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HIGHLIGHTS:

* PFASs were investigated at a AFFF impacted firaittyg ground (FTG)
* AFFF impacted concrete and soil core samples (Ov2eng analysed by LC-QTOF-
MS/MS
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» Mass defect filtering strategy allowed the detatbd untargeted PFASs
* Novel PFASs homologues were detected in soil amdrete samples collected at the
FTG

ABSTRACT

Aqueous film forming foams (AFFFs) have been reddaat fire training facilities for several
decades resulting in the contamination of soil gr@undwater by per- and polyfluoroalkyl
substances (PFASs). AFFF compositions are propyietad may contain a broad range of
PFASs for which the chemical structures and degi@ugroducts are not known. In this
study, high resolution quadrupole-time-of-flightnteem mass spectrometry (LC-QTOF-
MS/MS) in combination with a data processing usfiligring strategies was applied to
characterize and elucidate the PFASs present ioretmnextracts collected at a fire training
ground after the historical use of various AFFF nfalations. Twelve different
fluorochemical classes, representing more thanh@dncals, were detected and identified in
the concrete extracts. Novel PFASs homologues, unitored before in environmental
samples such as chlorinated PFSAs, ketone PFS&dpdnated PFSAs and perfluoroalkane
sulphonamidegFASAS) were detected in soil samples collectedhm Vicinity of the fire
training ground. Their detection in the soil co@em 0 to 2 meters) give an insight on the

potential mobility of these newly identified PFASSs.

Keywords: Non target analysis, PFASs, contaminaei, groundwater contamination,

Aqueous Film Forming Foam (AFFF), LC-QTOF-MS/MS.

INTRODUCTION

Aqueous film forming foams (AFFFs) have been usextesthe 1960s for emergency

response and regular training exercises by fireadents at military bases and civil
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airports. Fluorosurfactants contribute to the penfnce of the foams by dispensing low
surface tension and by forming a film over the logdrbon fuel to prevent re-ignition

(Moody and Field, 2000). Numerous studies haverteddhe link between the historical use
of AFFFs at fire training facilities and the coniaation by fluorosurfactants of the

surrounding environment including biota (Ahrenglet 2015; Filipovic et al., 2015; Gewurtz

et al., 2014; Karrman et al., 2011), soil (Ahrebhslg 2015; Filipovic et al., 2015; Houtz et
al., 2013; Karrman et al., 2011; McGuire et al.12)) surface water (Ahrens et al., 2015;
Filipovic et al., 2015; Karrman et al., 2011) amdupdwater (Backe et al., 2013; Barzen-
Hanson et al., 2017; Filipovic et al., 2015; Hoetal., 2013; McGuire et al., 2014; Schultz et
al., 2004). In several cases, the plume of contatiwn reached well water (Weil3 et al.,
2012) and drinking water reservoirs (Gyllenhammiaiale 2015; Jakobsson et al., 2014)
raising public concern of human exposure (Gyllenmmamet al., 2015; Jakobsson et al.,

2014; Weil} et al., 2012) and the potential riskshiaman health.

Fluorosurfactants used in commercially availableFRFformulations vary by year of
production and manufacturer (Place and Field, 20¥8iner et al., 2013) and the specific
chemical composition is not provided. Comparingltarganic fluorine content to the sum
concentrations of known fluorosurfactants have ack the presence of a significant
proportion of unknown organic fluorine compounds AFFF formulations either
manufactured by electrochemical fluorination (E@F)elomerisation (Weiner et al., 2013).
The quantification of 25 targeted PFASs elucidatetiveen 10% and 50% of the total
organic fluorine over the 11 commercially availaBIEFFs analysed by total organofluorine—
combustion ion (Weiner et al., 2013). Similar olba¢ions were made following the analysis
of surface water samples from a creek impactednbgcaidental AFFF spill of thousands of
litres (Moody et al., 2002). In this case, the gsal of 12 perfluoroalkyl acids accounted in
some samples for only 13% of the total concentnatib PFASs determined byF NMR.

3
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These findings underline the presence of a sigmti@amount of other fluorinated chemicals

that have not been identified and for which the f&td environmental impact are not known.

Based on different analytical strategies involvihggh resolution mass spectrometry
(HRMS), several studies have investigated the uwknivaction of flurorosurfactants present
in different AFFFs and provided the identificatioh new fluorinated homologues and/or
families (D’Agostino and Mabury, 2014; Place andl&j 2012). D’Agostino et al. identified
12 novel PFAS classes based on the analysis of AféRfRulations (D’Agostino and
Mabury, 2014). The strategy employed was based conabination of the screening of
fractionated AFFF samples using total organoflmombustion ion chromatography
followed by HRMS analysis. Place et al. identifle@novel PFAS classes through 6 different
AFFF formulations using the combination of a preesaing by fast atom bombardment mass
spectrometry and followed by LC-QTOF-MS/MS (Plaod &ield, 2012). (Barzen-Hanson et
al., (2017) discovered 40 novel PFASs classes W@HQTOF-MS/MS through non-target
analysis using Kendrick mass defect plots. Rotartat. identified several new PFASs with
LC-QTOF-MS/MS based on a metabolomics strategydmparing the serum of firefighters

exposed to AFFFs to an unexposed population (Retagtcal., 2015).

