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Abstract

Aqueousorfmilmg foams (AFFFs), whi-eamdcont ai
polyfluoroal ky] bBabsestheeesw( EAPH) usfewdelt o ext

fires. Repeated use of AFFFs has bkeéeddieswi de

on the biotransformation of PFAS in various
i nvesti gatsefdortnhaet i boino torfiamPpRA S edn sAFFEB , l eavir
PFAS in these specific environment al matric
i ndigenous microbial communities in the envi
cruci al neinczryonbeess iannvdol ved i n the biotransforr

|l nvestigating the mechani sms of PFAS biotran
in hiheansformation is eesent 0dimdretoadt n PFEASL
Addi t i anedlilay,i omme of sites cooo6t@mmamianamdt swvipds
significant challenge, yet there has been 1
This dissertation provides an overview of

gaps ptmerChlh, and a comprehensive review of P
current and emerging PFAS remediation techn
perfluoroal kyl acids (PFAA) preChiaptsmrss 3and

arechBhnteal studies. Chapter 3 and 4 describe
i nvegbigaransformati on of -irepacectsedhtadiilve. PEH

focuses spgéei faiec albliyx dBolr ahsboomat omer ofdl cc



i n t woc oAnFtFaFmi n aGleap t®emivleds t i gat es t he abi | it
ul f onaanmd dcear bhas@&mi g ecursors i n a historica
o transf or m ni nChaaeprtoebri ice,s @bmiad. iyrsfi ar mdt 16S r RI
equencing data from selected PFASvabi otr an:
erformedertate hypxKoetyhemiecsr odbbhoadt genera and

i nvol vebditai aan sfheer mati on of Ppreseatsl amerod .uma@r

hat dome atreeat me rcto ueflfeidc ibe mdy gafcad and phys

with a single adsomipxtBBEAS sarsd ewmhli T hteraetaetd ne

di ssertation concl udes wi tfhr cam stuhmematreyc horfi d ale

future research recommendations in Chapter 7
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1 I ntroducti on

11 Research background

Pemand polyfluoroal kyl substances (PFAS) a
fluorinated organic compounds that contain
hydrogensabemstated MWy ftlheormpiarse dtwomsiecades,
of research has been performed to understan
fat e, transport proactels sktksmarmanandeadt odlhoegifd alc
attention of scientists antdathepeublucr dhalsk
(PFAASs) and their precur sor s; PFAAs compr i
perfluoroal kyl car boxydr cmarce dpe r( fPIFULCAIsH a twe dt
perfluoroal kane sulfonic acids (PPBEAA} with
and their potenti al precursors havetmden f ol
medi a, including air, surface watZHiglgr ound\
concentrations of PFAAs continue to be detec
piscivorous birds, and mammal s) due to thei
webBurther moaee BEARAAs dRtected in human bl ood
ng/ mL, which is the result of vari ous rout e
contaminated drin%i Bagbowaatteorr yanmadi mabd.studi €
epidemiol ogical studi epe rffolunadr ot oliRdEt@ ARoR ALASh C ipdr

perfluorooctane sulfonic acid (PFOS)thcan cau



defect s, del ayed devel opment and newborn de:
testicular a*® kandgeynomheer of studi-es of P
chain PFAAs, confirm that these chemicals a
tox? c.

Aqueoufsordfmilmg foams (AFFFs) have been ext el
contai Aiimgditfiinge agentts i atl , mialnidt aruyn,i cii mpdad s s i t
1960s, l eading to wideldplrtemaugPFAGSo ntnoenrtcainailn
formul ati ons are generally proprietary and v
identities of numer ous PFAS in AFFF for mul
devel oped anaft¥%tli®cal techniques.

PFAA precur $orsmul at ABRE are a topic of int
potential to pr oddutceer nP FpAOA sn ta nsdo uarrcee ao fl oPMFgA A s
manufacturing processes, PFAA precursors ma
fluorogtf-bamedumpsers synthesi zedl evdtar adcehl eommeca a
fluoriEnCFbased (precursors manufacturéd using

Fi gditsehows the synthesis processes of these



(a)

CF,CF,1 + CF,=CF2

F(CF,),l
Perfluoroalkyl iodide

F(CF,),CH,CH,

Fluorotelomer iodide

F(CF,),CH,CH,SO0,CI

Fluorotelomer sulfonyl chloride

|

F(CF,),CH,CH,SO,N(R)CH,CH,CH,N(CH,),

|

Surfactants
* Betaine
* Sulfobetaine
* Cationic

Figure 1-1 Synthesis processes BFAA precursors’! (a) FT-based precursors: the fremdical addition of tetrafluoroethylene to
pentafluoroethyl iodide yields a mixtuoéperfluoroalkyl iodides with evenumbered fluorinated carbon chaiRsrfluoroalkyl iodides

can be directly hydrolyzed to perfluoroalkyl carboxylate saltdurned into a more versatile synthesis intermediate, fluorotelomer
iodides byaddition of ethjene. These primary alkyl iodides can be transformed to alcohols, sulfonyl chlorides, olefins, thiols,
(meth)acrylates, and from these into many types of fluorinated surfactant. (H)S€& precursarahydrocarbon sulfonyl fluoride is
transformed intdhe corresponding perfluoroalkyl sulfonyl fluoride, the fundamental raw material which is further processed to yield

fluorinated surfactants.

———— F(CF,),CH=CH,

(n=4,6,810,..) =————m——— F(CF,),,CO,M

M=H, NH,, K, Na,

= F(CF,),CO,M

Fluorotelomer olefin

F(CF,),CH,CH,SIi(OR),

Silane

F(CF,),CH,CH,OH

Fluorotelomer aicohol

l R=H,CH,

F(CF,),CH,CH,0C(0)CR=CH,

(Meth)acrylate monomer

| Surfactants

* Ethoxylate
* Phosphate
* Sulfate

Oligomeric
Surfactants

(b)

H(CH,),SO,F (n=4,86,8,10)
Perfluoroalkyl sulfonamide
e+ HF ECF
pr—  F(CF ) SO,NH,
F(CF. F
(c 2)"502 Perfluoroalky! sulfonate
Perfluoroalkyl sulfonyl fluoride

F(CF,),SO,NH,

Perfluuoroalkyl sulfonamide

R =H, Me, Et, Bu
F(CF,),SO,N(R)CH,CH,0H s

N-Alkyl Perfluoroalky! sulfonamido alcohol
R=H, CH,

(Meth)acrylate monomer

F(CF,),SO,N(R)CH,CH,CH,N(CH,), et

ey F(CF ;) SO, M

M =H, NH,, K, Na

Surfactants

* Amide

* Ethoxylate

* Oxazolidinone
* Phosphate

* Silane

* Sulfate

Surfactants

* Adipate

* Fatty acid ester
* Phosphate

F(CF,),SO,N(R)CH,CH,0C(0)CR=CH,) -’I Oligomeric Surfactants I

Surfactants

* Betaine

* Sulfobetaine
* Cationic




Two common fHasxaedtptemersors, 8:2 fluorot ¢
whiichh a typical precursor of PFOA, and 6: 2
reported to P PPhPCATUrave tmheen documented i |
with average con@énbr agi-tnan@n@geklL 6%Fr Wspecti
Al s o, up to 14.6 mg/ L of 6:2 FTS has been
collected from AFFF?°firefighter training are

Bi otransformation of 8: 2 FTOH and 6:2 FTS
environment al matrices. Mi crobial transfor ma
taement plant (WWTP) activated sludge, prist
aerobic 2?®8addt iwwmIsP, activated sludge and d
met hanogeni?¢ 6&%®2n FiTtSi ovass. al so reported to be
sludge, river sediments, wetland slaunrdry and
in wetland sl-uedyciumg &é1*& hHiotweiavdems,. h et die wi t
potenti al for biotransformati on, knowl edge ¢
FTS atcArFtFEmi nated sites remains insufficien

ECFbased precursors in AFFF formulations are not well undersidud.class of
precursors is mainlypresented in AFFFproduced by the 3M companyhich were
historically releasedat U.S. military sites to extinguish hydrocarbdrased fuel fires?

Studies on biotransformation of E@&sed precursors focused oretlyl perfluorooctane

sulfonamido ethanol (NEtFOSE), a PFOS precursor, which is not a common ingredient in



AFFF formulation®*2¢ N-dimethyl ammonio propy! perfluorohexane sulfonamide (AmPr
FHxSA)was recently identified in the 3M AFFF formulations with a great abundance (189
850 mg/L) and has been detected in the soil and groundwater samples collected from the
military sites where the legacy 3M AFFF were applied over decdd¥s.*® More
practically, the AFFF formulation (3M FE03CF) that is currently available in oablhas

been verified to contain AmMHFHXSA (~4,000 mg/L). Despite growing knowledge of the
composition of AFFF, little is known about the biotransformation of 5&@&ed precursors

in AFFF and the environmental fate of AFFF.

Mor eover, muchs I[lesesn apdiechti ont ha | mpacts ¢
ecosydthemsi nvol vement of mi crobi al communi t
procescsempared to the massive efforts of stu
and humans. Par reavli yozuesd stthued i miscr obi all communi
cont ami n¥%emdd ssttwedi,ed the efbeatds, of osi Bghep

PFOS and PFOA, on theNewerthelads £,0mmusiaffyici

been conducted to investigate the relation
precursors and t he shi ft of mi cr & keir anl C 0 mi
expo¥ur é“Futt her mor e, there has emadaryi ngnit

mi croorgani sms that can degrade PFAS and t|
prodéd®sts’.

Additionally, remedi ating si t-esntcaomitmam tnsa,t



such as chlorinated solvents, is a complex a
remedi ati on met hodsanftosr, itnhdeirvei dairad fceowmt ami n
deal i ngcowittdamicnoant s . Some remediation techn
exacerbate the paortlaem manths.otThheer I|caoc k o f e
met hodscofndramaammants cgaend rcelseud ntu p nt ipnmeollionne s ,
and ineffective treatmdnto Tbeeebpreemedenti
can effectivelontamdmas s onhefc®FAS.

Il n this context, itto icsoontdbet efreerbeedai mjp o rttoa

understanding of the-dmd epalnydf tu@amaedlok ynlats wmn

specifically 8:2 FTGOGHmpancd e@: 2s0F TS, IlmvAFFEF
bi otransformation product s, pai mppagd, sands r
woul d provide critical insight i matnod tohtehierr f a
environment al settings Awidtih i ©inmmil ll yr, chardydtn
bi odegradabil ity of el echhadoechreenc crag d rys fil m ot

formul ations under conditionsonmtepmiesa&ineg dtsgsivte
crucial. Understanding the i mpacts of 8:2 FT
and the roles of the microwrrg aind sariss d nn g cees P«
innovative remediation technologies must be

posed by PFAS nathadmitnhaenitrs cloi ke chl orinated so



12 Research objectives

The overal li sobsjteucdtyi vidas hafoitouihldee s¢ @anaf mi cr o
on the environment al fate of contaminants a
PFAS and other contamraasfer m@peoinfocaBlt g, FO
undceirf f erent redox condi t,i onsyhdtrealdwiciimg aer
conditions, the impacts of 8:2 FTOH/6:2 FTS,
communities, and the potential icrontthe bmdt roinx
of AIFfRpFacted soil s iwi Inhi carAdicddbsemdreey adl dusagt repdt i o n
capacities of t wop oa dyseotrhpytlievnei mmiare @ m(iPaidx s),d ec o
nanoparticles (1 ONPs) and sPAG) | wizklkdpeweeale
in continuous fl dwecelfdmecasystoodmsa sequenti al
that i ntegrates microbial and adsorptive proa

approach for the remediation of .ahmseture

objectives | amregepwirtolj efcees war ch obligations di
graduate students; therefore, a more | imitec
was addressed in this dissertation:

(U)nvestigate aerobic bi ot riampsafcotrentda tsiooinl so fi né
of transformati on product s and pat hways, a

concentrations on microbial community.



(2) Estimate the biodegradability of E@&sed precurssrin AFFF formulation under
aerobic conditions.

(3) Assess the comprehensive roles of native soil microorganisms in response to 8:2
FTOH/6:2 FTS and their potential biotransformation produatsler various redox
conditions

(4) Evaluatehe effectiveness @ coupled biological and physicochemical (using IONPS)
system ana@ single adsorptive for the treatment of mixtures@PFAAsandchlorinated

ethenesn a dynamic groundwater flow scenario.

13 Structure of dissertation

This dikaerbea¢mn omicghaanpitzeerds iimtcd udi ng this ¢
which provides a brief background and obj ec
overview of PFAS contaminati on, including d
currentevahoping technologi es for PFAS r eme
information that speci f B®aarlel yi nrcelluadteeds itno tshtous
Chaptemwar8 technical chapters that descri be
anal ysis as well as the obtained results to
above.4chhaepsteer s are organized as manuscripts
pra&mpati on for submi ssiomeviewde jpabinshed (

summari zes the major findings of the present



2 Literature Revi ew

This chapter provides an overvseWPBAS)per
contaminati on, current and emerging techno
bi otransformation, particularly transformat.i
and knowledge gaps. Additional baakgtrwdinags i n

i n Chafatreer ss nl uded in those chapters.

21 I ntroducti on

Since manufacturing began in the 1940s, PF,
of consumer and industrial product s, as PFA
chemicamaandtuabet ity, as well as surfactant
physical and chemical properties. To dat e, r
and a | arge proportion of them do not have
Numb®®T e | i st of PFAS is increasing with t

techniques and devel opment of highly sophist

Due t o -ttehrem Ipornogducti on and release into the
and the f eatcwer easndo fmopariditsyt eef some PFAS, PF
various matrices worl dwi de, from the at mospt
to biota. PFAS have also been detected in re

The widespnatidomoamdamadver se human and ecol c

have prompted gl obal di scussion and researc

9



regul

211 De

ation, alternative devel opment, and ren

finition and classificati on

There Iis ctiredntdefyi notuan of PFAS. The def

over

i ncl u

i nt en

f our

respe

time by different organi zations and re
itates understanding and communicati on
di ngni aheiadasder vy, and the bodies respo
sify cooperative atabPeankag@bssowegi on:
common definitions of PFAS and some exa

ctively.

10



Table 2-1 Definition of PFAS from different sources.

SourcVerbatim definition
1

AHIi ghly fluorinated aliphatic
on which all the H substituent
from which they are noti dryalFl y

n such a manner that theyRcon
49 iPFASsl,udiinng perfluorocarbons,
with three or iGioeir e nc®Or Bdnor(ia.
moi ety with two iGFRP®b2fhe Daahbdn

50 I n addition to the deYfinttiiahs
substancesf |whoeroecaa bper chai n i
groups on both ends, (ii) aro
moi eti es on t he side chains,
substances. |t Ppoey maoitc i scbs
coaitn TGk oriCki moi ety, wi t h t

perfluoroal kyl-etahnedr s p od nyd | tbmmest
substances. 0

51 APFASs are defined as fluorin:
fully fluorinat bdl emmeet hg b r boorn
H/ Cl / Br [ | atom attached to it
chemical with at | east ®BRERpeo

perfluorinatedChiethyl @nRPFAS.oup

FF Fo
e FFF FFF el F FFF W{
o RN A oK) ;
F _ F g F FF
FFFFFF OH FFFFFF 1-Chloro-4-[(heptafluoropropyl)
Perfluorooctanoic Acid (PFOA) Perfluorohexane sulfanyl]lbenzene
F -~ F F
. F' F N
FFFFFF FF AN FFY =
Cl (0] F
5% % ok Ao e F ]
FFFFFFFF § FF OH F <OH
FF&o

Perfluoro(2-((6-chlorohexyl)oxy) Hexafluoropropylene oxide dimer acid Perfluoro-4-ethylcyclohexanesulfonate
ethanesulfonic acid) (HFPO-DA or GenX) (PFECHS)

Figure 2-1 Examples of PFAS based on the latest definition.

11



As showmng@Rre cl assification of PFAS is orga
tree that includes polymers and nonpol ymer s.
si-deain fluorinpoegmpol gmeesi!Flaodopol yemmeher s
carbahy polymer backbones with F atoms dir ec
instance, polytetrafluoroethyP¥YDE)¢RPBFEE and
fluorinated polymers contain a nonfluorinat
chains. Polymeric perfluoropolyethers (PFPE)

with F atoms directly attached to C at oms.

Nonpol ymer PRAV cnoantoai ngr oups, perfluoroa
polyfluoroal kyl substances. Perfluoroal kyl s
include but are not | imited to perfluoroalk
acids (PFAAs) . | PFAPesf eared usoalas At er mi nal

transformati on product so since t hey ar e e ¢
environmental conditions. Maj or groups of PF
(PFCAs) and per fl wor(oPaFlSkAasne sEuxlafnopnliecs aocfi dP F C
perfluorooctanoic Acid (PFOA) and perfluoroo
Polyfluoroal kyl substances are someti mes
nonfl uorinat ed srwos cedpteisblteh atto ntaiyo tbiec or abi o
be transformed into more persistent substanc

di ssertation focus primarily on two polyfl u

12



and perflsolrbah&amineéo Ssubstances, t hat ar e
fluorotelomerization and electrochefical fI
FIl uorobabemerand perfl vlwmavead kgt e swrl § ®mmsa made
precursors to PFCAs$yanBoPFf BRAmdpPEELHECIWEY €

observed as transformation products from 8:
fluorotel omer sul foni?2¢TwaciperfFT®Y oalrleyslpe ctu

derivatigpesf wioho&l ky kPR3 ians ptrroadnuscfeodr n€at i on

13



- Nonpolymers -

Perfluoroalkyl
substances

All Hatoms on all C
atoms in the alkyl
chain have been
relaced with F

— Perfluoroalkane sulfonamides (FASAs)
Perfluoroalkane sulfonyl fluorides (PASFs)
Perfluoroalkyl ether acids
Perfluoroalkanoyl fluorides (PFAs)
Perfluoroalkly iodides (PFAls)

Perfluoroalkyl carboxylic acids (PFCAs)
Perfluoroalkly aldehydes (PFALs)

Perfluoroalkane sulfonic acids (PFSAs)

PFAS -

- Polymers

Polyfluoroalkyl
substances

All H atoms on at
least one but not all
C atoms have been
relaced with F

Fluoropolymers

Side-chain fluorinated polymers

— Perfluoroalkyl acids (PFAAs) Perfluoroalkane sulfinic acids (PFSiAs)

Perfluoroalkyl phosphonic acids (PFPAs)
Perfluoroalkyl phosphinic acids (PFPiAs)

n:2 fluorotelomer alcohols/unsaturated alcohols
n:2 fluorotelomer sulfonic acids

n:2 fluorotelomer aldehydes/unsaturated aldehydes
n:2 fluorotelomer (unsaturated) carboxylic acids
n:3 acids/unsaturated acids

n:2 polyfluoroalkyl phosphoric acid esters/phosphates

-Alkyl perfluoroalkane sulfonamides

luorotelomer substances
Polyfluoroalkyl ether acids
Chloropolyfluoroalkyl ether acids
Chloropolyfluoroalkyl acids

erfluoroalkane sulfonamido substances (N-Alkyl ) perfluoroalkane sulfonamido ethanols

(N-Alkyl ) Perfluoroalkane sulfonamido acetic acids

Fluorinated urethane polymers
Fluorinated acrylate/methacrylate polymers

Fluorinated oxetane polymers

Polymeric Perfluoropolyethers (PFPE)

Fi geke@l assi fication
sB& Chapter

arper esent

of PFASTheapamedsfobmgBoepgs etnabol d

14



212 PFAS application, occurrence, and concern
More than 4,700 PFAS with CAS numbers wer
commercially avail abTeeopritmeow!| bbmiutnatayv & e i

applications of PFAS is that generally this

commer ci al -fagmumionnug ffodams (AFFFs) t hat are |
extinguish fl ammable |l iquidgfarearibkbayeobed
However, AFFF formulations are generally prc

production period.

