S is present in AFFF from several manufacturers, its
biotransformation to FtS and PFCAs under conditions representative of soil, groundwater, and surface water is
important for understanding the present occurrence and future potential PFCA influx into the environment. Although
FtTAOS is biotransformed over a period of weeks, its conversion to PFCAs appears to be slow. Other intermediate
biotransformation products (e.g., 6:2 FtS, 6:2 FtUCA) may constitute a significant source of PFASs in FITA0S-
contaminated environments. Furthermore, measuring only PFCAs and FtS in environmental samples may not
completely characterize the potential for long-term release of PFCAs. The total oxidizable precursor assay can be
used to obtain an estimate of the concentration of intermediate products that are not quantifiable by direct analysis.
Two of the identified intermediate compounds, 6:2 FtSOA0S and 6:2 FtSO,A0S, appear to have slow transformation

rates relative to 6:2 FtTA0S, indicating they may occur in subsurface environments.
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