To gain more insight into the fate of PFASs reldas¢ firefighter training sites, it is

important to understand the composition of the AFéifulations applied at the site as well
as the transformation products that can be genkter the release of the foam in the
environment. Indeed, the non-fluorinated sectiothefPFASs may be subject to microbial or
chemical transformation and generate other hazardbamicals (Buck et al., 2011). Failure
to identify and monitor all these chemicals coudhd to a greater uncertainty on the

environmental impact linked to AFFFs released.
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For these reasons, the present study aimed toatbara the PFASs present at a fire training
ground (FTG) after the historical use of AFFF fotations. Extracts from concrete samples
collected from the fire training pad have been ys&d by LC-QTOF-MS/MS to screen for
newly identified and legacy PFASs and attempt tenidy unknown PFAS and/or
degradation products. Following this step, the gmes of the PFASs identified in the
concrete extract was then investigated in soils¢a¢ -0.5, -1, -1.5 and -2 meters) collected
in the vicinity of the fire training pad to get arsight on their potential mobility. As identical
AFFF formulations have been used overtime at differFTG, the contamination profile
observed at the fire training ground assessedisnstidy, maybe considered to be typical of

other firefighting grounds in Australia.

EXPERIMENTAL

Sample Site. The FTG is located in Australia and has been amabpeal fire training
facility since 1988 (Baduel et al., 2015b). UntD1®, approximately 3000 L of AFFF
concentrates were used every year. ECF based f8&irLightwater) was used from 1988
until 2001 when the transition to telomer-basednfoghnsul) occurred. The transition to
fluorine free foam (Solberg®) followed in 2010. Aap of the sampling sites is presented in

supporting information (S1).

Concrete and soil core sampling. Concrete dust samplesH g) were collected using a
driller at 4 different areas of the training padetosure adequate representation. Drill bits
were clean with methanol before sample collect@oncrete powder samples were wrapped
in aluminium foil and stored in Ziploc bag at -4.°Cwvo soil cores were collected at 20 m
from the FTG and a third core at around 80 m bypaisi hydraulic drilling rig Geo 305. The

equipment was capable of providing an intact sorecto a depth of 2 m (4 consecutive
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sections of 50 cm) where the water table was erteoenh The soil cores samples were stored

in amber plastic tubes of 50 cm at -4°C until asisly

Chemicals and Extraction. Details of extraction procedure employed as weltlzamicals
and standards used are available in the supporfognation (S2).

The soil samples were freeze dried overnight aed gieved trough a soil riddle (1.18 mm
mesh size). Concrete dust (0.1 g) or sieved sa) (kas weighted and transferred to a falcon
tube (15 mL). Mass labelled-internal standards wedeed and the samples were then
extracted with MeOH/NH3ag (99/1) using ultra-sotima After centrifugation, the
supernatants were transferred to another falcom (L mL), neutralised with acetic acid and
concentrated to 1 mL under a gentle stream of geino The samples were then cleaned
through a pre-rinsed ENVI-Carb cartridge (100 mgpé&clean™ ENVI-Carb™ SPE Tube,
Supelco) and filtered (RC filter 0.2 um, Phenoménéter the clean-up, 100 pL of the
concrete extract was collected and transferreccitjréo Polypropylene (PP) inserts. The
entirety of the soil extract was then transferredl a&oncentrated down to 100 pL in
Polypropylene inserts. Performance standards a@dul5of 5 mM ammonium acetate in

water were added prior to analysis.

L C/Electrospray lonization (ESI)-QTOF-MS/M S-Analysis. Chromatographic separation
of the analytes was carried out using a Shimadzyeide X2 ultrahigh-pressure liquid
chromatography (UHPLC) system equipped with a lyirmrmp and a reverse-phase Luna
Cis column (3 pm x 2 mm x 150 mm, Phenomenex). Anaegrard column (C18) was
installed between the solvent reservoirs and thector to exclude PFASs that originated
from the HPLC system. The UHPLC was coupled to laridyquadrupole time-of-flight mass

spectrometer system, Triple-TOF 5600 system (AR§ciwith an ESI interface working in
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negative ionization mode. MS was operated in fadrs TOF-MS and MS/MS mode with
information-dependent acquisition (IDA) in a singlen analysis (Baduel et al., 2015a);

detailed information can be found in supplemeniafgrmation (S3).