To date, PFAS have been discovered to be us
t o synt hetic chemi galpr,i negli emgt rprnd ccwisc t Br, 0 dauccs
textiles/ |l eather i mpregnati on, phar maceuti c
raw materials, papebasdandi fgipma g oAl ehaonudg.hf o am
more studies start to apply advanced anal yt.i

for the products with unknown PFAS component

those pmsodudt d | argely unknown. Mor eover, e
have been found, such as medical devices and
and softar cell s.

Manufacture and wide applicatiemwi rodn mR&ERIS ¢
in the past sever al decades have resulted i
media worl dwi de, including air, soil and sed

15



as biota. Some PFAS are det enctseduricrest,he oat ne
industrial facilities that produce P use PF
’PFAS have also beernegficonnsd tihmompigd ahmatgipd er
transmMAS .have also been detected in sedi men:
industrial diesofarAddFagndrrelnelag ect exposur e
application®%tidibiiosmalldg,).these PFAS contam
may serve as secondary sources of PFAS throt
| eancgh it o gréd uPFoaBaperct ed surface wastearveamds gr
drinking water sources subsequently result't
supdPDwye t o It hdei sgtlroibbaut i on in the environment
PFAS have been found in biota, such as <crop
irrigati on mpatcare,d BPAS s and aqua’t®®c environi
Al t hough PFAS represent a br oapdr ogpppea dti ronm
particuthalpw PBAAsSs such as PFOA and PFOS, we
and ecol ogi cal heal th effects. For exampl e,
l inks to high cholesteirmduycedcyhypuwl ¢demnsaeaoswee,
colitis, as well as®%niidmaely naondde |tse satnidc uh utama nc
provided evidence onhPmAS8 1 mpacodot ohecregpwohs
El evat eetBFAS asmacentrations in serum were fou

measl es antibody concentrations before and a

16



severe courls®® &8n<LiOVeDi ng the evidence on n

caused by certain PFAS andityfetnmduerrp@daces

updated the interim drinking water health ac
0.02 ppt, and i ssued final heal th advisorie
2,000 ppt, and hexafluomdopropylaemmonoximde adlt

chemical sy at 10 ppt.

Il n addition, numerous studies have been cc
selected PFAS to plants, invertebrates, and
birds, and mammalian wildlif®eéfecasdcoemenst:
across the various t%®heestiisalliandeadqmwmdoi ema
publicly available data regarding the heal

particularly the precursors that can be tran

human body.

22 PFAre medi eetcihoarol ogi es

Al t hough the principal worl dwi de manufactu
di scontinued manufacturing of PFOA, PFOS,
environment al contamination of PFaAtSed ithnac |l ud

continue for the foreseeable future due to
precursor s, and the | arge |l egacy producti on.

and remediation technol ogy has dgaiemgdneadnsi

17



technol ogia¢ o nar e sotmenadan be combined to have
221 Physical and chemical tapproaches for PFAS

2211 Nodestructive technol ogi es

Nodestructive technologies, such as sorpt
contamaamnts from the i mpacted media, but are n
resul-ttr, e ptomeant steps, such as Il andfilling an

included for further treatimeerfbt mAmnd sembsodhe

included to facilitate contamination removal
and regeneration of the materials are involyv
Sorpt i iGardoend (e.g., granular activated car
c&drmn, PAC) materials and ion exchange (1 X) r

sorbents to fMmobgémeralPFABOt hX ascytsitveanise ds hcoaw
better removal capacity for PFAS with |l onger
those with shorterl TWase a&wd tgpbhexylfats®sbe
al one, or they can be used in series to opt]
|l iqui d mediga. WMionderfaled (céd.ays) have al so been
from contaminat%d’®soils and water.

Separ.atMeombraseel met hods | i ke -frielvter astei s mo e |
studied to separate PFAS from cdantiaarkiimagt ed

waterpde to the surfactant properties of PF

18



increasing attention as a PFAS treat ment t e
contaminated water/ groundWatfder coomd aemn exratlean
soil washing and thermal desorption are two
of FAo transfer PFAS from contaminated soi
efficient iam dsfil teasagndanesatt | wy st em 8%st hbel rleaat ckye ri n
one uses55nM®aAC) 1t0®D physically separate PFAS -
PFAS caption®lusing air filters.

2212 Destructive technol ogi es

Ther mal .t rlenactimmeenrtat nbensa~nmeebhecwni que, gene
waste to over 1,000 AC for chethesaludebBonuc
both |liquid and solid?®WwdPStreod yesi sccecminamil sat e
PFAS, but at a moderately elevated temperatu
oxyd®mother thermsabl dteeabhmenta s$ow and fl am
1,200 AC) sustained with a®foonxciedrannst r(aei.sge.d, tac
t he ther mal treatment for PIFAS&Sr iamat ead opit o e und
ot her har mful compounds whi®éThhearmal c urrreert tmeyn
generaldynwtensrge and eaxpenrsmpvea,aitaumrea yatlpep | hie d
di sturb the environment.

Chemical. okhdmtcah oxidation involves oxid

contaminants or processes producing react.

19



Conventionall yt, xClHeat ahy g e’ ewpeziho B¢ a@mnd H

ultraviolet 0UVaréeigppl wedht of effectively ge
for decomposition of organic contaminant s.
documented to BAS cedf®dtat vendtome®P hand, o0zo
al kaline condition was reported to be abl e
further promoted by at®etsahfafehydgongeal Ipg
heat, uv, or microwave, to generate sul fate
oxidant for PPA®edammmgmnsittei oma.s found to de
under certain conditions, i.e., higR?2temperze
I n addi tcihoermi cpahlotoax i dati on of PFAS*'uskimMg chen
S02T  £'0 antd WOt h UV, can eff’FfcOhety PBRSGTI ac
oxidation technologies also include sonoche
and supercriti%®Chewaitceal ooxxiddaatiioonn tr eat men:
bal ance of free radicals, reaction kinetics,
Chemical. rReddoetiione degt aeastappl otcaPkFAB iorv
such aalzentoiro-BV(Z¥hid/ dopadition metals wi:
decomposition of PFAS was repor taamd nwesilmy Z VI
coated®ag’ytitp)ate and nanoscaleigseroatidlenst 2
and -saabe zerovalent iron with nickd#?! as cat

1% n addition, advanced reduction processes

20



destruction of uPsFWAaS .| yT hien volovcee sfscersmat i on of

radicals including hydrated electrons produ
application of uv 1 ight, mi crowave, and wult
chemical’®®s #Btt eesx.xampl e, photoirradiation of
ferrocyanide, or some organic compounds has

watl&®®Si mil ar to advanced oxidation processes
i nvestigation on optimization of treat ment

mi ni i the scavenging effects of coexisting s
Ot her t echOtoHergiprsomi sing destructive PFAS

higemhergy el ectron beam (eBeam) and plasma te

spedioesattack PFAS without addition of any c
el ectron accelerators to generate | arge nu
electricity, and reactive species such as so

duing thel!°Remadiadtiodbn.PFAS i nclnudiomg aRF @At &

soil and aqueous matri cld@8Phasmabtechaohiogyed

-

ormation of plasma as a result of an el ect:
primary formation of oxidizing species, s h
cavi t¥Ptliacstma was docweardeyntceeldg rtaod ee fHRAR i n aque

'"fhese |togdlerso have only been tested in |labor

21



222 Bi ol ogical approaches for PFAS treat ment
Physicochemical remediation wusually requir

harsh chemicals which disowuwrthéeé hecesystr emmea

high investment in initial I nfrastructure

bi oremediation technology has advantages i nc
l ow capital and operadiommbercosft sst Hdbiwev ehav
bi odegradati on of PFAS. All known studies su
bi odegrade, and biotransformation of precurs
Mo st mi crobi al transf or matulothnuroef oPrF Ae&n ruisdh
cultur e, and native microbi al communities f
occur wi t h polyfluoroal kyl substances, whi
transformed to PFAAs. Ty p i-bcaasl el dy , PsFoAlsetelna n s f ¢
demonstrated to be | imit3doOrt ot htereotntoenrf | nomd
remal of t he nonfl uorinated moi eti es and

fluorobhas @emméPFWSt. i | veriyotrrecresnftdrymatbi on of P
PFOA and PFOS), was oObs-eededi ng i-aaxgindamza iumgo | a

autotroph and the enrichment culture with

acetld efew studies found that fungi al so p
fluorot®¥tformeadBFASOonemoval was observed in ¢
treatment system, tentatively involving uptze

22



in addition to sor p?ivwat itoou ss ooillasnta nsd escd ceismew
be able to remove PFAS, makind?phyYtotemédi a
known about the microorganiFsAnss tamd sd oz ynmé¢ 3 0
wel | as the biotransformation mechanisms in

23 Mi crobbbalransfor mapt eonr esdr PFAA

231 Bi otransf or mat iboans eodf pfrleucourrostoerlso mer

Fl uorotel omers pentlrablynabtedi mbi ef yacont al
of fluorinated car bons-f(lwsoudlnlay efdr amo i 2 ttyo clo2
nonfl uorinated carbons -@Hd( &l damnct ¢loonmér galod

S@(fluorotel ofmleuorsaitl dlommdarey .have been widel

PFCAs in the environment via microbial tran:
in various environmental matrices, including
mi crobial .cofPmiumn tiled erature documenting n
fluorotel omer Sab®k2esummari zed i n

As s howab 2-2n bi otransformati on of t hese f
d o ¢ u meunnt deedr aerobic conditions by mi croor ga
environment al matrices, such as soil, sedi me
mi xed bacterial cultures, whil e only a few
anaerolkdi ¢i oosr (eBnedaceng and met hanogenic c

these biotransformation studies have been fo

23



fluorotel omer sul fonates (FTSs) , particul ar
compownd rieguently wused as industri al raw mat
Substitute for PFOS and widely wused in ind
reported as componkeased i'AFFA wormptreelhcemesri v e
bi otransformation pathway oFi ¢gcruH5Sb aasnedd FOTNOH
selected |iterd@dadhdr2es summari zed in

As shdwmg@28re desul fonation of n:2 FTS and pr
ini tial step required for n:2 FTS to be furth
products via n:2 FTOH biotransformation path
acetaldehyde (n:2 FTAL), fluorotel cemer cart
unsaturated carboxylic acid (n:2 FTUA), and
acids with one | ed43%: 8l Uoamcndiadidarboano@@gh
processes and defluorination. tFulrjtnh3e rU daecfildu o
into PFCAs with shorter ger: f3l wmmariidn anae/d ad asrob @
Aowear bon removal pat hways & kvwirtohupse guwe ngdmdr
shorter chain 6®dnfilu@eromméerdharcd, dsnl:)2 2FTUA i
ketone possibly via multiple enzym®&tild® steps
Then-1) (22 ketone <can -bep: 2 raREO0OKEHr mevthi ¢l ¢ an
transformed to multipl-@ PECAtuamsiumatl ¢d we &b

multiple steps. Ot her previously studied f

24



sul fonami de betaine (FTAB) and fluorotel omer
precursors to FTSs and/ or FTOHs, which can
t hrough FTS/ FTOH transformati on pat hways

transéormaocduct s.

25



Table 2-2 Summary of literature documenting microbial transformation of fluoroteldrased PFAS.

Compour Redox conditions and envReferen
mi croorgani sm(s)
Aerobi c Nit+ eSulfilr-on Met hanog
reducredu«redu:

4:2 FT(Pure bacteria 124

6:2 FT(Pristine soil Digester 28 117128
river sedi men
bacteri al cul
cul ture

8: 2 FT(Pristine soil AFFF AFFF AFFF Digester 2t 228, 2
sedi ment, braimpaci mpaii mpaiactivate 24,1330
ad mi xed bactisoil soil soil
AFFFmpacted sc

6:2 FTSActivated sl Wetda 21,-329435-
sedi ment , pusl urr 136
cul tur e, wet |
| e acsheadieme nt

6:2 FT/Activated sl u: 135, 137,
cul tur-empAEFE;

6: 2 FTLZActivated sl u 137
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Tabl SuZnmary of | iterature documenti nlpase dcrPMHA I (toaoamtsifouema)t |

Compound(sRedox conditions and environmenReference

Aerobic Nit+ at SulfaMethanogen
reducireduc

6: 2 Ft4 TAoSActivated AFFF 13841

AFFFmpact e i mpac

soi |

4:2/8:2 Ft AFRiIFmpact e 140
6: 29FTI Pristine s 14z
8: 2 FTACF Pristine ¢ 143
8: 2 FTSM/ Pristine ¢ 144, 145
FTU/ HMU Pristine ¢ 146
4:2/6:2/8: Pristine ¢ 14749

sludge, p

cul ture
a . FTAB: fluorotebdomer sul fonamide be
b . FTAA: fluorotel omer sulfonamide amine
C . Ft TAoS: fluorotel omer thioether amido sul fonate
d. FTI1 : fluorotel omer i odide
e. FTAC: fluorotelomer acrylate; FTMAC: fluorotel omer methac
f. FTSM: fluorotel omer stearidtreatmonadsetsare;r FTCT: fluorotel om
g . FTU:-:2 tdbIl(BerRe fl uor ot el omer u-L edéih(a8n:e2) ;f IHMMU: o0 theel xoamnmeert huyrl eetnhea n
h. PAP: polyfluoroalkyl phosphate
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o et — g

n-1H
n:2 FTS n:2 FTAL n:2 FTCA n:2 FTUA
H%J OH 9
n WCHs N OH=>
n:2 FTOH n-1 n-1 H
(n-1):2 ketone ):3 U acid ):3 acid
OH (0]
CH, —
H OH
n-1 X
(n-1):2 sFTOH PFCAs (x=3 to n-1)

Figure 2-3 Proposed biotransformation pathways of FTOH and FTS adapted from prior
literature?® 27: 28, 129, 150

232 Biotransforifatsiedn pofecB€CBor s

EChased pgemceraslory consi st of a sul fonamic
Il i nki nfgl mormiomated head group and/ or branched
Bi otransfor-lmasednpoeacyisCéaolrtsé tauowhenabed head
rather than the fluorinated moiety and produ
ECkhased precursors have been wi del vy det ec
formullafhemes . are a few studies inbastidgatin
precur soerrst ebn atlé?v aeosmal st udi es were focuserq
transfor mathaoanedofpr E€BIR2&)o,r s pr(i marily about
bi otransformation using soil and activated s
As showabPR& most s tbiaksieald pE@FE Uur sor s are p
sul fonami de derivatives, particul-athyl the
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perfl uorooctane NHIIFOSMWMhYw péehBhobr dgoct ane
(Et FOSA) , p esrufl If wanraam adtea n(eF GbSaAs) e, d apnhdo sEpthFRaQ SE d
( SAmMPAP diester). A research group from McGi
using native microbial communities i<Nn prist.i
based preceumghadr orwisteven perfluorinated carhb
seven fof a°Mlihkdésje precur-soi metimell udenmdni o
perfl uorooctane sFuOS Ao ndiNimeée hy [ TAmBPhmoni o p
perfl uorooctane s U {FfOGAd RiOda /) goxi iddeed (dNiMMPert hy |
ammoni o propyl perfluoroo€O&Aé FOAID) onavimi ¢ &/ s
the ammonio propyl perfluorohexanebesul fonal
transformed to PFOS or PFOA as terminal tran
A biotransformation phlddevdyprnaevwldsyomg drmhes
Fi ga4beased on pr é&vi d'sAd i'dfeFvany Bdae . Et FOSE i s
first ox tedihzydd pteo f Nuorooctane sulfonamido
Et FOSE al dehyde as an intermediate. Through
i nto At-EDBEOSA can go through monooxygenati o
Et FOSA alcohol , which can then go through
aldehyde and perfluorooctané®TshwelInf ofM@IMA A 0i sac
converted to FOSA vi ac drewvwarrtheok yil mtt o onhe FOS8A

PFOS with perfluorooctane sulfinate (PFOSi)
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SAmPAP diester in sediments was controversi
whil e the other foundEttFh@QSE,i tt hveans utnrdem safeart
transformation pat!Aiwaywdaddi g é&deStAa QAP HAMP r

FOSA can be comQ@*A tley rteod VAatPiron and | osi ng o
groups #dutohhe nmdred moi engt heesmechyhvedgyoupheE
the end (gr-BQPA orfesAuiPat hg!l | ammMoni o propyl pe
sul f on a A ndReE O S(AV t hrough dAemMmRFCONSYAl atiaon. beM
transfor med to perfl uorooctane -BruArf)o,namid

pdrld uorooctane sul fonamPrdAd) ,prampdankit EORA I dudd

l' i kely by l osing one more methyl group, de.
successively. After EtFOSA, it undergoes 't h
finally.

Bitor ansformati o-deof v edafsEe@F pmiede@r so+ s, such

FOAd an#OAmPhave al $0 P@AMPONWd aedf.OATP r
are anal ogerusSAt a n@APARr and their biotransfo
share many similari ti esdewiitvhe dt hcoosuen toefr ptahretisr

PFOA as the terminal transf oFmgé4d4ben product,
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Table 2-3 Summary of literature documenting microbial transformation of B&$ed PFAS.