Data Processing Strategy. Mass defect is the difference between the compexadt mass
and its nominal mass (Sleno, 2012). Mass defedrifilg strategies have previously been
applied through post-acquisition processing of dateemove all signals outside a defined
mass defect range characteristic of the chemidalasterest (Barzen-Hanson et al., 2017;
Barzen-Hanson and Field, 2015; Crimmins et al. 422Qiu et al., 2015; Myers et al., 2014).
The mass defect range of PFASs is very unique amges between 0.85 and 1. In this study,
a selective extraction of the data was performedilteying out all signals corresponding to
other mass defect values which were not includetthénrange from 0.85 to 1. This strategy
provided a decrease in the number of ions to eltieitfom 3597 to 476 spectra. To further
reduce the number of spectra to investigate theakimtensity was set to be greater than
2.3x10. The number of chemicals of interest then decretsenly 172 parent ions and were
then investigated based on the quality and thengitie of the signal. Once a suspect PFAS
parent ion was selected, the ion was first conftireenot be present in the procedural blank
samples. A manual PFAS homologue search can berpmd by searching for m/z spacing
by £50 (i.e. —CF2-) or £100 (i.e. —CF2-CF2-) as B8Aare manufactured as chain-length
homologues when manufactured by ECF or telomeoisaispectively (Liu et al., 2015). The
confirmation of non-target analytes and structetaracterization of unknown analytes was
performed using PeakView software (AB Sciex) inahgd the Formula Finder tool.
Compound identification was based on the accuragsmeasurement (mass error < 5 ppm),
elemental composition assignment, isotopic pattistribution, ring and double bonds
(RDB) factor and MS/MS spectrum interpretation. @ngral elemental composition limit
was set (i.e. carbon: 0-40; hydrogen: 0-40; flueri@-60; oxygen: 0-10; nitrogen: 0-2;

7
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sulphur: 0-2; phosphorous: 0-2) but was adjusteénnmustified by characteristic isotopic

patterns (presence of Chlorine and Bromine) optiesence of well-known fragments.

Quantification and Quality Assurance. Procedural blanks and instrumental blanks were
analysed along with each sample injection to chéwk cross contamination, analytes
carryover and background response. Three replicdtesil samples and two replicates of
concrete samples were performed to control theodemibility of the method for the
detection of untargeted compounds. The method tiegdimits for the targeted PFSAs and
PFCAs in this study were between 0.2 and 1.3 pdddg. and are provided as well as the
method validation parameters in the supportingrmfdion S4. Calibration standards were
made up in 250 pL (150 pL methanol/100 uL 5mM amionoracetate in water) in the range
between 0.1 and 100 ng.mL(0, 0.1; 0.2; 1; 4; 10; 20; 40; 100). Quantificatiwas
performed for PFCAs (C4 to C12) and PFSAs (C4, C8,and C10) and 6:2FTS using
corresponding reference standards available inaberatory and all values reported were
corrected for recovery of the corresponding sut®gsandards (S5). For the other analytes,
where no analytical standards were available, sprantification was preformed using the
response factor obtained by the PFSAs or PFCAs logue presenting the closest structural

similarity (functional group and/or fluoride carbohain length, S5).

RESULTS AND DISCUSSION.

Characterisation of PFASs present at the FTG and identification of novel chemicals and
homologues. The filtering strategy applied allowed the idewmtifiion of several PFASs
families and their isomers in the concrete sampliess accuracy was < £ 5 ppm in full scan
acquisition and isotope score values were highar 80 % in all cases. The mass accuracy of
the fragments was in most cases < 20 ppm. To peoindights into the fragmentation

mechanisms, a proposed structure for each family pvaposed based on the experimental

8
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MS/MS spectrum. Supplementary material S6 sumnmetize main characteristics obtained
for one homologue of each identified family inclngiMS and MS/MS information. Table 1
reports all PFASs detected and tentatively idexdiin the concrete extract along with their
MS information, mass error, isotopic fit, retentibme. All chemicals reported were not
detected in the procedural blanks. The PFAS famibitten represent series of homologues
compounds of the same class but with various chemgth differing by -Ck so the
homologues present mass spectral peaks differigPl80681 Da. The mass spectrum from
the IUPAC mass scale can be converted to the Keadniass scale i.e. multiplying each
mass by (50.0000/49.99681). £Oformalized Kendrick mass defect (KMD) was plotted

all the ions remaining after the filtering stratggygure 1). Homologous series presenting an
identical Kendrick mass defect line up horizontatiy the Kendrick mass defect plot

confirming that they belong to the same class.

1. Perfluoroalkyl carboxylates (PFCAs). Targeted PFCA chemicals {C;;) were
detected and confirmed by matching MS/MS spectchratention time with analytical
standards. PFCAs have been reported as primaryamnfs in early 3M AFFFs from
1965 up to 1975 (Backe et al., 2013; Place antdlF2©12; Prevedouros et al., 2006).
PFCAs can be present as impurities and generated dbiotic and biotic degradation
of fluorosurfactants present in POSF-based anddtetomer-based AFFFs (Houtz and
Sedlak, 2012; Prevedouros et al., 2006). The masesich of homologues in the MS
spectra also revealed the presence of perfluorapap acid (PFCA-C3). A low mass
error between theoretical and observed massesp(hy was observed as well as a
good isotopic fit (95%). The MS/MS experiment comed the structure with
characteristic fragments of PFC (68.9957;;CHE.9886 GO,F). To our knowledge this
is the first time that this short chain PFCA hagrbeentatively identified at a site

impacted by AFFFs.
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2. Perfluoroalkyl sulphonates (PFSAS). PFBS, PFHxS, PFOS and PFDS were targeted

and detected in all the concrete extracts. Maregiching of the homologues for 50 m/z
spaced ions show the presence of the homologuésandarbon backbone from, @
Ci2. The presence of PFSAs homologues was confirmeithdoypresence of fragments
characteristics of PFSAs (e.g., m/z 79.9568, 989ahd [M-H]), the low error mass
between observed and theoretical exact masse§.{.epm to 5 ppm), and an excellent
isotopic fit (94-99%). The MS information for inddual homologues is given in table
1. PFSAs have been components of 3M AFFF from 8#04 to 2001; PFSAs C6-C8
homologues being the predominant PFSA homologuesRRFs from 1988-2001
(Backe et al., 2013). Shorter chains C2-C3 PFSAs wexently identified in 3M AFFFs
from 1988-2001 (Barzen-Hanson and Field, 2015) amdstudy present for the first

time to our knowledge the tentative identificatimira C1 homologue.

. Chlorinated perfluoroalkyl sulphonate (PFSAs-CI). The application of the mass

defect filtering strategy allowed the detectionhemical with m/z of 514.9007. The
isotopic distribution in the full scan mass speatnggests the presence of one chlorine
atom in the structure (ratio [M-H][M-H] +2= ratio of peak height 3/1). The structure
was elucidated by the presence of fragments commmdPFSAs (e.g., m/z 79.9568,
98.9552, 118.9920) and by the presence of chigme 34.9688). The research of
homologues reveals the presence of PFHxS-CI. Timesehemicals have been recently
discovered for the first time in serum samples fimefighters exposed to AFFFs after

several decades of duty in Australia (Rotandet.e2@15).

. Discovery of Dichlorinated perfluoroalkyl sulphonate (PFSA-CI,). The application

of the filter strategy allowed the identificatioh @ chemical with m/z of 530.8711. The

isotopic distribution in the full-scan mass specuggests the presence of two chlorine

10
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atoms in the structure (ratio [M-H[M-H] +2; [M-H] +4 = ratio of peak height 9/6/1).
The structure presents fragments common to PFOg, (m/z 79.9595, 98.9555,
129.9561, 229.9453) and the fragment characteridtihe presence of chlorine (m/z
34.9777). The fragmentation pattern suggests that@ atom is in % position due to
the fragment (¢F-O3SCI, 9.8 ppm). However, fragment information was ndfisient
to identify the 2% chlorine atom position. Moreover, it is possitattthis is a mixture
of isomers where the Cl| atom can be fixed at dffiéposition. To our knowledge this
IS the first time that this chemical has been idiet The chemical ¢-Cl,SO; was the
only homologue of this family tentatively identifiepreviously in environmental

samples (Crimmins et al., 2014).

. Discovery of Perfluoroalkene sulphonate (PFSA-unsaturated). The application of

the filtering strategy allowed the identificatiohachemical with m/z of 460.9334. The
structure was elucidated by the presence of fraggnemmmon to PFSAs (e.g., m/z
79.9595, 98.9568, 118.996, 168.9888), which watudsx in the molecular formula
generator. The proposed formula presenting the filesas GF15S0O; (mass error -1
ppm) with one wunsaturated site. The mass is similao the
perfluoroethylcyclohexanesulfonate (PFECHS) (Devébiket al., 2011) an erosion
inhibitor in aircraft hydraulic fluids, but the fyanentation differ by the presence of the
fragments 129.9536 (G&O0;) and 229,9472 (§FS0Os). These fragments suggest that
an unsaturated site might be present from theag¢bon indicating a double bond (rather
than a cyclic structure). The fragments 168.988F{{; 230.9856 (GFy) and 280.9749
(CsF11) could suggest the presence of a double bond kettte 4 and %' carbon. The
proposed chemical structure was drawn and compretie experimental MS/MS
spectrum and is presented in S6. It is possiblethee is a mixture of isomers where
the unsaturated site could be a cycle or doublel bmrated at different positions.

11



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

6. Discovery of Ketone perfluoroalkyl sulphonate homologues (PFSAs-Ketone). A

chemical of high intensity was noted with m/z of68283. The structure was
elucidated by the presence of common fragments, (g 79.9568, 98.9552) which
was included in the molecular formula generatog; pnoposed formula presenting the
best fit was @550, (mass error -1 ppm) with one unsaturated site.dbsearching
of the homologues showed the existence of 10 hogoel® spacing by 50 m/z. One with
the lowest molecular mass (m/z 326.9379) was chtmestructure identification. The
absence of fragment of terminal perfluorinated earlghains such as -gfr -GFs
suggests that the carbonyl might be present atetite of the chain. PFOS with a
carbonyl group has been found previously in firefeg’'s serum (Rotander et al., 2015).
However, this study found a total of 10 homologurethe concrete extract with the C8
homologue showing the highest signal. The propabednical structure was drawn and

linked to the experimental MS/MS spectrum and espnted in S6.

. Discovery of Perfluoroalkane sulphonamides homologues (FASAs). PFOSA was

detected in the concrete extracts. The structundiromation of PFOSA was based on
the presence of the fragments (NJ@.g. m/z: 77.9649 and [M-H]the good isotopic
fit (98.9%) and the low error between theoreticad abserved mass (-1.4 ppm). Manual
searching of the homologues for 50 m/z spaced ®sm®w the presence of the
homologues from C3 to C10, the presence of tharfeags (NSQ@) e.g. m/z: 77.9649
and [M-H] were common to all homologues. The presence obwsirfragments
(68.9952, 118.9920, 168.9888 m/z) correspondinfjuarinated chain parts could be
seen for the different homologues at relatively labundance (<10%). Except for
FASA-C8 and -C6, this is the first time to our krledge that these homologues have

been identified in AFFF impacted sites. The preseat isomers and homologues

12
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spacing with -CE indicates that the chemicals are linked to the at ECF-based

foams.