Compound (s Redox conditions and envReferences
Aerobic Met hanog
N-Et FOSE Activated sludge, prActivate3®86 1838,1860
N-Me F B’'S E Activatel®!
N-Et FOSA Pristine soil, wetl s 158, 162
F OS'A Groundwater, pristin 152, 163
SAmMPAP die Sedi ment 159
TAMAFOSA Pristine soils 154
AmMRFOSA/ FOPristine soils 52, 154, 155
AmMREHx 5 A Enrichment bacterial 164
OAMArOSA/ F(Pristine soils 155
a.-ENFOS&t h NI perfluorooctane sul fonamido et hanol
b.-MEFBSHEnethMyl perfluorobutane sul fonamido ethanol
c.-ENFOS-At h I perfluorooctane sul fonami de
d. F CeSrAf:l wpor ooctane sul fonamide
e. SAmMPAP di-based: pEoEFEPBE&Et e di ester
f. THAOSBAtrNmethyl ammonio propyl perfluorooctane sul fonami de
g. AMPISA/ FOAdmeNhyl ammoni o propyl perfluorooctane sul fonamic
h. AFRHPXY SAdi mMlet hyli oampmopyl perfluorohexane sul fonami de
i

OAOBA/ FOAXti d& di met hyl ammoni o propyl perfl uorooctane sul
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@ . ?HOH ) /O q KEOH ey
T e, HS “cH, H+ FHF_J:EN\W

e T T 5 on
EtFOSE EtFOSE aldehyde EtFOSAA EtFOSA aldehyde
| i e
5 j 5 F{—FH»%—HL B o %—N\_\ - FHF%‘M . _.FHF_}?S-NH. il @_H I E_OH
F r\{J & o.F Fed =ch, ©  oH Fel \—<OH el ’ Ly l,‘.—%&
F CTT \_cH, H, CJN C'S‘)ﬂ_}F EtFOSA EtFOSA alcohol — FOSA . brOS

SAmPAP
111 .
F«H%S N N—
[, % \/\/l \
TAmPr-FOSA F Cﬁ H M "
F%HB»;*N\/\/NH %H>S N\/\/NHZ___ ~Hj">8 N\/\/NHQ — .F " \/\ﬂ/OH
0

U
(5 H\/\/N o AmPr-FOSA M-AmPr-FOSA FOSA-PrAn FOSA-PrA
OAmPr-FOSA
(b) [)5 £ 9 x o . e
H | H | H | H H
F7 | F 7 | F7 F7 g7 g7
OAmPr-FOAd AmPr-FOAd M-AmPr-FOAd FOAd-PrAn FOAd-PrA PFOA

Figure 2-4 Proposed biotransformation pathways of B&@Sed precursors adapted from prior literature: (a) sulfonaseideed and
(b) amidederived compound¥: 34 52, 15459
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233 Bi otransformation of other PFAS

A few studies have investigated biodegradabi
extremely recal cittPrnanncto atsot ,b i PoOFdCeAg raandda tPiFQOS. wer e
to be eliminated using acti Vo2tRdEMmsY aild geef uUMA@A
PFOS by pure bacteri al '%%U otwervee rh asdiasltsioncbte efnl u
was not observed and transformation products
studi es. Recentl vy, an autotroph respdnosi bhpge
conditions waeducepwvektegddeépbl uorinated PFOA and
PFCAs, PFSAst!Tre de xaicetteartcee of these conflicti:
needs to be done to fully understand the biot
A research group from University xperCiarhd rftos
using a dechlorinatilh@gSieREMch®enaricau,l t Capa kKB
communities derived from activated sttawsd@Ge to
fluorinated carboxylic acidsh&B68Apnt udheionspl
crucial role in FCA biotransformation via redt
and unsaturated FCA withl/tharbbonoanomeshgkceptahb
defl uot®Matoitdirer study from them odbskestvietdutded | |
and polyfluorinated car boxysliincg aaccitdisv autnedde rs | aund

communities.
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24 Concl us ifwthwpr eengect s

Al t hough the production and use of | egacy PF
for decades, transporpraoadr sormrnstbamabhior ObOFEe
environment in various matrices | ead to threa
run. As a result, the fate and transformation

regul atorgwyndnbéteact attention from not only

from i nnovatSeweerhbads iprrédosnsitessiuncg invoen and destruct |

already -doeeveenl oweeldl i n the | aboratorieaes andl ampg
scal es. However, many of these physicochemic
optimization before full commercialization, ar
result in other environment al i ssues.

Despiteat hdéiindithgs that many organic cont ami

1,4 oxane, were not biodegradabl e, bi oremedi at
applied as an i mportant treat ment option.

physi cochemical approaches, bi oremediation of
research in finding solutions for PFAS biorei
mi crobi al communities derived from tme ¢émwigi o
found to partially defluorinate PFAA precurso

defluorination was al so reported to occur to I

l ed to the produckEAAs. ofhe homirggeas tc hah alelde rPg e
34



is to find a sufficient and robust microbi al
under environmentally relevant conditions.
Given the fact that certaimtPBAA ppronaauwrt sSo rws

perfluorinated moi ety Vi a bi otransformati on,

characterizing microbial degraders and functi
studies are needed, including:
(alhere itso agaiereda more comprehensive under s

pat hways of PFAS. Many of the currently prop
intermedi ate metabolites, and there has been |
i mtusdi es investigating the biotransformation o
such as suspectt agsgrederdi nagn adl s 0 Is 0 tuisda m gmaerd g hs p
present promising opportuniti edsucftoesr. ildenitsi feys
el aborate the stepwise transfor mat i-nclmeavhaga
sites, to better comprehend the environment al
PFAS chemistry t hatti osnupp@happt ebri odegmadd4d of t
investigating the biotransf ermpaatcitoend osfoirlesp,r eust
targetetangdtadnanal ysi s.

(bPHurt her efforts are needed tvool wreado vienr ntihcer
bi odegr adatwlhoinc hofi nPcHAuUSd e but are not l'i mi ted

enri chment culture and known degrader-dowmwo s
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strategy, using met agersomisc swednd amse toatthrearn skcira
explore the cooperative involvement of multip
t hat are responsi bl e defulpuosrtiwhbaite boynji; n vt ohlev eost hie
defluorinagangsmi cfoom the enrichment cul tur e
bi odegradati Bnogioéengs thigalf uncti onal enzymes ass
and detoxification can open new avenueosn.t o en
I n Chapftet hibs ,dissepledasdd banal yti cal approach
predi ctwieagre teon@pdj aoiyresdi gibthset i m¢ tour e and function
communities associated with PFAS biotransform
(c) Futesemayudombine biotransformation with
the complete degradation of PFAS, as current

mi neralization and physicochemical pram aanes
and need tdnbehp@oumpfltietsthieod ., di €soe@pl adi dandsloo @it d avle
systweam tfesnteende di amiixo@®& AcAfnd chl ori maothead menhhepre

groundwat er

36



3 Aerobic Bi otr anFslfuoorrnoatteil oonmeorf A8 :c2Floa Imiinmg Aqu

Foalmmpacted Soil s

This chapter has been published in theFJour na
Yan, C. Liu, K. E. Man z, M. P. Mezzari, Lf. M. Ab|
the publication is "Assessing Aerobic Biotran:
Film Forming Foam | mpacted Soil: Pat hways al
Suppl ementary Materi al i n the publication is
Abstract

Production of 8:2 fluorotelomer alcohol ( 8:

i ncludi ng -faogruneionugs ffoialmms ( AFFFs) wused for firef
occurrence in the environment .-i nHoancetveedr ,s itthees f
| argely unknoeiwmpacUseidnigs cAFIFsSF from two United St
experi ments evaluated the aerobic bi otransfo
formation)raspdohése dosmicesbdae tom&uBdi FTOH e
di fferent microbial communities, rapidday ansf
i ncubation i n the two soi |l s, and 7: 2 seconc
perfluorooctanoic tecciteed ( REOAmMajwar et rdaensf or ma
transformation produc+ s kei oo mpparnfdlsupoérdo-h eupotr aona
perfluorohexane, and perfluorohepthamgal vyewol ati
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mas s spect-HBMEB)JryandL@sed to develop aerobic

pat hways. Mi crobi al community aBSphysgeameugge s
potenti al 8: 2 FTOH degraders based on increas
genAfginnay be more tolerant to and/or involved
concentrations. These findings demonstrate thi

at AiFFRfFacted sites through fluorotel omer biotr
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31 I ndu@ti on

Fluorotel omer al cop@®HCHOH|{ na2p EDHOHs ] tBUEF I n
and are associated with a variety of adverse |
of polyfluorinated compounamd ucscrds umera pvi adku g t
waterproofing agent s, poli shesstilckkbrd acakwaear, e,
firefighlt® n@dsdge FES®HI tontamination is present
matrices, i ncl d0finndgo éttlvasitre masehetr eeat ment pl a
and s Udgld, sdppuplgieetdA dsvoeirlssee heal th effects res
FTOHs and associated transfor mat i an dpsr o dPucCtAss,)
have been documented in'88% mal models and hum
Among FTOHs of varying oCdHChHOHENWa $isr,eBei2vé&d
attention because it is the dominant -blasmal ogu
prodifétad88 o, 8: 2 FTOH has been detected as an
ranging6f.r5omg8 L) i n -fscormei mg] ufemaurs (FAHFATF) f or mul
been widely used t-6ukt® s'dwitdh erynbr®gari mdrer me
biotransformati on of FTOHs to PFCAs, such a
carboxylic acids (FTCAs), are more to%P%c thar
Given the potential -basetdheproetennsei ofold8tBRecF
toxicity of 8:2 FTOH and its biotransformatic

bi otransformation pathways anantmalc hfaamtis.ms f or
39



Mi crobi al transformati on of 8: 2 FTOH has b

matrices, including pristine soils, WWTP acti
| eachate sedi rA&%atn du rmdchere r anéBi’ ¢ H°fceosned i ¢ i Wdi es i n
environment al matrices documented different 8 :

7:2 ketoRéOEHE&ks found in an 8:2 FTOH trans
Pseudomohasre and native microbial communi ti
[ FQEH=CHCEgNHwas only document®d?® me?daectfiivimdien
indicatecthant cdobt al popul ations may | ead to

pat hways.

Due to the extensive and repeated applicat.i
firefighting facilities, it i's pamsfieumatil gn |
AFFFmpacted soil s. However, no previous study
8:2 FTOH-i mpakgFEH soil and the associated micr

these research gaps nidn ngr codr tthe ifradree ade 8ur2d &
and facilitate the devebhepmentemefli Bhbhonastvat
Therefore, this study aimed to (a) i nvestig
pat hways) unders 4der dibwog AdiFadd i $ oiol s, and (b) e\
shift of two soill mi crobi al communities- durin
day microcosm experiments using two geographi

nomargeted mass spectrometry were employed to
40



documented 8:2 FTOH biotransformation product
novel and previously i dewetrief i esled e a@s o rdpagH
transformation pathways wundehraaegbput seqgdeh:
utilized to assess the response of soil mi cr o
32 Materials and met hods

321 AFFIFmpacted soil s

Two soils were used in this study: one was ¢

auger down to 1.8m at Robins Air Force Base (

ot her was collected by shovelatprtohxe nfacdremetro Laor
(Aroostook County, Mai ne, USA) . Detailed info
these two soils (moisture content, organi c ma

particle si ze)Apgpreaadp extdi o mBeodt hi n otchad i ons wer e i
from historical application(s) of AFFF. Pri
homogeni zed, ground with a mortar and pestl e,
size) andCstored at 4

322 Robs biotransformation experi ment

Robins biotransfwasmabndoceéxper nmé&heambnh gl as
cont alion0i nngL of 30 -bmuM fbe rcead ,b osntaerei | e mi ner al s a

alumi numealredpbut y( Chaumgleas ss;e fMiianerd aln d me dNiJy m
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prepared according tol®ihteh rmadipfei dat iloonfsf |tea
mi crobi al procreaesa&sur-acSpset@anidniec awelrye omi tted du.
serve as carbeysseumeeandwisiolde ulm sul fi de wer e
medi um wagewnotf oreqgmiicrobi al growth wunder aer c
prepared appraddimagely ten grams (dry weight)
bottle as t heEamlcrodtitalle i mfocluilwae treeabmenat 2wa:
mg/ L 8:2 FTOH stock solution prepared in dieth
concentration o¢£g/dp Mesbekdefnoart ed yperpQme nDGBE LI S
primary organic solvent in AFFF formul ations
in the ni*trocosms.

A set of abiotic controls was prepared by a
(determined through a pr AlpiprirSda extyA2)oenxtpoe r ii mieink i
mi crobi al activity, while the otketiaapetbstab
treatimeéf-1 .( The abiotic control was used to as
of 8:2 FTOH and other PFAS in the Robins AFB
18GIl 1aa needle pwaedsndo 80 BPE arGlreadngtee ¢ hMa X i
Deerfield, | L, USA) and inserted into the heact
cartridge ensured the aeration in microcosms
transformation products @urciomdgriohsullatnita@an .ni Ad

salts medi um, Rokl nef ABPBBE owér, e apde @dr ed to e
42



|l evel s of PFAS in the soil and to mab3or the
Il n Iive control bottles wlkmret 8r 2l & TRHS wagr inm
pl aced on top of the needl e insteadtonfe ntthse wilrt
run in triplicate and all controls were run i
25 AC incubator (New Brunswick, NJ) for 90 da
Samples from each phase (aqueous phase, sol
met hod deSeatBbeth idmy 0, 3, 7, 14, 28, 56, and
Day 0O and day 90 sampl es wer et arl gseot epdo oR FeADS farr
(descr$detd2a)m Additionally, slurry sampl es

controls were coll ect8dcittBRaadtr ddaayy T oandedanet n
extraction and microbial community analysis. |
mi crobi al community from Robins AFB soil (day
ng/ g) and could not provide enough DNA for qu
i nformation on DNA yieldsAppeRdEbDBKAdP NAFB soi l

323 Loring biotransformation experi ment

Since the DNA yield from Robins AgBgsoiol mgag

|l eyel addi ti onal evaluations of the soil mi cr
biotransformation were investigaa emdorus i algunnda
mi crobi al g uantAptpye "Sdeictxd tAd)inl ed hei nmi cr ocos ms i

bi otransformati on experi ment wer e prepared S
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bi otransformati on eXectBi2aionti napso selee pecxetsrbegmi e i an
soi | mi crobi al-dosemtmietay meat hiwgh set up i n t
experi ment in -dddetitoprat menthe Wlhwch was same
Robins biotransfor mati,on(TSe&ké&le r i me rdtohseea Intid gehait vmee
1,700 Og/L of 8:2 FTOH was ameéayednewvkati 6 wo a
DGBE was supplemented as a cwdber S$oeamnteeinmnsth
based on total organic carbon (TOC) measur eme
phase, solid phase, headspace, as well as sl ur
and -tnaornget ed PFABcapbphiwgési soamdnimmty analysis us

Sect320.85N32 ., 6 respectively.
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Table 3-1 Experimental setup examining aerobic biotransformation of 8:2 FTOH and soil migoivaiunity dynamics during 8:2
FTOH biotransformation.

Components
Experiment Treatment . Analyses performed
P Soil ge  SPiked 8:2 FTOH Amended ysesp
YPe e g/ L) a Nan
Robins biotransformation Live treatment Robins 170 N/A PFAS Microbial community
experiment o _ analysi$ analysi$
Abiotic control Robins 170 Yed
Live control Robins N/A N/A
Loring biotransformation High-dose treatment Loring 1,70G N/A PFAS Microbial community
experiment , analysi§ analysi$
Low-dose treatment Loring 170 N/A
Live control Loring N/A N/A
a. Amended with additional 1,700 e€g/L 8:2 FTOH at day 14,
b. 1 g/L NaN.

c. Samples of day 0, 3, 7, 14, 28, 56, 90 were analyzed usifg3MS for targeted PFAS quantification; samples of day 0, 28,
and90 were also analyzed using {H{RMS for nontargeted PFAS analysis.

d. Samples of day 0 and 90 were analyzed for both targeted artdngeted PFAS analysis.

e. Biomass samples of day 7 and 90 were analyzed using 16S rRNA gene amplicon sequencing.

f. Biomass samples of day 0, and 90 were analyzed using 16S rRNA gene amplicon sequencing
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324 Sampling and PFAS extraction

At each sampling point the headspace of th
sampl ed by afplpusoxiimptwiltyhl. 5 L/ min sterile ai.l
5 min to capture 8:2 FTOH and other vol at i
subsequently removed and elweobedi wi bhe8 mbhr m
was t hen i nusetoaulsl eadn da fstoelri dagphase sampl es wer

mL of-miweéd sl urry wand wiitsipdrsawn ebyod ydbropyl e

Frankl in Lakes, NJ) -mkomi eraacberbtortitflueg ei nttuwb
centrifugedratto2mi hoo I g fo

Five hundred microliters of supernatant we
and filter@d2 t@Gmoughom filter (Corning, | n

guanti fication of PFASeé nhumeér eady uredotaasrotipihtaesre:
were diluted in 8 mL ultrapure water for tof

the consumption of INNGEPHomanal Fhkiemadshi Mad z u,

The soil pellet that remained imL trheet taemdlr,i f
vortexed fosoR0catiemd attlt8@ AC in a water ba
centrifugalt ifgor alt0 2mi,nL00ne milliliter of th

diluted with 9 mL methanoli nhdrfibteselditdhphb
guanti fAldatheaadspace -ckilluethead , agneeachulasnop hase

met hamobltacted solid ph2sOe AsCamupnliteisl wWeFrAeS satnaarl e
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325 Targeted aM&l WMSi a-ndygkpGed aHRMysis by LC
Parent 8: 2 FTOH and target bi ot rGIn8sf or mat
cartridge etlukented magheoos phasxet rsaammipd & ss o lail
phase wamplestected and quanti fiped foOy ma nWaet e
| iigdu chr omatograph coupled with a Waters Xev
(L-&mS/ MS) (Waters Corporation, Mi |l ford, MA) .
instrumental par Ame e aJescxtAdBodd, Toar bV Al2e d Tih e

detection | imits of target AopipoetnidaibdsE or mat i on
To identify potenti al novel 8: 2 FTOH biotr
mi crocosm expargmestis PFASnanal ysis was pertf
Exact i XveOrtbAH trap | igWhidhchrecomdtudogoaphyss spe
HRMS) system. Prior to the anadiylsuitse d tahgeu e®lus
phase sampl esxtaadtmdt eahbotd phase sambl es co
end of the experiment (day O and day 90) wer
pool ed samples were injected three times, wl
were not reproduci bl e across pepliincatrementg a
settings and procedures Apfp adrSdeixxtAbrocmcessi ng a
326 DNA extraction and microbial community an
Bi omass samples were collected by mixing

thoroughly, foll owddcleywttrri dnugfeertruibreg ftoad a eadt
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[ g for 10 minutes. The supernatant was the
ss or é8lA@tnt il DNA extraction. DNeasy Power Soi
was used for DNA extraction according to the
extracted from replicate T2Z0IQtruircers twoegr.see gouoeon C
Ampl i fication and sequencing of microcosm DI
Center for Met agenomics and Microbi ome Rese
Briefly, the V4 region of the 16S rRNA gene
sets15F/ 806R) and sequenced on the MiSeq pl a
a 2 | 25enwp pp'ditd&®| produced read pairs we
filtered and merged wusing paramet®rfhs 19pti mi

Resulting reads were denoised using the Debl

and the Il ength I imit of 252 bp. The gener at
SI LVA DAYAGb ashe .( Agil e Tool kit for Incisive Mi
analyze and visualize trends in taxa abund

Additionall vy, STAMP (Statistical Analysis of
21.3), was used to evaluate the significant
taxonomi®fhleesalagsisgmicfi cance bet ween- sampl es
sided Fisheros exaldotchlstg wkFalhse hei Beoy amy nR
33 Results and discussion

Il n this study, two sets of microcosm exper

4 8



trfhasmation products of 8:2 FTOH after 90 d

AFB soils. The microbial community compositdi
were also evaluated. Aerobic 8:2 FTOH biotr a
on he biotransformation products identified

previous studies on B8%82 1EPOHA'dd iottiream,s ftolrena 8
bi otransformation kinetics in Robi-acasd&FB so
scenario, the shift of microbial community i
8: 2 FTOHiwgwhtleoacentration was investigated.

331 Biotransformation of 8: 2 FTOH in Robins A

3311 Parent compound biotransformation and Kki
Throughodiay tRebi9®s bi ot r an $1f207 maotli% no fe xi pneirti
spiked 8:2 FTOH wihast i measonedol s wihtkrabt si gl
0. 0B) gwia . The absence of mi crobi al activi
confirmed through organic carbon mea@asur ement
106.5 N>60005%); dieecreasi ngsobrganic carbon in
l'ive controls by adpwerkmanét 860 %ewchhiaddPRt i
indicative of mi cr obiApabp e aFdiitgkuvllet yYAThes eé hesgsub
confirm t he eixmteeagrmetnyt adf stylsed ems and t he abi

under the experimental con?di t??0f%, consisten
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Figure 3-1 Profiles of 8:2 FTOH and its biotransformation products from the Robins
biotransformation experiment duri®§-day incubation: (a) residual molar percentage of
8:2 FTOH in the live treatment, abiotic control, and live control; error bars represent one
standard deviation of triplicate live treatments and duplicate abiotic/live controls; (b)
molar yields of quantied biotransformation products in the live treatment; error bars
represent one standard deviation of triplicate live treatments.