. Perfluoroalkyl sulfinic acids (PFSIAs). The application of the mass defect filter as

well as the filter of intensity allowed the identdtion of a compound mass at 382.9417
m/z. Taking into account the presence of the fragmé8.9920 (¢Fs) and 168.9888
(CsF) which was included in the molecular formula geter, the proposed formula
presenting the best fit wagiF,3S0O; (error -1 ppm). The proposed structure was drawn
and linked with the experimental MS/MS spectrum)($%SiA-C6 was then tentatively
identified based on the presence of the fragmenSOfF (82.9603 m/z) and the
different fluorinated carbon chains lengths. Sgcinvestigation for homologues
revealed the existence of C3 to C10 chain lengtlesnicals. The fragments 9© and
C,Fs were common to all the homologues. Perfluoroallariénic acids, GF2,+1SOH

are degradation products from commercial precursompounds containing the
CiF2n+1SON< moiety and could be degradation products ofrtisarfactants from 3M

foam [19].

. Perfluoroalkyl sulfonamidoethanols, (FASEs). FASEs homologues were identified

and the homologues presented common fragmentatdterps with the two more
abundant fragments SB (64.9697 m/z) and CINO,S (91.9806 m/z). The chemical
structure of perfluorooctane sulfonamidoethanol wdrawn and linked to the
experimental MS/MS spectrum and is presented irF86all the homologues, the mass
errors between theoretical and observed masseslover@-2.7 ppm) and the isotopic

fit satisfactory varying between 75-99%.
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10.

11.

12.

Fluorotelomer sulfonic acids, (n:2FTSs). The primary degradation products of the
fluorotelomer-based AFFF foam (including Ansuliteg¢re reported to be the 6:2 and
8:2 fluorotelomer sulfonate and have been foundemvironmental media around
military bases and FTG sites (Fang et al., 201%uBz et al., 2004). 6:2FTS was
detected and quantified using analytical standéhg MS spectra were interrogated to

look for 8:2FTS and homologues for 100 m/z spaoced.i

Recently identified PFASs. A suspect screening was performed to detect theepoe

of newly identified PFASs in Ansulite and 3M ligivater in previous work (Backe et
al., 2013; D’Agostino and Mabury, 2014; Place aneld; 2012). Perfluoroalkyl

sulfonamide amines (n=6 and 8) as well as Fluasatel thioamido sulfonates (n=6)
were detected and confirmed by matching the fragatiem patterns with other studies
(S6 and table 1). No perfluoroalkyl sulfonamide @amicarboxylates were detected
while these chemicals are known to be componengsnme 3M formulations (Backe et

al., 2013; D’Agostino and Mabury, 2014).

Limitation. It is important to underline that all the compourds/e been tentatively
identified and only the analysis of reference stéadd will confirm unequivocally the
structures proposed. The present screening alldhedletection of a broad range of
PFASs. However, this screening is not exhaustiveoase PFASs may not ionize under
current conditions (cationic PFASSs, telomere alé®hawitterionic compounds etc.)

(Barzen-Hanson et al., 2017; D’Agostino and Maba6i4).

IMPLICATION TO THE SURROUNDING ENVIRONMENT.

All chemicals identified in the concrete samplesrevéhen investigated in the soil core

samples collected near the FTG. To understanddhtecal profile of the contamination, the
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collected soil core was subsequently sampled aatysed at 4 different depths: 0.5, 1, 1.5
and 2 meters where the water table sits. Semi-daav¢ estimation of non-target and

unknown PFASs concentrations was assessed basetheommesponse factors of the

perfluorinated standards available in the labogatdhe standards assigned for individual
analytes is presented in supporting information).(85ver the analytes targeted, 42 were
detected and quantified in the soil core samplég. dverage concentration and the vertical
distribution of the analytes detected in the tweoesdocating near the FTG are presented in
the figure 2 and in the supplementary material (@3¢ussed below. A third core has been
sampled at around 80 m to give an insight on thearnination extend and the results are
shown in supplementary material (S8). From previsuslies, it has been shown that the
sorption of PFASs is influenced by the soil composi such as the soil organic carbon

content, the pH, the inorganic fractions and thesence of surfactants (Higgins and Luthy,
2006; Tang et al., 2010; Zhao et al., 2014). Thieceonposition of the different core sleeves

including the total organic carbon (TOC) percentagd the ratio Si/Al is provided in S9.

PFASSs structural characteristics, such as the Ipydlio head group and the chain length are
important factors influencing the adsorption on soid sediments (typically adsorption will

increase with the chain length). However, FTG asrascomplex because training exercises
led also to the release of fuels, solvents anddoatbon surfactants. All these chemicals are
expected to affect the transport of PFASSs in agit@inding the FTG and to the best of our
knowledge the behavior of multiple PFASs in thespreee of this co-contaminants is poorly

documented (Guelfo and Higgins, 2013).

Among PFSAs, homologues with 1 to 11 carbons waued at the site. PFOS was present at
higher concentration than any other PFASSs targetaching up to 4000 pg/kg at -0.5 m and
followed by PFHxS and PFHpS among PFSAs. The poesehPFSASs is due to the historic
use of 3M formulation at the studied site. In ti rmulation from 1989 to 2001 tested,
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homologues from C2 to C10 are components and ithaividual proportion relative to PFOS
are in descending order PFHxS(~11%), PFBS(~3%), ri®{FR.5%), PFHpS(~2%),
PFPeS(~1%), PFNS(~0.6%), PFDS(~0.5%) and PFEtS{)(QBacke et al., 2013; Barzen-
Hanson and Field, 2015). The ratios between therdiit homologues observed in the soll
core are not in accordance with the ratio obseiwethe different formulations from this
period. Such difference could be due to the pastofig formulation prior to 1989 on the site
constituted by different homologues proportionsd/an the transformation of precursor
overtime of specific PFSAs and/or the differenttipianing properties of each chemical to
soil and sediments. The concentration of the safgins homologues (C1-C6) increase with
depth suggesting that these chemicals have besspteted downward and have reached the
water table. Hydrophilicity of PFSA increases wtihe carbon chain length decreases, which
facilitate the transport of the shorter chains tiglo the soil and to the groundwater.
Quantification of short (<¢ and ultra-short chains {&3) were observed in groundwater
contaminant plume at site where 3M AFFFs were selégdBarzen-Hanson and Field, 2015).
Concentrations of PFCAs were significantly loweartlPFSAs. Among PFCAs, PFOA and
PFHxA predominate with values reaching up to 4kggfhe vertical distribution of PFCA
homologues along the core show that homologues&8uitirbons present a higher affinity for
soil and sediments while the shorter chains (<@8)maore mobile along the soil core and
may reach the water table overtime (Fig 2.) whishin accordance to previous studies

(Filipovic et al., 2015).

FASAs were present at an important ratio relatov® ESAs. Among FASAs, the homologues
with a chain length from C3 to C8 were detected SAAC6 was the FASA homologues
estimated at the highest concentration at eacthdephcentration reaching up to 89 ugtkg
d. w.). While FASA-C6 and FASA-C8 have already bektected previously in AFFF
impacted sites, this is the first time that theeotthomologues have been detected in
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404

environmental samples (Backe et al.,, 2013; D’Agustand Mabury, 2014; Houtz et al.,
2013; Place and Field, 2012). FASAs were not detednh 3M and Ansulite foam
formulations in previous studies suggesting thaséhchemicals may be generated after the
release (Backe et al., 2013). Perfluoroalkyl sidforde amino carboxylates (PFSaAmA) and
Perfluoro sulfonamido amines (PFSaAm) homologues@8) are components of 3M foam
(since 1993 to 2001) and these sulfonamide-basethichls could possibly degrade to
FASAs. The analysis of formulations showed thatidess PFOS, PFSaAm-C6 and
PFSaAmA-C6 were the more abundant fluorinated corapts presenting a ratio relative to
PFOS of 9 and 11 % respectively and a concentradnvalent to PFHxS (Backe et al.,
2013). In this study, PFSaAm -C6 and -C8 are samntffied in the soil at low
concentrations (<10 ng.Ky and significantly lower than PFHxS, while PFSaA@A was
not detected at all. Very low detection frequen@&FSAm and PFSaAmA homologues
were observed in groundwater at AFFF impacted sWesre AFFF formulations (including
3M) were discharged (Backe et al., 2013). Thosemagions are in accordance with the fact
that they may degrade shortly after release andRA&As could be potential degradation
products. The concentration of FASAs homologuesidom the soil cores and the fact that
these chemicals have been detected through theewdooé suggest that they will likely be
detectable in groundwater. Relatively few studies available on chemicals that belong to
the FASA class. FASA-C8 (PFOSA) was mainly investiggl revealing its stability,
bioaccumulation properties and its sorption behayfhrens et al., 2011; Houde et al.,

2011).

PFSAs-ketone and chlorinated PFSAs were detectéeinoil cores and this is the first time
that those chemicals have been detected in enveotahsamples. These chemicals may
have been ingredients or impurities in AFFF formiales, or they may be transformation
products generated after release of the foam. PIE3Asesented a maximum concentration
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of 28 pg.kg' d. w. Chlorinated and dichlorinated PFSAs conegiun decreases along the
soil core and may have a good affinity to soil ardganic matter due to the structural
similarity to PFOS. Among Ketone PFSAs the homoégg(G6 to C11 were detected and the
homologue C8 was the most abundant compounds loasdt: estimates. The shorter chains
show a more rapid migration through the soil sutiggsmore hydrophilic properties than
PFSA for equal chain length and then a risk to heaad contaminate groundwater.
Bioaccumulative properties of PFOS-Cl and PFOS+etioave been recently suspected by
their detection in firefighters serum who had beeposed to AFFF foam a decade before

their blood test (Rotander et al., 2015).