I n the |ive treatment, 8:2 FTOH was transf
remaining in theFsg8itaemsThdt&r2 9PTAHEAYIBI ¢t r an
Robins AFB soil-owderfiexpedewtielh| dandt éi espon
decay mo dAeplpse ATthsbd ed a Ad a b B-2 respectornvecédry) . F
exponenti al model s are frequently wused to d
used to depict the biotranséduvma@igommnsf add?2
for the biotransflés metvevar pfi btiwas PEABI in
fi-ostder double exponenti al ?adfect.y9 0 ded ®.e36 9

associated fittedAppandiexki2s prewast dgpohhesi
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bi otransformation of 8:=s2t eHpT Ok cohcacnuirssm.f oTlhlioswi
based on previously reported studies examini
activated sludge and degnddathomabff’at henvbi
195, A% shown in Equation (1), the molar perc
systMm a(ttitsi ndkeescri bed mat hemat i-ocrad elnyi kaisn et he
expressi MmsnM,awvheerceonst ants representing mol a
mass, associated with two dikfamlgr irnes g e atnisv elr

bo 0 Q 0 Q )

Table 3-2 Fitting parameters of the firsirder double exponential decay model.

Par ame Val StandarStati st
M1 92. ¢ 5. 0R 0.995
M2 4. 1AdjuRkte0. 991
k1 0.0
k2 0.0

According to the model fits, 92.6 mol % of
bi otransfor shad ewiotfh adbolwal f3 days (first step
remaining 8.4 mol % 8:2 FTOHfwa®f mmomsest baar ,
(second step). The rapid biotransformation o

may be attributed to easier access to the co

The | ower bi otransformati on ri ant et haes ssoecci oantde ds
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may be due to the I imited bioavailability of
associated with desorption of 8:2 PTGH from
The ovelriaffe &ha2 fFTOH in the present study (-
for 8:2 FTOH biodegraddandnachi satel®sl adgks
2hut considerabl y idreomteprorttean itnhsee @hi amlefine | ar
(> 1 ?wedgsedtterda Appl ing 2antd é&éra2éboliaysdi gest
(~145°%%hgs)yapid 8:2 FTOH biotransformation c
to the prior existence of effective enzymes

which were either innate or evolved during |

3312 Qunti fied biotransiMbr/ st i on products by

Four polyfluorinated C s O @@H]s,, B2 HFTITICMA

[ F(oEAF=CHCOOH] , 7: 2 JECHDOOIIH [ F4 ICd 7: 3 aci
[ F(Q&OAHCHCOOH], were detected i n-daiphrec ubi avtei otnr e ¢
period, while none of these compounds was de

further evidence that aerobic biotransfor mat

Among the four polyfluorinafAedndr @8n88f ¢mMidat
have been widely documented Zs 2d%8P0rP2%p 03Py f |
During the first 14 days, the yields of 8:2
the consumption of 8:2 FTOH and reached a p:

respecFktiigv@ebey (The | ower yields of 8:2 FTCA al
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study compared to those in previous 8:2 FTOE}
to their rapid conversi ochudfos?owhAst¥®@am tr an

Alt houghOHM: Bas the most abundant polyfluor.
after 14 days, it Jwdg Gikpt det &digadbeu mthiel day
mol ar yield of 7: 22 K.F&T'OK o fe aicrhietdi al p&:axXx RTOH
gradually decreased to 7.73% at the end of t
appearance and di sappearance was oObserved di
FTOH in forest sandaxagrpitc ulhtaur dlhes @ielak concen
(27 da¥smi |l asFYyOH7w&s found to be the most p
FTOH aerobic biotransformdFiaomhémmar eni x2:d2 bs
was one of the major 8:2 FTOH metabolites pr
Pseudosnomaisns under ?23%é%r obic conditions.

Al t hough previously reported as one of the
soi®lasnd | and#fsieldi hteen#c,aactied was the | east abun
met abolite in the present study. The mol ar
the i1 nitial 8: 2 FTOH gadilme . d eDmlei meods sti thd ree aefxtpd r
the |l ow yield of 7:3 acidboixn dahi snsauaody fu
transformati‘on?®Hoove PEOA. some studies have |
observations of 7: 3 bagidastahi bfty. 3Farci dxarl

observed in foseB8Ytsawdsaaglrsocul owumalthat 7:3
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over peri ods7 oMo mMtOh sd aiymss stooi | s, di gested sl
sedi fte n?t. 28

I n addition to polyfluorinated transfor mat |
as a major stabmat 8 o22F°FOHH U cQdaPssitSot ent wit h
studies, PFOA was detected as an 8:2 FTOH bi
The molar yield of PFOA was calcul atad by s
t he i ve control sampl es f Fib quu3ibh e ds ve t
bi otransformation of both 8:2 FTOH and ot he
contributed to the f ordmay iiomc whatPiFOOWA,. MPRIOA nw
at day 3seadndconntcirneuaous!l y to 6.02% of the init
reachingtatet eaodhycentrati on. P&ie APFPAHwWAr e P
al so detected throughout the experiment per.i
controsl. glrhoeu pmasses of ,RmRe A FDAFHpEpAlai PENAT €
steady at l ow |l evels (<1 nmebepD. 8BY dvdr not
AppenFiugce3) . Al though the mass of PFHx A was
nmol e firnoint itanle t i me pPei Wt 0500 i ficg riafsiec ot PFF
obserAppe@ nARdiigcuBle. AThese results are not consi
found PFCAs, i'n GFWPRAnREMPEFEB2E? 12PFHFA 23 27,

198 nd PRBWNe&Are formed from 8:2 FTOH biotransfor

A possible explanation for t hensofbosremavteido di
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products, 4damcdl updeirnfg upaliynwat ed compounds, bet

coul d be rel ated t o di fferences i n mi cr obi
environment al matri ces -C9No tteh att h @eanvtraofth easnl i inP
earl ier studies were identified as biotransf

those PFCAs were produced as 8:2 FTOH biotra

were masked by background AE&EMmpa otfe® FAGI Ico.n

3313 Mass bal ance

The mass balance was malparesmads aset hee e d
ti mepoints to the total moT lama grsa stsa lodnadenibty &
90 reachedApBeddimpuib®n®abA® , which i s consi s
previous B6t5wAlfi.es’ (T4H%0 e° are sever al possi bl
incompl ete mass babapteonFtosmicroceser sbbl d
extraction efficiencies of 8:2 FTOH and its
reveal ed that up to 35% of 8P 2RAIBDPOHswae i8r 2
FTOH transformation products (e.g., 8: 2 FTL
macromol ecnfjesheihi nedetri acti?éhsd@bdndpuamassita
could result frfmngciarebroan | @t 8 dds KeeTd PF CA
generati on by background contaminati on | ev
biotransformation products during sampling.

during the biotransformatioonne onffas&: 2 oBETBTOH The@
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nomarget ed PFAS analysis was performed to

di scusSsedi.Ba 13

332 Bi otransformation of 8:2 FTOH in Loring A
Native microorganisms in LorimpatARB sdi I8: &l
FTOH, including the treatments with a higher
eg/ L) . I n the Loring bi-db0ranmbbbPomatfi ecpi &xpert
remained in the system after i9n0 Rdoabyisn,s WA Bc hs (
(7 mol % of 8:2 FTOH remaining after 90 days)
The polyfluorinated compounds quantified a
experi ment Agprpe AREdidwEn Bnmi |l ar to the Robins
experi mehogose ttrheeat ment in the Loring biot
concentrations of 8:2 FTCA and 8:2 FTUA at d
the two most abundant transformation product
of 33.&ODndnod . % mol %, redopeetivedtymehnh ahedhayg!
was also the biotransformation compound of n
concentration of 7:3 acid was beldwsé¢éehe de
treatt,me8n: 2 FTCA and 8: 2 FTUA were stil!l det e
and 1.0 mol %, redpeetti vedtywwedmMCAWewdregBGdet ec
in bottbséowmdndsdi gheat ments, the masses of th

hi giper 0( 05) i n sampd ees tfrreat meret hatghday 90
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from the | ive control. Hop<welv.er5) safgnorfliy aPFEH
PFOA were det @dotsed tirAepap dmédnipxo ¥)e. ATdtea | mas s

recovery by day 90 was 4dlas/éor tarnaa t3be s38 nmeon do |
treat ment , respectivel vy, which are | ower th
experi ment with Robins AFB soil (58. 5%) .

333 Novel 8:2 FTOH bi ot r anspfoosrenda tpiacdt mh woaryesduct s
3331 Potent i al novel transf ormatgiedre dpramdd g/tss s
As s h Awrmp einfhib4-#ft en candi date 8:2 FTOH tran.
were identified and -4, swigtnke d4 ciomd ii datnicreg | tetvee
being the?°ftet clhialhgley.in peak area counts o
products &Ampe emidiodxu rbals7 id a-&td A

Three of the ten candidates were classifie
due t o PsapcedontoriaM&8. However, according to the
m/z = 356.9785, and m/z = 391.0009) and <cus
litef°3Twu3 e, U and de&,TUZmM)C[FE(CEHFCOOH] , and 6: 3
[ F(CAHCHCOOH] ) wer e proposed as t he potent.i
respectivel y. Previously, 7:3 U amide was de
product in activated tsloundgnea,s anlotth ocuognhf itrhree di c
of an aut heNMNeiitchesnt adh:darATUA nor 6:3 acid has

8: 2 FTOH tr ans fLornmgetri cwrh apgrnodd awtog.ot el omer car
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documented as precursors of shorter chain f
5: 3 acis@HCHC(OOMH] coul d pr odiLti€ HAOBH]a candd [3F:(3CF
aci d fCHHCEBEOOH] wiTtWhA 4 HFLEKFECHCOOH] as an inter
throughrboae remo¥Xmilmipatriway.it is possible t
acid could be generated from the biotransfor
Five of the ten candidates were assigned as
of | evel 3 compounds we’spebased dmatan axactm
Met Frag s?’Baseadi onsthe results of suspect s
438.9822 and m/z = 376.9691 wE€HeCpCOPHBbed t
and 6:2 RIHOOH|(CFrespectively. Al tbdbugh not
analytical standard in this study, 7:3 U ¢
bi otransformation product in prior studies a
polyfluorinated t?ta’f%foemdtoironmt poadwdt s6.: 2 F
present study cowlad bloen atetmoivialt patthaowagneas al
7:3 acid to 6:3 acid. The compoudfndudwidt h m/ z
aci d JJCHFEGRIOOH] . fAuDBD &FdiQEHFGHOOH] was
proposed as 6:2 FTUA biotransformation prod
FTUA, |l eading-ftlordfr®r mat ido m’j®doanpdoauchuwdcst avs & .h  m/
346.9745 and m/ z = 318.9797 -lwekree ciodmpmotuinfdise

perfluorohg@l=a@lal apjedF fICHE er p BHE&EN r especti vely.
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were identified as potenti al 8: 2 FTOH biotr
aerobic 8:2 FTOH biotransformation.
Additionall vy, one30OH7 :t3h paFc(p)@AH OHERARP O n d s ,

wi tmh z = 456.9930 was assiwantewr ea)s blaesveedl o02n
fragme®OdTIidnacid is a hypothesized 8:2 FTOI
soi |l s, gener at $°Nag rf afoer e7n:c3e Us taacnidda.r ds wer e
transformation product c¢danddiisdcautsesse dwi a bho vceo.n fQ
the ten compounds dImdgsi=f i 3Fa8-padsy 6lquwanalse pt &1
[ F(2&H ) . Reference standpedfl wer eheptaanebadmrd

confirm t heAp penHdigtuibea tAi on (

Al | ten candidate products ydwese dtrtcad tmed i
the Loring biotransformation experiment, w h
samples f-dometheebbment in the Loring biotra

from the Robins bi ot Appe hTdarbxAegt | oM hek gé sit ma:
transformation products could be associated
| ower yi el-ddoss e ne xtpheer ilnbewnt s, maki ng argediedfic
anal ysis or distinguish these compounds fron
3332 Aerioch bi otransformation pathways

The proposed 8:2 FTOH biotransf oFimpurieen pa

32 is based on biotransf-MEMmMES i bar pgetoedcasaldy
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by nangeted HRMS in this study, and2%%n pathy
28. Ei%r st, 8:2 FTOH could be oxidized to 8::
[ F(2HCHO] by alcohol dehyadxioggienade(e) 8: and&T
aldehyde dehydrogenase(s). Al t hough 8:2 FTA
FTOH biotransformation product® i aasomiod s
identified in this study, consistent with s
under anaer dbilét® cdosndbietliioenvsed that 8:2 FTAL i
rapidly oxidized to 8:2 FTCA, which was det
fluoride (HF) elimination, &h 2wasTCAl coudedt 4
Fl uoride ion was measured in this study, al t
was observed in |ive treatments from the b
guantificati AmpaenrSdeidxeA78&Ad) edsheencul ated in a pi
study, 8:2 FTUA could be a key Dbranching
pat htfays.

Ther e ar e three potenti al pat hways follo
conver si-folnur@rod (ac)i d3, (1 1) 7:2 sFTOH, and (I
FTUA may undergotaoneflloed:o® m cBied, whi ch was
by ®hangeted analysis in this study. Branch (
SsFTOH, which was quantified in this study. H

and 7:2 s FT&Hc cimatvreo woeereqni al di MdY de samslse,d 7:
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sFHOwas first identified in 8:2 FTOH biotral
where 8: 13 @RI H pGF 7 : 3( QECHEICI WwéC& propose
as its PAestuudpwyrbenvestigating anaerobic 8:2
activated sludge surmised that 7:2 olefin coa
olefin mayheomienfeomedtates 2A%: 3: &cketame 7T a
than olefins was experimentally detected 1in
Pseudomon®®sr7g” ketone was assumed as the pr
Then, 7 2 sFTOH was furthesCg) ¢atpdsszieldl yt ob
monooxygenasegdaviansewearmcal oasi| al though the
been ident’iflited.

Branch crriu) | eads to 7: 3 Uu acid Vi a re
dehal o’flemeasreeacti on pathway after the format
routes.-aRoctod:vElrlisaci d to 7:3 aédRdubg (hkhow
b) alrcd (plrloduce 7-OB7 U3 aané id e, ?8 mReb8uBteat )t (i levireltl e/r. s
a single carbon reamevéal 3 paoicess66td GEGA, 6: 2
chain P#HGgASDYy(-cardmen r emoval process, which i
pat hways found in a stut®iofte5732aciFdOBi and.
were the two major biotransf odCiPaRRGAo wepeoduc:
mi nor pFoduwdk &p e ATdaibxA-B) , the Dbiotransfor mat

involving 7:2 sFTOH could be a major pathwa

61



study were able to utilize.

The newly ildueonrtoi-&fiikeadn ecpoemnpfo und s mi g ht be i
pat hway after production of 7:2 ketone or
i nter medi at-pee rbfeltunoereonh elpH ane and PFHpA. Thr ou
lHherfluorohaxane,tenm gét3 bacipdodocgdnarfate P
has been document eldi kteh ad o nppeorufnlduso r @arad kpnecur
Addi tional experiments are needed to invest.i

transformation products.
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Figure 3-2 Proposed aerobic biotransformation pathways of 8:2 FTOH based on this
study and previous studi&&?® 12*Red and blue arrows represent the pathways harbored

by microbial communities in Lorgnand Robins AFB soils, respectively. Compounds in

the orange box were directly quantified by-MS/MS in this study, except for those

with brackets. Compounds in brackets were not detected BMEMIS in this study but

have been documented as 8:2 FTOHrhiwsformation products. Compounds in dashed
boxes are tentative biotransformation products identified intaxyeted analysis by L-C

HRMS in this study. Compounds/pathway with dashed arrows in blue boxes are proposed
based on prior literature. Compoundghpway in green boxes with dashed arrows are

newly identified in this study.
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334 Mi crobial community dynamics during aerob

3341 Mi crobial community richness and diver si
The mapped reads of 16S frrRNnA tdcen eRodmmlsi caonmd
bi otransformation experiments TvaadAi®e.d To t he
compare diversity and richness of mi crobi al

number of reads wasegaeaetied tHepah {(dedbBy al

operational taxonomic units (OTUs) ranging f
1 and Shannon indices were calculated as mi
respecAtpipveeTdyibA8 .heT ori ginal Loring AFB soil h
and numbers of OTUs, as well as higher Shani
|t indicates that the original Loring AFB

di versity thaRr Robipal AEBosdi hate analysis (
visualize the alteration of microbi al Commu |
Mi cr ocos ms constructed wi t h Loring AFB soi
mi crocosms usi hgwBRoki cs uUAFBRredi together i nd
community composition was distinct bet ween

AppenFdiigcu1¢ . AAlt hough both sites were highl.y
| ower microbialyrichReBsnandAFBiveirlsiare poss
physical/ chemical characteristics, for exam

compared to Loring AFB soil (3.5 %) . Il n add
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i ndiAcpepse Rn{daibA-8 , ediefnft 8: 2 FTOH doses in the Lo«
experiment | ed to differences in microbial r
in live control gsloseoitlreasenént nhabdehl gWwer mi
di versity,d whn ltélbesohiilghhidatement had | ower rich
resul t suggests t he possible toxicity of F
bi otransformation products and shift of mic]
taxa duriamgsftdrembégtiioon of higher concentratio
3342 Mi crobi al community composition shifts
experi ment
As s h drw g 3iBae, a total of fifteen phyla were
soil microbial community. Proteobacteria occ
Robins AFB -ccanyi |i oacf ubelrt ha c7ar bon source added.
t he initial Robins AFB soil i ncluded My X O
Bacteroidota (2. 88%) , and Bdell ovi brionot a
domi nated -daer pehieod Oitnmemdt h( 619i. 0O %) r eaand | i

(74.10%). The relative abundance of phyl a Fi

Desul fobacterota were higher in the |ive tre
those in the | ive camtdr dl. 4229 .. 3 %, 0. 61 %, 0. 4
Further analysis at the genus | evel reveal

genus belonging to the family Symbiobacterac
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treat ment versus 4.02% iml atvhesroiln b@abtcOwmmr ol
Bacteroidota (7.41% in the |ive treatment v
abundance of f iWaer igaiaeoraap iiR@ ¢l Id pSdmimign g o monas

anAlncy | obbealcothnegri ng t o phyl uln P8 Bh eiolbiacé¢ etrn @aa t{( 12
were much higher than #2hd2é0)i ra-tithlge i Ihibvad ada rotr
(Fi gB8e€ . Specil\asr iionRagteank8gpraiiango m@éma y| obact er

have been previously found to be responsi bl

compoihds<n,di cating they may also be involved
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Figure 3-3 Relative abundance of microbial community at the (a) phylum level and (b)
genus level in the Robirsotransformation experiment.