Fluorotelomer thiamido sulfonates (FTSAS) have bidentified as the primary component
of Ansulite formulation (Place and Field, 2012).tlhe formulation from 2005, 6:2FTSAS is
dominant in Ansulite followed by 8:2FTSAS (18%) ad®FTSAS only (0.4%) while no
FTSs was detected in the formulation (Backe et8l13; Place and Field, 2012). 6:2FTSAS
was detected at low concentration at the surfadbetoil while 4:2FTSAS and 8:2FTSAS
were detected neither in the concrete extractsmitre soil core samples. On the other hand,
6:2FTS and 8:2FTS were detected in concentratioougfh the core ranging from 1.6-3.4
no/Kg and 1.3 to 26.3 pg/Kg respectively. Thesdalifigs suggest that the components
8:2FtTA0S and 6:2FtTA0S may have degraded over ame have generated 6:2FTS and
8:2FTS following the dealkylation of the thioethand oxidation of thio group. Indeed,
biotransformation of fluorotelomers from AFFF haeh observed in a soil microcosm where
n:2FTSAS was converted to n:2FTS, and n:2FTS wdbkdutransformed to the,@Gnd G.1
perfluorinated carboxylates,(Harding-Marjanovicakt 2015; Weiner et al., 2013) the major
stable degradation products. Other studies idedtithat 6:2FTS biotransformed relatively
quickly (half-life of 5 days) in aerobic sedimerZh@ng et al., 2016), soil microcosm
(Harding-Marjanovic et al., 2015) and slowly iniaated sludgéwWang et al., 2011; Weiner
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et al., 2013) and generated PFPeA, PFHXA as wglbbdluoroalkyl carboxylic acid. On the

other hand no biotransformation was observed iremtéc conditions so the degradation
may be slow in subsurface environments (Zhang.e@l6). The concentration of 6:2FTS
was lower than the estimate concentration of 8:2KiTthe soil core and the vertical profile
of 6:2FTS shows a distribution more homogeneous tive whole core than for 8:2FTS
which settles mainly at the surface. While the Egplication of telomer-based AFFF was
informed to be in 2010, we can then observe redftislow rates of transformation of
n:2FTS in the environment which could be due topson process. However, the
transformation of these different species may sas/@ source of additional perfluorinated

carboxylates overtime.

In this study we have detected the presence ofFSB in the soil in the vicinity of a fire

training ground. The vertical profile of the soibre showed that a significant amount of
PFASs reached the bottom part of the core, suggetteir potential ability to be transported
and to reach underneath water reservoirs. In Alisstizere are at least 26 AFFF training sites
for civil aviation and several other for militaryné other purposes. Sites currently or
historically impacted by the use of PFASs-contajiif-FFs have shown a contamination of
the surrounding environment and in some cases idgnkater reservoirs. The discovery of
the presence of homologues of FASASs, chlorinatetldichlorinated PFSAs and the ketone
PFSAs in AFFFs impacted soil at high detection degpy is an important finding. Until

now, those chemicals have gone unmonitored at witese AFFFs formulations have been
used. The environmental health effects and physh@mical properties of FASAs,

chlorinated and ketone PFSAs are currently not knolilhe monitoring of these chemicals
would be an asset to determine a more comprehenskessessment of AFFF impacted

sites.
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Figure 1. Kendrick mass defect as a function of nominal Kelkdmass using a mass scale

based on CF2 for ions detected from the concrdtaeby the LC-QTOF-MS/MS.
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598 Figure 2. Total mean concentration (ng/Kg d.w.) and vertidatribution of the PFASs
599 detected at 4 different depths (-0.5, -1, -1.5 ghdneters) in two soil cores. The vertical
600 distribution is expressed as a fraction, obtaingdlividing the concentration at a specific
601  depth by the sum of concentrations obtained owedtepths. The mean concentration found
602 at each specific depth can be assessed by multtiplihe total concentration from the
603  histogram by the fraction number correspondinggithespecific depth.
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Name and proposed Theorical Mass Isotope
Labels n Formula error | Matching Retention Time (min)
structure mass
(ppm) (%)
3 | 162.9823 | C3F502- 0.9 95 2.36
4 | 212.9792 | C4F702- -0.8 99 5.64
5 |262.9760 | C5F902- -1.0 99 9.59
Perfluoroalkyl 6 |312.9728 | C6F1102- -0.9 99 11.76 and 12.11 (L)
Carboxylate PECAS 7 | 362.9696 | C7F1302- -0.5 99 13.52 and 13.87 (L)
8 | 412.9664 | C8F1502- -1.8 99 14.88 and 15.22 (L)
C, Fr+1CO5- 9 | 462.9632 | C9F1702- -1.7 92 16.32
10 | 512.9600 | C10F1902- -0.8 98 17.26
11 | 562.9568 | C11F2102- -2.7 94 18.05
12 | 612.9536 | C12F2302- -0.7 95 18.75
1 | 148.9526 | CF3S03- 0.2 94 1.48
2 | 198.9494 | C2F5S03- 0.9 98 3.26
3 | 248.9461 | C3F7S03- -0.1 98 6.80 and 7.05 (L)
4 | 298.9429 | CAF9S03- 0.2 98 10.0 and 10.24 (L)
Perfluoroalkyl 5 | 348.9398 | C5F11S0O3- -0.9 98 12.01 and 12.40 (L)
Sulphonate PESAS 6 | 398.9366 | C6F13S0O3- -3 98 13.68 and 13.99 (L)
7 | 448.9334 | C7F15S0O3- -2.1 96 14.57 and 14.92 and 15.27 (L)
Cr F204150;- 8 |498.9302 | C8F17S03- 2.4 98 15.65 and 16.00 and 16.33 (L)
9 | 548.9270 | C9F19S0O3- -2.5 98 16.55, 16.89, 16.98, 17.23
10 | 598.9238 | C10F21S03- -3.2 98 17.5-18.0
11 | 648.9206 | C11F23S03- -2.1 97 17.90-18.50
12 | 698.9174 | C12F25503- -1.9 97 18.60-19.0
Chlorinated 6 | 414.9070 | C6F12CISO3- -0.6 90 13.98 and 14.22
Perfluoroalkyl 8 | 514.9007 | C8F16CISO3- 2.5 92 16.21 and 16.50
Sulphonate PFSAs-Cl
C,F,,Cl SOs-
Chlorinated PFSAs- 8 | 530.8711 | C8F15CI2S03- -1.2 61 16.22 and 16.54
Perfluoroalkyl Cl,