3343 Mi crobi al community composition s hi
experi ment

Twermtewen classified phyla in the domai

were identified acr asas 4dlolr itnrge ati noa irtasn sd voe rmatt
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though not all phyl a were present yilnunal | gr
l evel ar eFidgedaec tlend tihne or i gi nal Loring AFB s
bacteri al phyla includeddPrtat ddlyadtdén)i, a AC3 9 c
(14.71%), Chlorofl exi (11.66%), and Gemmati m
of |l ow doses of 8:2 FTOH on microbial commur
observed after 90 days wheh.cd&dmoparexch mpil teh
abundance of Proteobacteria and Bacteroidot s
t he-dlocvwe treatment, which was comparable wit
|l ive control after IincCbhawveosefigpdeDgobpdhil @
relative abundance of Proteobacteria was el
prominent phylum in the present study, was a
phylum in surfacé& 9oiI°uTiioh. hranvegasPeFAi n Pro
abundance is also conssetieméenwsttdosB8Hewivahib
and in wetland sl 4%ddi tsipo kaldl w, tthheé :@2r FgSr t i
an archaeal phyl um, as |l ow as 0.19% in the ¢
of 8:2 FTOH. Thee ofelEutriyvaer cahbauenodtaan ci-tc s @ as e d t
treatment and-dbs24%riemttmeethi glhese observat|

tolerance of Proteobacteria and Euryarchaeot
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Family Fimbriimonadaceae (g)
[ Rhizobacter
B Family Gemmatimonadaceae (uncultured)
. Anaeromyxobacter
[ Class Anaerolineae (SBR1031 f g)
Il Achromobacter
I Mesorhizobium
Sphingomonas
B Family Pyrinomonadaceae (RB41)
"] Order Burkholderiales (TRA3_20 g)
[ Other

Figure 3-4 Relative abundance of microbial community at the (a) phylum level and (b)
genus level in the Loring biotransformation experiment.
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with the concentratiamyofi n@.udakToOk. akhfaoteedra ettt
ofAf iipnar eased et ecmabbe | evels to 10.58% in t
abundaMmfciepdesf further enriched t-do$@é@. 95 %aamens8
and -hogd treat meAf | presiperstdekgby.nwfreshwate
sedi ments, Antar?t iP¢levabiutsatsgt udamrdAfsdpidohaed t |
strains had the-dabixlainty and deéeyYhadesksdomnagtl ¢

omef 1 pp @A. are capabl e of degr@halnagc adribfof xeyrleinc

(7))

acid dehalogenase gene’d&iamiel prlegenthenr ¢lhatir
ofSphi ngaowvmenasnpercepti b-dgpgséi gheat mant hel!l D&%
compared to that lido)t, hevhliil vwe ittr evaatsmerott i (cle.ab |
dose treat memti ngsm8ph@wsar e al so widespread i
syst?éima®nd are known to be metabolically vers
including polycyclic aromatic hydrocarbons
dehal 0% na*hes.rel at i veMeabhuwambedroaue yfaumhaeot a
foll owend |@ar strajectory with el Afatpendd 8: 2 F
Sphi ngoamanaisncreased ta@od&de@d4%r eat méret ha fgther
although t hey accounted for | ess t han 0. 2
Met hanobaetrer raalpsoor t ed t o have the ability
hal ogenat ed?!®cofpeunaxsi.stAdri,p8 mho fn g o moanmads

Met hanobiargt gifFfipggarct ed soi |l and their increasi
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exposur e, pear ttihdeobhargthgndntdi on, i ndicated t ha
coul d be potenti al 8: 2 FTOH degraders and
bi otransformation product s.

Despite the difference in microbial commur

FT® biotransformati on of 8: 2 FTOH i n bot h S

environmental matrrPsaggesomtphpraitomi srwodirgani
transforming 8:2 FTOH are not rare in the ¢
transformation products detected in Loring

indicate that thes3e 2t wdl OHo idlegrmay rshare key

34 Concl usions

This study demonstrated that 8: 2 FTOH <can
mi crobi al communiti esi nmpracmetdws udif after esrmoti | AF
conditions. Mor e than 90 mol % of 8: 2 FTOH
transformiasi owar r 0 d u e edtagyd | chwcruibmag i tome p®e0 i od i
t he amount of 8:2 FTOH spiked initially and
Previously documented 8:2 FTOH biotransf or me
substlaincesg: 2 FTCA, 8:2 FTUA, 7:2 sFTOH, and
compounds | i ke PFOA were identified and quan
ami de-Odrnd33acid, which tentativellyudernaeddf

moeity changed, were identified in this stud:
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carbbain |l ength (< 10), for example, 6:3 aci
removal pat hway wer e -taalrsgoet e dl e natniafliyesd s by |

perofrlomt k kree compoundper filnwed ruocdh enpgf &lnHe yr o A élx an d

and perfluoroheptanal were identified as nov
previously reported. Of t he newly -identif
perfleparame and perfluoroheptanal, were dete

and Loring bi otransformation experi ments.
transformation extent or rates that resulte:

t he rl oyweel ds of some compounds produced from

FTOH.
This work documented that the microebial cCo
day incubation period after expomeuraedti ¢ i bwo

17€g/ L and repeateay/daddi tExprosuofe 1 07@0he high
8: 2 FTOH facilitated not only the detection
identification of microbes that snfhgr mat mone
products by i mposing selective pressur e. Re:
proteobacter iAd,ipaIhi mgomgemee amore t ol erant
FTOH concentrations. Microor gadi\agsi dwo rtax s e
Ral st®mhian g opAnomyalsg b aabtede hano b anatye rbieum nvol ved

potential degraders. We recognize that phyl o
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gene sequencing does not nece®nanmiclty vi ¢fyl e &t
studies are needed to assess the viability
additional analyses, e.g., metatranscri pt omi
insights on 8:2 FTOH bi osttraarntsifnogr maa ii mtn fp@rt e
mi crobes engaged in fluorotelomer degradati o
Overall, t his study detail ed mi crobi al t
mechani sms that contribute to mplacdreadt sloo nesr
information may also serve as a reference f
environment that can be used in the developm
Additionally, results from thmenistydghanges d
response to fluorotelomer contamination that

can transform fluorotelomers and ot her PFAS.
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4 Transf or nalteicotnr oocfth e mi c-la& sEdlaunod i Fhaltyi folnuor o al
SubstaAqasougoRFimimgl mpadt Soi |

This chapter presdamt 9 rved@ku bt astls nivaanr aduornreenrt tall y
Science & .Teehi®olppye mentary Materi al t hat |

submi ssion is provided as Appendi x B

Abstract

The environmeamtda lp ofl ytfd uoofr opped rk yl substances
forming f oams (AFFFs)ssynekbepeiczadtd!| ywsitheg eIF A
fluorination i GECHFOt pwelclEbm$ dernutdyodi. nvestig
trhaoasmati on potent-basedfpraeacwumger ofi IECE pr e\
formul ation in aerobic soil mi crocosms. The
wer e anal yzed using |l iquid -chsomat ogna pnhays
Spectrryo rfeR®S) and mass -Bfpcowrvedatar Y3ro@ulLat i or
perimTbd. results showed that the potential and
EChased precursors varied depending on fact
sulafminde/ car boxami de group, an@omprreaicd rusriev eo |
transformation pathways inaobdvicag bihsadil ds s e
PFAISdent i fi esveire tphlesiesntsetduydy conf-demsvetdat s
EChadepr eccuarnsaobressoafr cperfl uoroal kane sul fona

perfluoroal kywhiadheyds n@BENA)TY mia AtFEF si t es,
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al saogpgetgte presence and accumul ation of ot h
i ntentmesditehat ar e Mddeé u s dparhojvgiaddaeidriedciegehdt.s | nt c

the transformation gE&thhwReihASs amndr kkeircs i sdielns.e
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41 I ntroduction

Aqgueou$orfmilmg foams (AFFFs) have been use
extinguish hydrbasaebdondiaed «o¢l ventitary, I n
si t'¥fs APt hough AFFFs are typically propriete
solvents, hydrocar beand updlaycftlamnarso alakdy Iwed db sa
I n addition to the commonly studied perfluor
opolyfluoroal kyl substances8 wWapEni®d enret ir feil ed «
of AFFF to the envirombmethdncenosti po.l,yfflprogoual
can potentially transform to the moi*® persi s
141 19¥% uls®? wide variations between the PFAS ¢
those detecitmepdacaed ABFFe3 Wére mpepmenhed.bet
management and remedi mpaonedfsnhnuemserous ABFET
the environmental behavior and fate of those
compositional @amarege nupon htethe newntrronment .
PFAS can be synt hesi zed by el ectrocheil
fluorotel omerization (FT) chemistry.-1n the

based PFAS represent si{fpmistidcddrimA Sicad nep o nne nattsh

manufacturerso6 AFFFs (e.g., AnsuP?2 KHemguar
general, the biotrandéor weas &di prog ewnrn s arl s ol a
well studied; 6:2 fludt dilaloomdrel oumlefr ort ahti o e
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sul fonat é¥*§:FZrAfolS)or ot el omer sul f ddfamd de al k
6:2 fluorotelomer sul f£3n avhéifdeo dbeentoani snter at @ :d2
bi otransformed into perfluoroal kyl carboxyl
stemmed from Abttlif¥atde dlamt u'dtpedbédmpar ati vely,
researchers only began payi ng datetra nwteido rE Cd&qn |
based precursors recentl y. By using advanc
identification of Hhihewed cihre mitcellPlsddma sTteg aisd e .2
a | arge nu-thber vethsEeRBRIFfprecur sors possessing ¢
(e.g., sulfonyl, tertiarly a&iwell qgasteheacegn
of analysis on these precursor’Aampepedenheé a
research. To dat e, l i mited data is avail abl
quaternary ammonium pol yFAGAr aalMkAAMS ur f act
polgfobal kyl ami neFAGAI daensd -FIOREAPROo |l yfl uoroal ky
amine betai FASA( @MaArERYAAIRAM pol yfluoroal kyl

ami nes-FASAPandFAAGP

There are still mary i otdlbesteGF| pprsescewlsr 0d r A FtFhFa
yet investigated for their susceptibility tc
cl asses, onrlfyl woreo alfk ytlh ec aprfelbo n calr diorksalme Megtsh =
for sulfonamides) i n each c¢class was invest.

perfluoroal kyl «hospGwecbaalhsoein'dgeWwWsdti { Ctelde i n
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di fferent | engths of perfluoroal kyl car bon
bi otramsf oprantantway s, yetl ehgkél yleplkeoderthait nan
kinetics due to tkobaedi therenoeserineFhpnsasdcain,
Moreover, the transformation kinetic and pat
i n previous studiesaqispikedhienttartglee eexEewi
has been shown the nonfluorinated surfactar
sorption behaviors of fiubus namaeyd (AnFpFaFCc t c of
bi oavailability to native microbial communi't
| n addittriaonns,f otrhmeat i o Ad ek ii wveetdi qpsr exfurSFOFRFS obser
studies (i .e., sole investigationmpmayedi ff

sites due to the competitive or synergistic

To suth knowledge gaps, in the present st
formul ati on was spiked into the soil mi Cr ocC (
of t hrpae€Cd precursors, and the associated tr
soilecobéd from a former -iUnpactmd igiatrey) bwase

mi crocosm preparationcotnodi dri eatse chiosged o c hreenpi
AFFFmpact ed s3 Gd@asy. iDctutbeagt ¢ @amposi ti onal chan
derived PFAS in the micraddisimsomwasoi nhest eg:
PFCAxnd PFSAs) , a |l arge number of novel ani c

classes were recently tde¥XTik®i e¢theimncAFFEt Ao
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for most of those newly identified PFAS are
the famsfandatran of a bdreadad edp ePcFtArSum i anf tAF
study, liquid chromatography coupH&MSWi th hi
was empl oyed t oquadnetnitfiyf yp-dasnsdi bstegmiRFASE. I n acf
' T quid aphgmatboagd ed wit h-MBgds wwaspeaecterdo met gy a(
PFAS with commercially available standards.

42 Materials and met hods

421 Chemicals and materials

Al | PFAS analytical standards were purchas
Ontari o,an@anadc®pe aTdmibdi-Be Bhe AFFF formul ati c
this st udeyr ai s3Ma LI %GF FWactoenrc e2n0t3rGaR)e, (WhG ch we
kindly provided by Dr. Paul Hat zinger at APT
The soil used i netrieiags terudy Loef egr esdbitlg v
|l ocation proximate to a Crash Fire Station

ME) , where has been contaminated by histori
mi crocosm experi meqdni zehde, sgridumda,s ahnodm si ev e

size) and stored at 4

422 Mi crocosm setup and sampling procedur e
Mi crocosm was -pLtWhpaawanum baotetd e containin

mi ner al growth medium and 3 g (dpyeweaergtdt)
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according to the recli®drcregiont edet ez In®eif, i Jaekd
sodium sulfide. Thpee(tl)edi ment sleaefnfeFns et i n
concentrate (0.1% v/v) was sspfkABFF(Qdnabnot
was spiked along with additional 1 g/ L sodict
|l ive contamlly 1.n2 whMcdci et hyl ene gl ycol butyl
amount as the DGBE added in Ilive treat ment

contains 20% (v/v) DGBE). DGBE is an organic
serve as oerl exntd omardloooan sourlée E¥d&h rmiodcrt o lei avla
sealed by a rubber septum and an aluminum ca
mi crocosm, a syrihgeughethe waptpi asmdedohnec
sterile polyethersulfone (PES) syringe filH@t
incubated at room t empe(rlantnuorvea o02n3 58 , h d\reiwz obnrt
Sci e)atti f1li5c0 r pm foaysa. period of 308 d

At each sampling point (0, 28, 56, 98, 154
treatment, two bottles from abiotic and I|ive
an establ i sh®rdi efrloyc,cedu.re. mL of supernatant

collected landéd. oni medm&i hanol for the anal ysi
aqgueous phase. -@heehi 6l urtryewasfttwehlcoll ect
carbon (DOC) melasQPld me Stwihip@d®Lui)s a proxy of

consumptTihen remai ning microcosm solid phase
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remaining slurry (4,000 rpm, 20 min) and di

was subjpmnt vioa tE& i n 30 mL met hsaomalc aftalolno wen
wat elr. bAftt er wards, the methanol extract of s
rpm, 20 min) and diluted with methanol for 1
phase. Both aqueous phase and soil extract

Wh atnfh&8MF syringe filter (Cyti va,0 Mar |bbedfroorueg
LCHRMS anAMSab @&l ysi s.

423 NohargeH&MSLE&nal ysi s

Nont ar g#iR&M& bGal ysis was ThencoctQ&&kaohni ve
Orbitrap MS equi ppe-di gearhmaa c ¥anqgugiusihd uclhtrroam
(UHPOCbi trap). The MS with electrospray i o0n
(ESI +) and -neigani xat i(EMI modes. -BDRM&i bhed pro
descridppenBdaicxt i oThh eB-HROMS dat a wa si na nTahl eyrzneo

Compound Discoverer (CD) 3.2 software foll ow
previléddipsd gt r al Il i braries and madsesr ilviesdt sP FWAeSr e
compounds and associatedl!| thaasifes matnicomuded
mz Cl oud, ChemSpodsémasSan ds merc tirnal l i brary cor
compounds. The mass |l istdernvedded&A8BB8c bypouh
associated transformati on pmdo d8u,clt4s2 bfalsueodr i o

compounds from the EPAOZ°TTwox CGaisnta/lColmipsTtosx dan
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total of 4,492 and 9,521 f earoureesspevetrievelby .ai
To select the features of interest, the twc
criteria: (a) the peak area was > 500,000 ir
i n negative i o)nifzoart iaotn Ingoadped i(ECSH 6 Bnpt hea Ken
Def ecty tFgr achleCE all above 0.8; (c) an accur

remaining features were screened and cl assi f

day O in the live treatments apd @G.b0D)Ytitcham
those I nvehcontrols, the compound was sel ect
if peak areas of one feature at day O in the
the threshold (i.e., 56nbodoe0)0, ibnutE Sdm@n taétngds eldo O
afterwards and above the threshol d, the co

transformation product of AFFF components.

selected compound baxs’d addestahli shedset it
with diffxemensce wefr eCF e gawiderd na so nheo liRPaFIAGg 1td |2 s
424 Sengiuanti fication OoOfHRMSAS identified by L
Al PFAS compound-BlRNS e (beedi oph wgr2d €s e mi

guantified based on the associated peak ar e:
unavail abiclailt ystoafn dahraedmi f or most of identi fi
the comparison of the transformatioedayor f orn

mi crocosm expelidmemntanngelsodg LFCs) i n the asso
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certainpsesampsi wgre calculated. A negative LF
PFAS during the period was decreased (i .e.,

was, the greater transformation occurred; v
monot omacusase or decr easedayn ipnecaukb ad ri eoans, oLVFe
determined by peak areas of day 308 over t
compounds (i .e., i ntermedi ate transformatio
decreasiinng peaaekdareas over the incubation,

maxi mum peak area divided by the subsequent
comparison consistency and overall data avai
to calcul dt @ dteme i f F@9" A FFF enoontdpeo ndeanttas ,wewhe | ue
to calculate the LFCs of identified transfor
425 Targeted PFAS analysis

Thirteen PFAS analytes with avhAppenrdiex anal
Tabl-® Bn microcosm agqueous sample and soil
formul ati on we¥fMS. anlehley zmeeda sluy edC concentrati o
PFAS in the AFFF f orAmwgd edTdibxh-2 a Beh ep rnoevt ihdoedd fi
guanti fi ceattiarng eotfe dt hP&kJA[be ASkeicxd h.owhhBa2ni nst r ume
Il i mits of detection (LODs) and Apmpetndi »f gu

Tabl-3 B
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43 Results and discussion

431 PFAS i dentHRMS di nayadl®@Fed mi cr oc os ms

A tot alssoefs 1o6f cHFAAS wer-gu anmteinftii dd edhraoug Iseun
day microcosm exp-etarmenB@MSuUEnagyshe. ndhe ful
corresponding acronym of AepapcehnTdtlixA4S Blhass i s
acronym wasn adcacetndd pfirbd?ftc agn oem»wpl anati on of
conventions was pft’Fwirdéreerby d€éhail etd Bhfor ma
identi fi édRtMiSoranian ylsCs (e.g., mass €fror, r el

i's pr oAp glenddibx- B

Figufileel | ustrates the chemical structures o
homol ogues within each class, and the gener a
change of etnbéd RFABo0o0wem incubation. Among t
them were categorized as AFFF component s, a

transf or matFii gM-b)er oldwoc tcsl as s e s, PFCAs and PFS
as both AFFF component sFiagdi)e r armsef dromatl iogm ef
each <cl as-guaetief isedni b yHRMEn taanragleytseids Lahd t he
profiles of peadikayariemmc wWhuatiincdnp pvieeaFdeBgBpBE e § t e d i
1t 815 The LFCs in the peak ar eRi gwkeZread al so c:
Ap p e RATdaibB-G

Thirteen individual PFAS whose analytical
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includi-Rgx 3MmPr FHx SA, FOSA, and some PFCAs
guanti fi ed-MSy anaarlgyestiesd. LTChe changes in total
308ay peei 9dAmpe RFdiigxu Fle8sB1HF whi ch are accor dec
seiuantificati-bpar gesi&dMs@bygl weons (i .e., trel
sefeppenHiigiu r2eBs8 BR9 aBvdd, confirmixgqganhhati thei e

in the ptesgncoul d well represent the tempor
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Figure 4-1 Sixteen classes of PFAS identified by -HRMS in AFFFamended

microcosms, including 10 classestegorized as AFFF components (shaded in yellow),
8classes categorized as transformation products (shaded in blue), and 2 classes as both
AFFF components and transformation products (shaded in green). The chemical
structures of the PFAS classes, and garieznds of peak area in live treatment and

abiotic control over the 368ay incubation of each homologue within each class were

also illustrated.
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4311 PFAS identified as AFFF components and

TAmMPr-FASA. This PFAS class isharacteristics of perfluoroalkyl sulfonamide base
structure with propyl trimethylammoniumFigure 4-1). Homologues with &Cs
perfluoroalkyl chain wee detected in ESI+ in this study. Recent studies also reported the
occurrence of this class in both historical AFPRsd AFFFimpacted soil€?® 224In the
present study, peak areas of-Cs homologues within TAMRFASA class gradually
decreased by >99.5%, 60.1%, and 31.0% in average in live treatments during-tias 308
incubation Appendix-Figure B-1). In contrast, peak areas of thés®mologues stayed
relatively constant in abiotic controls. These results suggest that FTAASRA could be
biotransformed by the native microbes in Loring soil but were stable under abiotic
condition. The observed susceptibility of TAMPASA to biotransfomation corroborate
the previous study that reported the soil biotransformationsdfoologue of TAMRr
FASA.>4

AmPr-FASA. This class (&Cs homologues identified in both ESI+ and EBlodes)
shares the same base structure with TARRBA with one methyl group in
trimethylammonium replaced by hydrogdfigure 4-1). Multiple homologues in AmPr
FASA class were previously identified in several AFFF formulatidhghile they were
only sporadically detected in AFFRmpacted soils and groundwafér.?® 224 The
infrequent detection of AmMHFASA in AFFRimpacted sites was likely attributed to the

associated transformation poten#fln this study, biotic trasformation of G-Cs AmPr-
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FASA homologues were observed; in the live treatment, the peak areas@f C
homologues decreased by 4B3.6% after 308 dayAppendix-Figure B-2). Possible
abiotic transformation of was also observed, but only for the ¢tvaip Cs-Cs homologues
and with a slower rate (1053.7% decrease in peak areas) in abiotic contAgipéndix-
Figure B-2).

CEt-AmPr-FASA-PrA. This class (€homologue identified in ESI+ mode) comprises
the base structure of TAMTHRASA and two additional propionate groups on the tertiary
sulfonamide nitrogen and the quaternary ammonium ternfinglie 4-1). Homologues
in this class were previously detected in various AFFF formulatfof’s ®whereas the
environmental stability of this classaot yet been investigated. In the present study, no
obvious decrease in peak areas of-BEtPr-FASA-PrA (Cs homologue) was observed
during 308day incubationAppendix-Figure B-3), suggesting it was stable under abiotic
and biotic conditions on the timezae of this study.

AmPr-FASA-PrA or TAmMPr-FASA-AA. AmPrFASA-PrA features a propionate
group linked to the sulfonamide nitrogen in ArfFASA, while TAMPrFASA-AA
contains an acetate branch on the sulfonamide nitrogen in FR&PA (Figure 4-1). LC-
HRMS analysis suggested possible presence of either or both isomeric classes@yith C
homologues in this study, and available evidembtained cannot readily distinguish
between them. Previous studies reported the occurrence of PASA-PrA homologues

in AFFF formulations? 3" 1®land AFFFimpacted sited” 223 22TAmPI-FASA-AA class
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has not yet been reported in the AFFF formulation or environmental samples. Furthermore,
the environmental stability of either class has not been studied. In this study, the peak areas
of Cs4-Cg homologues within AMRFASA-PrA or TAMPrFASA-AA class decreased by
43.384.6% in the live treatments after 388y incubation Appendix-Figure B-4). In
contrast, such decreases were not observed in the abiotic cofppéndix-Figure B-4).

These results suggested that either (or both) PFAS claseadily rsusceptible to biotic
transformation but was abiotically stable under present conditions.

n:2 FTAB. The identification of this Fbased PFAS classFigure 4-1) was
unexpected, given the 3M AFFF formulation used in this study should contain onrdy ECF
based precursors based on previous stdeigs3” 1 The occurrence of n:2 FTAB in the
present AFFF formulation was likely due to the crosstamination during the historical
storage. Although the biotransformation of 6:2 FTAB was previously reported with
variations in the rat€> 137 139n this study, no decrease in the peak areas of 6:2 FTAB was
observed inhe live treatments or abiotic controlsppendix-Figure B-5). The results
indicated the high stability of 6:2 FTAB in the present soil microcosms.

AmPr-FAAd. This PFAS class C7 homologues identified in ESI+ mode) is a group
of analogues tdmPr-FASA with the sulfonamide group replaced by a carboxamide group
(Figure 4-1). Previously, AmMP#AAd class was detected in some AFFF formulatems
a commercial surfactaft! In the present study, a rapid abiotic transformation of AmPr

FAAd was observed in the microcosms, with the peak areas ah€ G homologues
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decreasing by 81-:82.3% in the abiotic control after 3@y incubation Appendix-
Figure B-6). The biotransforntéon of AmPrFAAd was also found, as greater decreases
(90.291.3%) in the peak areas ok @nd G homologues were observed in the live
treatmentAppendix-Figure B-6). These findings are consistent with results in previous
studies that the £&homologue 6 AmPr-FAAd could be transformed through abiotic and
biotic processe¥ 1®* 1Taken together, the AMAFAAd class was likely not persistent
in the environment, and readily transformed after the release.

CEt-AmPr-FAAd. This class (€homologue identified in ESI+ mode) has the same
base structure of AmH¥AAd and an additional carboxylethyl branch on the tertiary amine
to make it a quaternary ammoniu(Rigure 4-1). Neither the occurrence in AFFF
formulations nor the biotransformation potential of @&iPr-FAAd has been reported
previously. In this study, gradual decreases (455 %) in the peak areas of GAMPr-
FAAd were observed in both live treatment and abiotic control during thed®p8
incubation Appendix-Figure B-7). Also, the peak areas decreased similarly in live
treatment and abiotic control, suggesting that-8&Pr-FAAd could be transformed
abiotically in the microcosms, while the associated biotransformation might be minimal.

PFCAandPFSA. These two commonly investigated PFAS classes were also identified
in the present AFFF formulation, with,C7 and G homologies within PFCAs and £
C10 homologues within PFSAs detected in E8lode Figure 4-1). The detection of

PFCAs and PFSAs were in agreement with previous studies that reported PFCAs (e.g., O
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170 mg/L for G-C9 PFCAs) and PFSAs (e.g., 6,708,000 mg/L for PFOS) as minor and
major PFAS components of E@fased AFFF formulations, respectivély.The
environmental persistence of PFCAs and PFSAs has been widely acknovwfeddeulie
to their high persistence, PFCAs and PFSAs were widely detected iniAfpEted soils
and groundwatet> *’In this study, no decrease in the peak areas of any homologue within
PFCAs and PFSAs was observéppendix-Figures B-8&B -9), indicating their high
stability in the microcosms. In addition, the increases in the peak areas of certain
homologues (e.g., PFHXS) were observégpendix-Figure B-8), likely due to the
formations during the transformation of aforementiopestursors (discussed 8ection
43.1.2.
4312 PFAS identified as transformation produc
transformati on

FASA. FASA class (&Ces and G homologues detected in EShode) was identified
as biotransformation products in the microcosfigyre 4-1). As shown inAppendix-
Figure B-10, the peak areas of FASAs increased by a factor e4 5088 in live treatments
over 308 days. The abiotic formation of FASAs was also observed, with the peak areas of
C4-Cs and G homologues increasing in the abiotic control, but lsynaller factor of 1.4
5.0 Appendix-Figure B-10). These results indicated that FASA homologues were
substantially formed during the transformation of precursors in the AFFF formulation

spiked in the microcosms, especially through the biotic process.nidieds could explain
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why FASAs have been widely detected in AHR#pacted soil and groundwater samples,
though FASAs were not ingredients of AFFF formulatith& 22°Previous studies also
reported the biotransformation potential of FASAs to PFSAsh@nologue, FOSA to
PFOS), witha wide range in the biotransformation rate @akés of 9.2712 dag) 33 3436

162 1n the present study, a further biotransformation of FASRelli also occurred, as
suggested by a slower increase in the peak areas of FASAs after between day 98 and day
154 Appendix-Figure B-10). Regardless, the overall formation rate was much higher than

the transformation rate of FASASs, resulting in a substhraccumulation over the

incubation period.

M-AmMPFASA Thi segholmod o gu@ i denti-mMmbdds) nsE&I e s :
the same base-FASAuwt theooé AmPhyl ter minus s
at o gdi)e The peedkAMmMRFASA oihcCeased substanti
98 days incubation (by a fambdesofr 82p dc tainwde
and decreased after wAppgenRiigxutlike Bll inv & hter eadbti m
controls, the peak areas kept -18&.c2)e,asiimdyi omate
t hat the f-aAmRRASAnwas mMuchi st owemprbgesas tha
process. TheAmBFRA®SA iwans ofi kMl y from the tran
FASA an#FASARr the two PFAS cl asses that were
precur s-AmBFAS#, M%8dnd>®°>were also detected in t

Seicad3. L . Further bi otr a-AmPRROASHMt wa s aff soM r epc

92



previ*édusdMn,ileh was consistent wvéed ithmet dech i
treatments after AppynnRdiBxuileg . BHins asdtdédy o, C
homol oguemPREASM was detected in the present
det ect i+€NTSAMIHHA SA aLdAMBFASA $Seewdl3an. 1 The
alkksnce of ot her-AmBRPS Ao gwaess liinkeMy due to the
downstreaht plrbdtPét s.

OAMPRASA Thi ssaxrn @G oMm6l oguesi edenn -ESI + an
modes) shares the saiASBawbheseéruct meehylf amm
replaced by a diFmgtul)el a mRir @ esdCoidsroel, oglues of
OAMFFrASA were detected 'iandaGEBP mMbbomubkat iwerns
detected mpnacARRF groundwat®erPhland es opirleseampls
OAmMHFrASA was determined as intermediate tran
compo mPemtesaFd(igxB-A 8. The peakdhCendd ogfueG i n the
treatments continuously increasedd.fOhem day
sharply decreadépgenHdigiulsflg@d eByaflSd wa@ar ds, t he
increased aganhifrdmydag4-188%)a fattowedf b9.
decr@apenHigrul@ BSi mil ar trends of paenadk ar ea
Cschomol ogues in the |ive treatments, but wit |
CouftppenHigrua@ B n addition, a sudbrsdtGdti al a

homol ogues was observed in t-66@. @)b,ucdnhde rz ot
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decr eagheo mofil oGue was obdqlppenrdigd 1@r Bldhaeys el 5 4
resul ts i ndi éFAISAd wtalsatr e@AmPry formed from Al
Sectd4i3ort. through biotic and abiotic transfor
transformat-FA8B8A owaOAm&®re rapid than abiotic
present conditions.

N-Me FASAMNMEt FASAAhese t whoondlaocssgsweess (iGdenti fi e
mode) share a perfluoroaldMa®krdSAAl hagbhmi dieet a
group on the sulfo&EamMASAANhG&s ogRingedihehi | gr Nu
Al t hough the two <c¢classes were not previ ous
occurrence wasi mpgpotrdd ds dinl AFFF ghhgyrdswatnagr
that those PFAS might be formed in situ duri
I n the present stetldlgFASAA prakeasedsgoéatCly

15.3 in the first 98 days, t hbeant | denc ri ena stehde bl

treat (Apmptesakdiigxu rrle Bsuggesting i ts initial f
components followed by the further biotrans
areasMwMe FASAA gradually increaseidncbuwbaa i foact

AppenFiigcud® B ndi caN-MeBASA&Et & so be formed &
processes withsHESFASRAA, rateapiFbdramd subst ar
peak areas (171.8 ti mes i ncrease) ewa® o0bse

di stinguishable change was f oduaayd ii mc utblad i atk
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AppenFdiigcu-dd Brhis indicated-Et RASAShe mRBor mgt i «
from biotransformation of its precursor(s).
OAMPRHAAd Thi sssGGhamel ddeas i fied in ESI+ mode
anal ogue -FHACSAQAMRAIIt the sul fonamide functiona
car boxamiFd g dd)reoulpn (the | ive treGhonanltgqgudse p:
increased by2®%. 5 aztt odayf988Becdmpacedasedday 0
at day 154, tMPAeompekmAidg e eBl mgaomtrast, cont.i
in OAMPArd was observed in the abiotic contro
area increased4dVWpapenhficgxwoird oBTHR8Bs B8 resul ts i
t hat ©O©AAHEr was reddurdderf orant h biotic and abi ¢
further transf ARat iwvoans oafl sOAmMParpi d wunder b i
sl ow/infeasible under abiotic cond#AAdoONS. T
observed here i st hgeuiptra oao rsstiusdtyeghth evbil tolhgper t e
of OAMMPANd was biotranstiaymednwisiiAil sm3 ct beos:
findings resonated wi t h -FtAPAed i andi efpFalFeHt ed t 1 O
environment .

PFCA andPFSA. Under biotic conditions, increases in PFSAs@ghomologues, by

a factor of 1.e2.7) and PFCAs (£Cs homologues, by a factor of 1156) wee observed

in this study Appendix-Figures B-8&B-9), due to the biotransformation of certain AFFF

components and intermediate products (discuss8eédtions4.3.1.1 and4.3.1.2. Under
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abiotic conditions, only £Ce7 PFSAs were found to be formed, andhwa slower rate

(peak areas increased by a factor of-1L%) (Appendix-Figure B-8), indicating the
possibly higher abundance of, @nd Gz homologues PFSArecursors and associated
abiotic transformation potential. The formations of PFCAs and PFSAs are in agreement
with previous studies in which the two PFAS classes were widely documented as stable

transformation products from Fand ECFbased precursor: 194 155

432 Structurally r elgevtahnet sftaacbtiolrist -gienopfavcatdd ennt i
PFAS

As discussed iBection4.3.1, the environmental stability (i.e., transformation rate) of
AFFFderived PFAS identified in the present study varied widely, which resulted from the
PFAS structuralifferences. To facilitate the evaluation of the influences of structural
differences on the environmental stability, LFCs in the peak areas of identified PFAS
between certain sampling points during the -888 microcosm experiments were
calculated to appximately assess the PFAS transformation potential andAppe(dix-

Table B-6).

The chemical structure of PFAS identified in this study comprised of a perfluorinated
moiety linked to a nonfluorinated moietyigure 4-1). Within one PFAS class, the carbon
chain length of perfluorinated moiety was found to likely influence the stability of the
homologues, especially under the biotic conditidgrigyre 4-2). LFCs of homologues in

TAMPrFASA, AmMPrFASA, and AmMPiFASA-PrA/ITAMPrFASA-AA in the live
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treatments increased with the elongation of perfluorinated carbon d¢hgurg 4-2a),
suggesting a longer perfluorinated carbon chain could render a higher microbial stability.
Specifically, LFCs for @, Cs, and G homologues of TAMRFASA in the live treatment
were-7.78° 0.56,-1.33° 0.09, and0.54° 0.25, respectivelyHigure 4-2a). LFCs for G-

Cg homologues of AmMRFASA increased from3.98° 0.08 to-2.58° 0.65, and &Cr
homologues of AMRFASAA-PrA/ITAMPrFASA-AA increased from2.53° 0.21 to-

2.04° 0.58 Figure 4-2a). Unexpectedly, LFCs forsomologues of AMRFASA and
AmPrFASAA-PrA/ITAMPrFASA-AA were greater than thoses Gomologues Kigure

4-2a); the reason might be the potentially more rapid formation from their precursors,
resulting in a less overall decrease extent than other homologues. In contrast to biotic
conditions, the influence of péwbrinated carbon chain length on abiotic transformation
rate of PFAS classes (e.g., AmMPASA) was not observedrigure 4-2b). These results
implied that the impact of perfluorinated carbon chain length on PFAS biotransformation
is likely due to increased hydrophobicity with elongation of the perfluorinated carbon
chain.Enhancinghydrophobicity could increase the affinity BFAS to soil particles in

the microcosms, thereby reducing the bioavailability to microorganisms.

Among the i-destdf pedcBCBEor s, -FKASMe) ch aarshsoers
a sul fona@8iGiNé HYy rwhuipl e s o mRAAde. g.o,n xmmmrda car b
grotCg N(H), both of which link the perfluori

mo i eFtiyg dfl)e. These two funcdi boapbogeoupal wer e

97



PFAS stability under Dbiotic ammAIS Aab inoutcihc ntoorned
rapid transfFAmdt was obsAmRre dApipre nRRibgaorte s cor
B-2&E), as indicatedarmdA @RFwed-2 (L5AC s2 7f2card dC

°0. 03) t hamM StAh e nfethPBAL e3s3-0(a 6@. ORBi)g42ae) . The
results indicatbhead etdh PtFASa mb gxhda mibdee |-ess st at
based analogues under abiotic conditions, wfl
carboxsamia abi o’2The hayirwtliysitsransformati on of
based PFASAmRFAAD, o®EBterved in this study al.
lability of Ap@mae i dpgpaumied eBUn(der biotic condi
transformati eFPASAf alb eftAdMRMELPTe observed in |
AppenFdiig r2e&s5) B as i ndicat ed. D)y fcdroskeotlLiF CBFAS
(Fi g upree) . Si i Itaransdmpir mati on was-FA$Aoamdser v
OAmHFrAAd after both classes were initially p
treatment) Appe nFbihgagumileZ&BB Thi s observation ¢
previous fi ndiebgass etdh aPtF ASSu IwWfeareamimodr e mi cr obi a
car boxami de®?choeu ndti esrcpraerptasn.cy mi ght be expl ai ne
sul fonaamd dear hasami dPeFAS cl asses compared in
readily biotransfor med, masking the potenti e
by the sulufponalnmiidse hgyrppot hesi s would be conf

bet ween s-alnfdomcamibdaeszmi caenal ogues with higher
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e. g., bet-wkR@Ap@Aaniirgxkuil)e a8Bnd -FIAAAWMPr( not detect e
this study).