Table 1: Target, non-target and unknown compounds identifiszbncrete extract from AFFF impacted FTG usityQTOF-MS/MS.
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Sulphonate

cn I:Zn-l CIZ S03'
Perfluoroalkene PESAs- 8 | 460.9334 | C8F15S03- -0.7 99 Range: 15-16.2
Sulphonate >
Co F21 S05- un
4 |276.9411 | CAF7SSO4- -0.4 96 8.60
5 | 326.9379 | C5F9SO4- -0.6 98 11.17
6 | 376.9347 | C6F11S04- -1.5 99 12.98
7 | 426.9315 | C7F13S04- -0.8 95 14.45
Ket°':""; ir:'::t?a'ky' PFSAs- | 8 |476.9283 | C8F15504- 15 90 15.56
C.FystS Op Ketone | 9 |526.9251 | C9F17SO4- -0.1 94 16.52
10 | 576.9219 | C10F19S04- 0.8 86 17.15
11 | 626.9187 | C11F21S04- 0.8 76 17.2-18.3
12 | 676.9155 | C12F23S04- -0.8 91 18.01-19.00
13 | 726.9124 | C13F25504- 0.4 98 18.50-19.50
2 | 197.9654 | C2F5SO2NH- 0.2 99 3.54
3 | 247.9622 | C3F7SO2NH- 0 99 9.03
Perfluoroalkane 4 297.9589 | C4F9SO2NH- -0.3 99 12.355
sulfonamides FASAs 5 | 347.9557 | C5F11SO2NH- 0.6 98 14.09 and 14.44
CiF2+1SO;NH 6 | 397.9526 | C6F13SO2NH- -1.4 99 15.55; 15.64 and 15.92
7 | 447.9494 | C7F15SO2NH- 2.8 98 16.79 and 17.11
8 | 497.9462 | C8F17SO2NH- -1.4 99 17.74 and 18.07
4 | 282.9481 | CAF9SO2- -0.9 96 10.73
Perfluoroalkyl 5 |332.9449 | C5F11S02- -2.6 99 12.88
sulfinates PFSiAs 6 | 382.9417 | C6F13S02- -1 98 14.13 and 14.44
Cr F20:1S0,- 7 | 432.9385 | C7F15502- -4.7 91 15.68
8 | 482.9353 | C8F17S02- -0.1 93 16.44 and 16.72
4 | 241.9916 | CAHSFSNSO3- 0 87 8.91
5 |291.9884 | C5H5F7NSO3- -0.8 90 12.08
Perfluoroalkyl 6 | 341.9852 | C6H5FINSO3- 1.4 98 14.21
sulfonamidoethanols FASEs
C. Hy Fyn 3 NSOs- 7 |391.9820 | C7H5F11NSO3- 3 99 15.42 and 15.76
8 | 441.9788 | C8H5F13NSO3- 2.7 98 16.69 and 16.98
9 | 491.9756 | C9H5F15NSO3- 2.1 76 17.98
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10 | 541.9724 | C10H5F17NSO3- -1.2 76 18.48 and 18.81

Fluorotelomer 8 426.9679 | C8H4F13S03- -0.9 100 15.30

sulfonates FTSs 10 | 526.9615 | C10H4F17SO3- -0.4 99 17.38
an4F2n-3503'

Fluorotelomer 6 602.0346 | C15H1705NS2F13- 0.8 91 15.36

Thioamido Sulfonates FTSAS
Perfluoroalkyl PESaAm 6 |483.0417 | C11H1202N2SF13- -1 89 16.23
Sulfoamido Amines 8 | 583.0353 | C13H1202N2SF17- -1.8 94 18.44

(L): Linear isomer
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HIGHLIGHTS:

» PFASswereinvestigated at a AFFF impacted fire training ground (FTG)

* AFFF impacted concrete and soil core samples (0-2m) were analysed by LC-QTOF-
MS/MS

» Massdefect filtering strategy allowed the detection of untargeted PFASs

* Nove PFASs homologues were detected in soil and concrete samples collected at the
FTG