Most oldasfe@fcur sors identified in the pres
FASA and-FA3mPrcontain a second nitrogen at

addition to the first nitrogen givil)e.t hlehesul f c

structur al di fferences on the second nitrog
potential. Wi th three methyl grammenbuaom} he s
the PFAS microbial stability appeared to be

nitrogen atom (terti ar yanadmmiAmdHrA S A ohro neoxl aongpul ees,
(k1.3@B. 090ab@. 25) are greater-FABAncohoser par t
3.98. 08-3aBb@. 25) in theEibd-rae .t rSa antinmeanrtl y(, t he
stability of PFAS with one or no methyl grou
primary amine) was hypoiAmM&BEASIAd( wiot tbea faued din
amine head grbhiupyteasvashadwneiched in this stuct
and a rapid transformation following initial
AppenFiigcu1@ . Bddi ti on, an oxygen atom on the
e.g., -F@SAPrandFM®OAEWPEYte | ed to | ow microbial
PFAS <c¢cl asses, as evidenced by their rapi d &
(AppenkHdiigxu r-le2s&Bb . On the contrary, adding a ¢

tertiary amine head group could potentially
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and abiotic transformati on. With an additioc
nitrogen-AaReAAd CExhi bited highAAd stabt het yit
treat ment andFiagde | ¢ F&€somd lo ¢Cg u-& mPBFA AGE t
werOe. 6@. 48-1af@. 33 in the |ive treatment and :
whi ch were much grnAen®F A A d3t. (8On 1t3R2atd @f. Or3, C
respectively). The above findings on the I mg
group on |REAS agteabhin accord with a previous ¢
guaternary ammonium or a carboxyal kyl group
than those with tertiary amine®%r an oxygen
Beyond the secondfoundoglkeat adaodi ngtawasar bo
the first nitrogen atom (i.e., sulfonamide/ c
stability. For exampl e, with a caAmPrxyal kyl
FASRr i @Q4t)e exhi bited high persistence in th
biotic transfor mat idaary d hsc@nbvae: diFdi idgxurr3gn gB 3 0 8
Comparatively, if only one carboxyalkyl grou
AmMPRFASRAr A/ Tk dBA A andAmMREAAdFI @ udrle, t he PFAS
compounds wer eFinpuWRepep snFditgaunr#® &®)B and t he
transformation | ikely started at the nitroge
studies documented the increasbdxgbabhbyl i gyort

the sulfonamide g@tboyp. pEofl exampkéand sul fon
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readi ly transf*tlorfnee d» 6i. 8l 1sda?iylse)t(hyatihfipleer TN uor oo
sul fonamido acetic acid (EtnreQShAA) gwiotuhp aonn
sul fonamide group was more-lind®i-@5amRdhry ©) bi ot
3¢Al s o0, after the etdel gboapchforEt §0OSAo0 wam
carboxymethyl, the compound (perfluorooctane
more microbidlilfy -9B4Wéd dg&KkaeInf togbeker findin
suggested that adding a carboxyalbkaysledgr oup

precursor s |diekcealryb otkxiyn-chd 8 knWlaantdi oM ( when a a

present on hhe bemdingttogehe increased stab
1.0 1.0
(a) (b)
0.5 - 0.5 (0] %
0.0 0.0 W #
-0.5 A @ 0.5 A v D @
1.0 1 2 i 1.0 - F @
1.5 m 15 L
S 204 % 204
c ? 1 E L
g 25 P @- + 8 25 <t <
o 9 3] !
T 30 D ] 5 3.0+
£ 35 I %} $ £ 35
< )
2 40 D 2 40
-l -
45 45
5.0 O TAmPr-FASA L 5.0 O TAmPr-FASA
i AmPr-FASA r 1 AmPr-FASA
CEt-AmPr-FASA-PrA CEt-AmPr-FASA-PrA
8 1] Y AmPr-FASA-PrATTAMPr-FASA-AA 84 T/ AmPr-FASA-PrATAMP-FASA-AA
> CEtAmPr-FAAd <> CEt-AmPr-FAAd
<] AmPr-FAAd <] AmPr-FAAd
9 . —— -9 — ———
n=3 n=4 n=5 n=6 n=7 n=8 n=3 n=4 n=5 n=6 n=7 n=8
Perfluorinated carbon chain length Perfluorinated carbon chain length

Figure 4-2 Logo-fold changes (LFCs) in peak areas of different PFAS between day 308
and day 0. (a) and (b) show LFCs for the AFFF components detectécitment and

abiotic control, respectively. Error bars represent one standard deviation among replicate
microcosms.
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433 Transformation pat Hdweay sv eadf PiIFRA&Snt i fi ed AFF
Based on the AFFF components and transformation products identified-BYRMS

and their associated transformation potentials as discusseections4.3.1 and4.3.2,

transformation pathways of sulfonamibdased and carboxamid@sed PFAS in aerobic

soil involving 15 AFFFderived PFAS classes (n:2 FTAB was not included) were

proposed, as illustrated Figure 4-3.
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Figure 4-3 Proposed transformation pathways of (a) sulfonarhmed and (b) carboxamidased PFAS identified by l-ERMS in
AFFFamended soil microcosms. Compounds in yellow and blue boxes were identified in this study as AFFF components and
transformation productsespectively. Compounds in green box were identified in this study as both AFFF components and
transformation products. Compounds in parentheses were not detected in this study, but detected or predicted as imtermediates
previous studie®® 1>* 1%Red and green arrows represent possible biotransfiommand abiotic transformation steps, respectively.
Dashed arrows indicate hypothetical multiple steps.
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The abiotic and biotic transformation potentials of @EIP-FASA-PrA, TAMPF
FASA-AA or AmMPr-FASA-PrA were for the firstime investigated in the present study.
With a carboxyalkyl group on each nitrogen atom, -BEtPr-FASA-PrA showed high
stability in the soil microcosmsAppendix-Figure B-3). Transformation of CEAMPI-
FASA-PrA in this study was less likely or occurredatextremely slow raté{gure 4-3a).

As for TAMPrFASA-AA/AMPr-FASA-PrA, they remained stable under abiotic
conditions, while their biotransformation might proceed via two different pathways. One
pathway involved decarboxylah and Ndealkylation of the carboxyalkyl branch on the
first nitrogen atom, converting TAMHASA-AA or AMPr-FASA-PrA to TAmMPFFASA

or AmMPrFASA, respectively Rigure 4-3a). The other pathway involved multiple- N
dealkylation of the tertiary/secondary amine head groups on the second nitrogen atom and
deamination reaction, converting TAMPASA-AA or AmMPrFASA-PrA to N
MeFASAA and NEtFASAA (Figure 4-3a). The transformation of TAMHYASA-AA or
AmPrFASA-PrA may mainly proceed through the latter pathways to forMdFASAA

and NEtFASAA, given the absee of carboxyalkyl groupn the second nitrogen atom
but presence on the first nitrogen.

As an AFFF component and a potentially minor product of TARRBA-AA,
TAMPr-FASA was persistent under abiotic conditions, but was susceptible to microbial
transformation Appendix-Figure B-1). One of the methyl groups on the quaternary

ammonium head group of TAMHRASA could be replaced by a hydrogen, leading to the
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formation of a tertiary amine (i.e., AmMiFASA) (Figure 4-3a). AmMPrFASA further lost
the two methyl groups from the tertiary amines successively throudbaNylation,
forming products with secondary amines-vhPr-FASA) and primary amine$ASA-
PrAn), respectivelyKigure 4-3a). Through deamination and oxidation, FABAAN was
then transformed to FASRrA, which was potentially convertdd either FASAA via
decarboxylation and oxidation, or to FASA via further decarboxylation anrd N
dealkylation. These transformation pathways from TAMRREA to FASA were also
proposed in previous studies using tlkeh@mologue of each PFAS cla¥s!™>

The substantial formation of OAMMASA was observed in this study under both
abiotic and bitc conditions Appendix-Figure B-12), possibly from the oxidation of
AmPr-FASA (Figure 4-3a), as proposed recent®’. In addition, substantial abiati
formation of G OAMPrFASA was found Appendix-Figure B-12) despite no obvious
abiotic transformation of £homologue of AMRFASA (Appendix-Figure B-2), the
presence of other unknown precursors of OARRSBA in the AFFF formulation cannot
be ruled outThe amine oxide in OAMAFASA can also be reduced back to tertiary amine
as reported previously? resulting in the reversible reactions between OARRBA and
AmPr-FASA.

This study for the fst time reported the formation ofMeFASAA and NEtFASAA
during the transformation of AFFiterived PFAS. As mentioned above M¢FASAA and

N-EtFASAA might be the transformation products of TARHASA-AA/AmMPr-FASA-
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PrA via multiple stepsHigure 4-3a). NMeFASAA and NEtFASAA were then converted

to FASAA through Ndealkylation or a decarboxylation followed by multiple steps of alkyl
oxidation Figure 4-3a)3% 36 8EASAA could be further transformed to FASA via
decarboxylation and Jdealkylation Figure 4-3a)33 34 35The inceases of FASA peak
areas were observed in both live treatment and abiotic coAppkqdix-Figure B-10),
suggesting that FASA can be formed under both biotic and abiotic conditions. FASA was
eventually transformed to PFSAiQure 4-3a). The transformation of FASA to PFSA
might be a direct process as reported previotr8iy>8or the transformation may occur
through an intermediate PFSAI as detected in some stifdiég®*

Transformation pathways of cacmmidebased PFAS in AFFF formulation is
illustrated inFigure 4-3b. The reactions leading AmMiFAAd to PFCA were similar to its
sulfonamide counterparfigure 4-3a). First, successive-Nealkylation occurred to the
methyl groups on the second nitrogen of ARRAIAd, resulting in the production of M
AmPr-FAAd and FAAdPrAn (Figure 4-3b). Then, Ndeamination and following
oxidation processes converted FARdAN to FAAdPrA (Figure 4-3b). FAAd-PrA was
further transformed to PFCA through decarboxylation, multiple steps of alkyl oxidation,
and amide hydrolysig-{gure 4-3b). Similar reactions involving carboxamitdesed PFAS
(i.e., from AmPfFAAd to PFCA) were also predicted in previous studfe®* >°The
occurrence of CEAMPr-FAAd in the AFFF formulation and associated transformation

potertial were for the first time reported in the present study. It is hypothesized that CEt
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AmPr-FAAd could be biotically and abiotically transformed to ARHAAd through
decarboxylation and Mdealkylation Figure 4-3b). Similar to AmPsFASA and OAmMPy

FASA, the reactions between AmPAAd and OAMP+FAAd might be reversible and able

to occur biotically and abiotically={gure 4-3a).

44 Concl usi ons

This study i1identified 16 classes of PFAS i
and demonstrated t h-Bfasmdl| pr pstuasrcsebpat si sha see otfo EaC
and/ or biotic transformation undeHRMS$oOtic a
and-MSC analysis results.-bd8sedtprectionsomasi on
suggests that these precut goi 6 a lnoplalci Febde ssi ot uers
Al t hough biotransformation of soffeSA,l alsasses o
been documented in previouseasntdy dG etshifsorstaupme
included a wider n8hgandf dbhbomd| oddest he@h co
bi otransfor med. Despite detection in AFFF f
FASRr Al TARABAA andAmMBREAAd have not been repec
transformed before. For t he -FAISIAs A/ TrA mk , bi c
FASAA andmBEAAd has beenAmRPAHASRrcAe dvasCHtound t
be stable -dayi ngcubhat 8368, suggesting a | ack
this study or that this c¢class of PRAS i s pec¢

ti meframe of this study and the transfor mat
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wi || l i ket gr mavepdoing on the source zone. T
precursors in environment al s amepliee nfat om ag
the transformation rates in the field might

The addition of AFFF as the parent compounc

on the stability of differentued assesnoifvipd:
classes. It was found that the functional gr
chain I ength of the perfluorinated moi ety ir

presence of an additi ontalhe medrhfyllu ogriouap eat m
carboxyal kyl group(s) on one oOfr both two ni
carbon chain may enhance t he stedhbeivlaintty roefs utl
obtained in this study pooPFAE8 mmpaofaaeantur em
producing and using more stable PFAS in thei
to the complex composition and transformati o
kinetics of i ndi vi dueatle rpnienceudr siomr st hceo up rde sneort
studies are needed to better understand the
Al t hough identified PHEASntnftkedsbasedyooah

count sHRMS Lanal ysi s and assligmasgedviom eotndbl

criteria (e.g., a match to | ibrary MS/ MS an:ct
specific ranges of mass defects), mo s t of t
aut hentic standards. Mooreopwaetrhwdahse @ff olpotshe ds |
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and carbhasamdi P&EFAS in the AFFF signify the ex
AFFF formul ations and wunknown transformatic
synthesis of the authethtyisec sstaammddrods dfevre!|l pypa
robust anal ytical met hods to determine the
These stepstheeetutdpeaftaterof precursors in

management of the contaminated sites.
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5 PoteMicabbial Taxa in Soil Mi crobi al Commu
Rel ated to Fluorotel omer Bi otransf

Thi s chapter detail s research t hat IS cur
Environment al Sci efmee S& pPpd chmemltaagy Mat eri al

with the submissio.is provided as Appendi X

Abstract

Mi crobi al tranasdfdormpmaktydbhuorifoalekyl substanc
fluorodediomed PFAS, by native microbial comm
widely document ed. However, few stadli es hav
their roles during PFAS biotransformation processesT hi s st udy wundertook
more insights into the structure and funct.i
PFAS biotransformation. We gathered : ::26S r RNA
fluorotel omer alcohol and 6:2 fluorotel omer
mi crocosms wunder vari ousocrceudrorxe nacan dniettiwonrsk.
sever al g eVar®vorax R hsoudcohq cac&uupsr | paweitdgupsot hesi zed t
pl aymportant rol es I n t he bi dddansBomrmmati o
met agenomic priedectiuboeédppabagbnes, alsot h pr e
associated with fluorotel omet h & iboeanaiynnvsofl ovrenta t
in the biotransformation. To our knowl edge,

are applied to analyzing sequencing data rel
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are valuable resourcesutlpoelshRFAS nbdii ontgrsa nosff a rhn
provide reference for studying the enzymatic

devel oping efficient microbial consortia for
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51 I ntroducti on

Pemand pol yf | uaonrcoeasl k(yP FAsSSU b sarma dee orheurp cafl s
commonly found as products and byproducts il
their widespread use and unigue chemical st

extensive cont aommeanti.onDuen ttohet eenvadver se he

effects resulting from PFAS, gl obal I nter est
been spurred. For decades, physicochemical t
exchange sodloprtds , nametmal er i al sdopteidon, \
photodegradati on, as wel | as el ectrochemic
techniques for PFAS removal. Wi t h t he rec

perfluorooctanoic acidne( PBEOAY ondarcd!!&pe rdf | ¢ 6
bi oremedi ation, with its | ower costs and s m;:
prominence.

Research has already shown that indigenous
can transform certain typeesr ionfce dFeHAeSc, t ri oncchl eundii
fluorinabaerd ( BEKP. For exampl e, bi otransfo
sul fonate (6:2 FTS) by native micropi al comr
river sédndenltasndf f3IMi ct elbicaht e.r @disfNretahylo
perfluorooctane sulfonamido ethanol??f Et FOSE

mar i ne < e&n dnewettsl'@Widt sl mirciyobi al popul ations
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di versity, soils are natur al reservoirs of
environment and be able to degrade organic
from soils weresfadrsm RREAD,r tiemc Itwdithdga rff2? uor ot

and nictarmmigrinng pol yfl dor 6%l k'hloughbsi amo®s ga

pl ay i mportarmFtASr dli@es ransftdrema i on, the <cruc
functional genes responsible for the biotran
A few studies assessed the microbial profi

16S r RNA genréd S qheni’agiti onal analysis of
composition and diversityadagpn at aoinl inteacthea nu «

mi croorgani sms towards xenobiotic and recal

involved in orgamad¢iponl lauteamiotbiad wagmsshe@er es s
entire microbial community. The degraders mi
|l ow abundance. For exampl edegiradeas obsamnv e

sul famethoxazole aeredegoadaee rad uid tiMoartet otweart,e d

PFAS might be Dbiotransf omushetd fplkye sdcyomegr gni sctriod

instead of a collection of i ndependent mi cr
mi cr owiccluraocence and interactions in a microl
traditional mi crebi al community anal ysi

Mi crobi al net work analysis has become a fu
interactions and i de ndrivef commuigty dorappsitian aaxda , whi
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function irrespective of their abundaric@Net wor k anakwmepi sybdstbeéear

sequencing datasets of environmentalt sampl e

occurrence patterns in diffe&flentlibheaecmsytsttems,
gl obalP3®istcala@®s al so beest uwsieeds iimvesmé ygauws ng
mi crobi al communities i n contaminated site
management and bioremediation of pollutants,

aromatic hydr%é&avedons ewPAsHsu)d.i es have applie
investigatiogmmuorbbea rel at?d® 23§ PFAS cont a
Previously, a suite of mi crocosm experi me.
i nvestigate biotransformati on kinetics and

fluorotel omer alcohol (8: 2 - fTOH)Nhgarndaén A AFTF

i mpacted soils, as well as the i mpaTtd of f 1
gain mor e i nsights i nto t he fluorotel omer
mi croor ganitshmss, study, 16S r RNAd gferneem stelgausea ¢

mi crocosm experiments were gathered and su
bi oinformatics and computational tool s. Spe
reveatcubnprence patterns of micramesdg oirman é MmO
( bgjenerate hypothlespgpatabauin the soil mi cr ob

mapl ay i mportant roles in flgenetael emeypbile
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about d aitnecrt ti ioanla | genes t haltomeay bdoonttrrainbsu toe i

and the mtcculodhesbttdlavr at hg functional genes.

52 Materials and met hods

521 Data integrati on-saemd emrcd cngys sainmg yfsars post
The raw 16S rRNA gene sequencing data ob
expernismarmat were conducted to study 8:2 FTO
coll ected @&AnWdi t nhbegt athem adfl st lnds & hmi csredc o s m
sequencing can be f oA dnMnp ereseévoito uobma pQulds i c at
C-1.The merged raw sequencing readi paméeds bwer
removing Il lumina adapters and Phi X reads u.
nomedundant sequences were denrmtieedmpliitdonD
sequence variants (ASVs) . To deter mi ne t ax
sequences were mapped against an optimized vV
522 Mi cr oboicaclurcroence network analysis

To explore microbiato-occurrence patterns that are not able to reveal by traditional
taxonomic profiling and the microbial taxa that may play crucial roles in fluorotelomer
biotransformation but be overlooked due to low relative abundance, a corrdased

network analys was perfor med usi #'driefyjtgerSpeprman pack ag
rank correlations between ASVs were calculatéohly the robust and significant

correlations (Spearman's rank correlation coeffit} > 0.8 and BenjamirHochberg
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adjustedP-value < 0.01) were used to construct aocourrent network associated with
fluorotelomer contamination. Network visualization and modularization were achieved

using Gephi (version 0.9.2%?To describe the pattern of correlations between ASVs, a set

of topological properties of this network were calculated and compared to those of 10,000

random networkg e n e r at e d -Réns moday witk theds&se number of nodes and

edges.Chs quare test along with Cramepf®msR V was p
to determine the correlation between network modules and environmental féctors.

addition, two types of potentially important taxa, generalist and keystone taxa inthe co

occurent network were identified based on ecological concepts.

Generalist are species that persist across multiple environments or environmental
gradients and contribute to the ecological stabffifyin this study, the AVs broadly
distributed across different sets of microcosm experiments are regarded as generalists, that
is, the ASVs presented independently of soil and contaminant are generalists. Defining taxa
in ecological communities as generalists might be somearbétarily but is useful for
providing additional information from those defined by taxondfy.?*¢ Habitat
generalists were thought to be migrating from their natal habitats by dispersal processes in
response to environmental disturbarand signalg?’- 248

The species in an ecosystem that have strong and disproportionately large impact on
the community composition relative to their abundance, are defined as keystone’pecies.

Removal of keystone species from a microbial community may have negative impact on
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the microbiome structur@r even result in dysfunctici? Two methods based on
calculated topological features were used in this study to identify the keystone taxa in the
constructed network; one is a centraligsed method and the other is a connecthvatyed
method. criteria are detailed Appendix-Sedion C2 and topological features of all nodes

are shown irSupplementary Data X1(Appendix-Section C3.

523 Functional analysis

To predict functional genes/enzymes in response to the fluorotelomer contamination, a
computational tool, phylogenetic investigation of communities by reconstruction of
unobservedtates (PICRUSt2yyas applied with default settings based on normalized 16S
rRNA gene abundance levels. According to Kyoto Encyclopedia of Genes and Genomes

(KEGG, http://www.kega.jp), a KEGG Orthology (KO) identifier (or K number) was

assigned to each featureirttional gene/enzyme) predicted by PICRUSt2. The functions

of predicted features and potential pathways involving the features were also annotated
based on the KO database. Pairwise comparison of predicted gene abundance between
treatment (microcosms exged to fluorotelomer) and control (microcosms without
fluorotelomer addition) in each set of microcosm experiment was performed by a

di fferential abundance anal yThe gehesaith usi ng
significant changes in abundance (an absolute-folglchange > 2 and an FR&Jjusted

P-value < 0.05) were picked as candidates for further investigation. In addition, the genes

potentially related to PFAS degradation identif@ predicted in previous research were
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manually picked® 47 251 The genes involved in xenobiotics biodegradation and
metabolism according to the KEGG pathway annotation with significantly higher
abundance and shared between different microcosm experiments were pooled with the

manually picked genes andogected to subsequent functional analyses.

53 Results and discussion
531 Mi cr oboicaclurcroence net wor k

5311 Mi crobial community compositions, topol o

The network generated using identified microbial taxa in treatment groups (with
addition of fluorotelomers) is called constructed network hereafter and shdviguire
5-l1a. The constructed network consisted of 269 nodes (ASVs) la®27 edges
(correlations). The ASVs were distributed primarily into ten major phyla accounting for
over 90% of all nodes, in which the most abundant phylum was Firmucutes (31.60%),
followed by Proteobacteria (25.65%), Chloroflexi (11.52%), Bacteroid6t&9%o),
Acidobacteriota (6.32%), Actinobacteriota (2.97%), Myxococcota (1.86%), Halobacterota
(1.86%), Desulfobacterota (1.49%), and Verrucomicrobiota (1.49%).

The nodes in the constructed network were highly connected (approximately 12 edges
per node). Th average path length (i.e., average network distance between all pairs of
nodes) was 3.474 edges with a diameter (longest distance) of 10 edges. Compared with the
i dent i cal FRéyi mndane rebtwdtks,dhB sodularity and clustering coefficient

(the degree of the nodes tend to cluster together) of the constructed network were both
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greater Appendix-Table C-2), suggesting the nodes in the constructed network tended to
co-occur more and form a significantly clustered topology than expectetance. The

taxa detected in control groups (without addition of fluorotelomers) were also used to
construct a network (called the control network hereafter). Although the topological
properties of the constructed network were similar to the control net@®g@pendix-

Table C-2 andSupplementary Data X2in Appendix-Section C3, these two networks
shared less than 50% nodes (ASVs). This study focused on the constructed network

associated with fluorotelomer contamination.

As shdwmgbithe all nodes of the constructed
7 major modul es (cont aihnaitn gwemoer ec otnparni sk@
taxonomic profiles. Modul e 1 and 2 were the
representing 21.2% and 19.3% of the nodes in
Modul e 1 was dominatedllky 2Fwami domesatwhi bg
and Chlorofl exi. Module 3 (26 nodes) and 7
domi nated by Proteobacteria and Firmicutes,
Modul e 4, 5, and 6 wer & r(ell9a tniovdeelsy) sciommptlae .n e
Chloroflexi, Firmicutes, and Proteobacteri a,
in both Module 5 (18 nodes) and 6 (16 nodes
contained a few nodes ef r6o mc oOhtlaoirnoefd exo® mea nml

Actinobacteriota.
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The formation of modul es i n microbi al net w

environmental factors, suci? d%r3ddiel cpmesgearute
net wor k, environment al factor s, i ncluding ¢
redox conditions all showedOséranmg &«€arrir el at i

0.001) wi Amp enwldhibX-8sTC( better visualize the er
associated with the modules in the construc
net work were colored according to different
externally (8:2 IFT{QHrarng6:s2iHTD)r, Rsobii ns soi
(aerobi-c, sal tataéiaruocni ng A p pdnRdiigaunrbe). QMo s t

ASVs in Modul e 1, 5, and 7 -reexdusctiendg icno nkdartii

Modul e 2 and RBostpaesebhitedmibhreoorgani sms pr e

Robins soil, respectively. Module 4 and 6 coc
nit-r aaed eduemnng conditions, respectively. Th
various soitedgyesomdi ti ons indicate the mooc

represent different niches.
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M Fimicutes [T Actinobacteriota Others M Module 1 Il Module6 [ Module 11
B Proteobacteria Ml Myxococcota B Module 2 B Module7 Others
Il Chloroflexi Halobacterota I Module 3 Module 8

I Bactercidota [l Desulfobacterota I Module 4 [l Module 9

B Acidobacteriota || Verrucomicrbiota B Module 5 '~ Module 10

Figure 5-1 Microbial co-occurrence networks in fluorotelomer contaminated soils under different redox conditions (constructed
networks). An edge (connection) between nodes (ASVs) indicates a strong and significant correlation between two naeest The si
each nodés proportional to the number of connections (degree). The nodes are colored according to (a) phylum taxa and (b) module
assigned
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5312 Gener al i stoctcauxrar eanntd ntiocr obes

The generalist -AAcSc/isr reemd tAlBe/isr wad h signi f
(Spearman's cogretalli akPivadwrretliccOeOTagblaa e sho
51.A total of five ASVs were found in both Lo
and 6:2 FTS microcosm experiments. One of t
CandidatusSolibacter( p h y Acidabacteriota) associated with chlorocyclohexane and
chlorobenene biodegradatidrf and decomposition of plant residi@8Two of t hese f i
generalists belong to phylum Proteobacteria
ASV 0944 are aRhioldiopd edrowex g8ameami crobes i
former genus are |inked to bedd@agmpheatyil oret &
(PBDPS)SIrécies in the |l atter genus possess
removing <chloride i 6%degfrraadm n @ cbmelandzieianeart ierdg s
tri &@%8isnewel | ad etnrei ¢ WA@ddBrroheetrhyt wo general i sts
genera in phylum ChloroflexL5 wWEUdEO0OY6idenai
wastewater treat mefASyYyO®Ntd]l ass-DEBDEtedes| odge)
reported as a keystone taxo’fand irmvaloswedhdei @
bi odegradati on o f°%3latlhoosuuglhf utrtoens emed daryédr. al i st
connected with other microbes in the communi
varoétgonditions and might be playing a role

Similar to the degree (number of connect i
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identified in soil samples collec®hlde across
generalists identified in this stoccwralend ha
ASVs of gener al i sTtasbh b-&r eB oatlhs oA Ssvlovbrd4 iamd ASV
affil i at Anderomyxobartefphyltsn Myxococcota). SomAnaeromyxobacter
dehalogenanstrains were recognized to use halogenated compounds as tereutarel

acceptor® ASV0257 and ASV1604 are members in gemRseudolabrys(phylum
Proteobacteria) with great potential functional activity in degradation of chloroalkanes and
chloroalkenes® ASV1309 (genusAncylobactey, ASV 0204 C(pgaxiduds and
ASV1805 Mésorbeizohiusp , al | b el oRPrgeobagerid oS opniey | supne c i e s
in these three genera were documented to e
responsible for degradation?2°f 2%fanled®’deemat ed
ocurrent ASVs wi t h generalists may al so

bi otransformati on.
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Table 5-1Taxonomy of generalists ASVs and their significdwalue < 0.01ko-occurrent ASVs

Co- ,
Generalist Phylum Genus occurrent Spearman’s Phylum Genus
ASV
Candidatus
ASV0242 Acidobacteriota Solibacter ~ ASV0117 0.809 Acidobacteriota  Unassigned
ASV0104 0.809 Chloroflexi Unassigned
ASV0939 0.809 Chloroflexi Anaerolinea
ASV2084 0.804 Firmicutes Uncultured
ASV0654 0.811 Myxococcota Anaeromyxobacter
ASV2000 0.809 Myxococcota Anaeromyxobacter
ASV1309 0.804 Proteobacteria Ancylobacter
ASV1652 0.802 Proteobacteria Azospirillum
ASV0257 0.811 Proteobacteria Pseudolabrys
ASV0204 0.804 Proteobacteria Cupriavidus
ASV1653 0.804 Proteobacteria Burkholderia_Caballeronia_Paraburkholderi
ASV0202 0.809 Verrucomicrobiota ADurb_Bin063_1
ASV1491 0.809 Verrucomicrobiota Unassigned
ASV0606 Proteobacteria Rhodoplanes ASV0849 0.837 Proteobacteria Uncultured
ASV0955 0.842 Firmicutes Unassigned
ASV0944 Proteobacteria Variovorax ASV1665 0.810 Actinobacteriota Rhodococcus
ASV1805 0.805 Proteobacteria Mesorhizobium
ASV1016 Chloroflexi Unassigned ASV0274 0.816 Firmicutes Clostridium_sensu_stricto_13
ASV0614 Chloroflexi Unassigned ASV1604 0.915 Proteobacteria Pseudolabrys
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5313 Keystone taxa

With thebaeadrméihgd, 11 ASVs were identif
Suppl ement ar(pp PDadde cxtXi3pbn TG3 ee out of t hem
ASV2086, and ASV2157) bel ong to phylum Acic
CandidatusSolibacterwas al so i dentified as a general i s
Robins soils and thrived withnaboté&. 8A2V 2RFOTX
affiliated to genus Bryobacter was reported
cycPleSV 215Mhciud tamed family member in order
mi ght be rdiakedet bi’?49egr amdattidogs e o nlel tkax a
(ASV2084 and ASV2091) belong to phylum Fir mi
in family Symbiobacteraceae, which was repoc
acetat e ?2’dwhiidet iIAGWV,2091 is an unclassified me
Species in Hydrogenispora ?aAndehment weugh8Vw:
(ASV2000 and ASV0917) among the keystone t
ASV2000 is also identifi ed haes Bae jgeesnoeerlall oibsatc.t e
Species in this genus were found ?f2ondoe i nvc
correlated with higher pH, RAibitrhatre k eryisttrointee t
included microbes i n phylum Actinobacteriot
Gemmati monadota (ASV2193), and Proteobacteri

order OPB41o asnwgalri k¥ m6Uidsmithin family B!
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|l gnavi bacteriales) may be 2akbelneb etrraS V2raeda3k, d o w
an uncul tur edGegnmmaup mont afdBmielayl, evant to degr
chlorinated organoph@anpharANMSVILEmME2, rtead Br diaat
genus Azospirill um, i n which strains were f.
and pHé&nol

Based on t hleadcemmentehcotdi,vi2t9y ASVs identified a
Suppl ement afAy pbPaleacxtXijJon A@Q8ng t hem, t wo ASVs
and ASV0610) were <classified as network hu
coherence of the gl obal net work. ASV 1532 i
Ar mati monadota, which has baaencr efgaonideed t o
ant i PPPloaatnidcs support aRB’mMBYR6 10Wr obessngs t o

ChristensRmedglacpawi thin phylum Firmicutes.
functions of microorgani snmhsy idne ttelcitse dg earsu sf,e r.

bacteri &@83% n rumen.

Rest keystone taxa i ebearsteidf ineedt hboyd twhee ec acr ma
modul ar hubs, which are primarily distribut
pl ayed rmpest amt their | ocal modul es in the
bel onging $odi e n e(rAA\0 6e0r4 ASV1391, and

Chri st ensRern eglrloaucpe a(€A SovsOts5r7isd)i,um (sAHBW2 B4 ) ,i cd o

uncl assified gehys SgBa8up  ASKN 1 7 1adm wi t hin pr
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Rhodomi c(rAoSbViOudelt )h,y | 6 ApYLRR2) , and an wuncul't

family Beijerinckiaceae (ASV0530) of phyl um

t axa.

of

Spe Siees memw @ br@acdsdelry reported involved

organic pollutants, i "é% edt agh|gdrl oypchhd noor |

f ami

OPB4

Aci d

Anae

mi c

an

r

u

chl or o’@famldo hpxlan&G'Clyd satmii idei. um sveanssu st r i
tifiedegsaditm@EeImaeiaec n sRMo dpem wweorbe u m

mented to harbor genes required for sol
otdMesmber s Met elnwesystfieund to be capabl e
ety of halogenated compounds 29%mcd udi ng
rinated et henes 2%kolrkeaonveesr,, asawelUhcakt at &
l'y Anaerolineaceae with in phylum Chl or
1 within phylum Actinobacteriota (ASVO0S
obacteriota (ASV2019) were also keyston
rodeée navece evident i n?°2awhedeasoi f undcetgiroands
oorganng mso berl denrgi OPB41 and Subgroup 7 w
Modul e 2, L engi onApd\MVelargtednyeor nao( bAaScvi2elr5 1) , and

ncul tured group in family Oxal obacterace

unclassified grngaes ormec!| SuadgHoluEp ¥ wi thin j

(AsSsvo7r77), family A4b within phylum Chlorofl

within phylum Cyanobacteria (ASV2068), and
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(ASV0491) behaved mes smpeduledre g mologeel it uBme e n
recognized as pat?bgensomé WwWegéoamkhbeskassi:
degrX@tlember s Aohmgemamvsarca ewi dely documented |
during degradation of or glamriicn actoenip@michpdhse n yil n
hydroc’Ebaerages in family Oxalobacteraceae
PAHs and polyacryP9middée dhowedratdrnsngnnegat i
with 2PEABt I e iinff oarvnaaitliaobnl e on family A4b, wh
contribute to PAHs afdd c24Y bohydrate degradat
Il n Modul Ana2ergASWE®39) and a group in fam
both within phylAma&€hd myoofd b@ixyleun geMywuxsococcot
0654 and ASV29 0dR®xaiuwmdsoil meblplhyysl um Pr ot eobacter.i
acted as MRodelr slplecese.s were characterized as
degr dWeoO®her keystone taxa that were not wi
uncl assi fied gener aphiydn uima mialcy eBsVvVdota (ASV.
SBR1031 in phylum Chloroflexi (ASV1379). Mem
a crucial role in degradatii®meodnbyokiegstadad
bel onging to domaBianc tlerrcihaa e(aA SoM1hle4r9 )t hwaans an u
order Methanomicrobiales of phylum Hal obact «
hydrocarbonr®degradati on.

The keystone taxa played an i mpaoetwot krol e
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especially the shared ASVs in different mod:!
met hods. For example, species in order Subgr
Adb within phylum Chlorofl exi imerfeanfidwnddSivi (
in phylum BactAnaedompbh@bac@giemg st o phyl um My

their functions in fluorotelomer transfor mat

532 Mi crobi al functional profiles

PI CRUSt 2 predicted nearly 7, 000hegemantaorfo
genes with significant cHioahgdeshiamgeb-vnRamand
adj uBytY&®ldue < 0.05) during biotransformati on
mcrocosm experiAmmdnldibd-4 h@vwre igrenes with sic
hi gher abufnaladhcehdnd peagdy ubvtaehdde FERO. 05) i n t he
exposed to fluorotel omer compared to the ¢
funcali ogenes associated with fluorotel omer b

in each set of miFc)r ovcaorsine de xgpreeraitmeyn tf r(oAn 36 (

with Loring soil under aerobic condiltions) t
under -rreidturcatnegy E og@-Reéi oQwser a(l | , most of thes:
were not shared at all. There was relatively

(from Fitgd2)e4) (
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Figure 5-2 UpSet plot for genes shared among different sets of microcosm experiments.
The table (top, left panel) shows tt@ntaminant, soil type, and redox condition in each

set of microcosms. The horizontal bar plot (bottom, left panel) exhibits the total number
of genes with significantly higher abundance in each set of microcosms. The vertical bar
plot (top, right panel) epicts the number of genes shared by two or more of sets of
microcosms. The matrix (bottom, right panel) indicates which sets of genes are
represented by each bar.

5321 Functional genes that may be involved in
The substanti al variations without consi s
experi ments ma d e it di fficul't to identi fy
fluorotel omer biotransformation. To avoid mi
calplae of fluorotel omer bi otransformati on, a
hi gher abundance shared by at | east two set s
further screening. The selected 258ayfsu,ncti on
including nucleotide metabolism, carbohydrat
met abol i sm, energy metabol i sm, xenobiotics
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i nformation processing, aSuppligmeartiZrgy abhat a e
AppenSdeicxt i pn ERecifically, we targeted gene
bi odegradati on and metabol i sm, which are p
fluorotel omer bi ot r a%huwspg polremaet n toanr(A p ARRantdah xXvHn |
Secti)he CBut of the 258 selected functional
enzymes, including oxidoreductases, hydrol a
bi odegradati on pathways. The relative abunda
sedfs microcosm exper AmpetnFdiigauagse id | ustrated i
Common oxidoreductases are dehydrogenases
reduction reactions on -QGH fgreawrm,t alditlsy des,ucc
group. EighthegeBdés i demnhpgfited function gene
dehydrogenases or reductases. The potenti al
l'iterature werAgppesaaldnharél z@Wo st n of them <cont
bi odegradati on oforarexmamnmplce ,c oklpludh@sodiFagg én
hydr oxydeoakodhrelkCoAkAl dehydrogenase was report
secondary alcohol to ketone and I|likely invol
its derivatives iln MdgnietosPpy.rngt toamict epMaNL1
Thauer a A% omdfteirceast i ngly, KO00217, encodes a
has been reported as an i mportant enzyme for

bacteri al sPesaiudemgiasxphrsipasy i ddMPRY&8&ador
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Rhodococc®& opacus

Anot her subclass of oxidoreductases is o0oxy
down numerou’TYbewpaurdswi dely documented to
degradatiionn odmmowmas by ring hydroxyl ation
structure. They <can also functiHfdmubid dehal
benzodi oxol e and I ts derivatives can unde:r
Pseudosntom¥®i&nsé hr oshtarcatienr 1 F1 was found to har bcg
4f l uorophenol mmédtat evdétlkesorination by a mc
responsible fféfn defé¢sionmt natiudyp, sSix genes a

function genes ar e App g gldarbd see sGiamidl dri stte@ dt h e

dehydrogenases, these oxygenases are genera
breaking aromatic rings. It I's worth noting
di oxygenase, have beenl edofcamenéemdvdlo dfe ¢ lels

chlorinated phenol s and cl eavage of chl or

mi cr oor g anAzsonm oshuadghi redksh ol 8 e i a

Ot her identified functional genes, encodin
transferase, I somer aApp e aldaibx-dki gEanszey naerse epnr ceosde
by these genes can participate in ewatoafbol i c

them are associated with hal ogexadyedl clwenp oun

enear b-0oAl hydr ol aseahewhoaddd way consi dered t
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def |l uor i-RatrdbioenCamyhl, 2i t s i-B-®Qttles oGaAkid hp s
hydrol ase, -laqjyttd eocgc-EoBehyldr at asdec hKDTZEdB&gd , by
were both reported to-Fln-dbi e &€yl d eft lew oneidm at ieq
1 -Mydrati on. I n addi tion, K03382, hydroxyd
encodatdz Bwhi ch camilbmreagk nc dromami ani aecésysvtrem
her b?ls&wiagde,j denti fied as a functional gene in
is not directly acting on chloraneAcadesher
atrazine chMhdrcchhydrnolraédd®o,ve chl ori de.
5322 Ot her interesting functional genes

Apart from the above discussed functional
enzymes ( sApmerAlddiedd® i @redi cted BRIl bt edsandy
di scussed bel ow. Despite showing no signifi.
prediction results in this study, they were
havi ng capacity t o degr ade hali @dheartdtcesd amaln
fluorotel omer s. For exampl e, hal oacetate d:i
responsible for microbidUwi déaflsaigmiifatciaonn cfi |
hal oacetate dehal oge@aasesequemrceaens odl ealckoaln e
(K0O1563), purified from nRihlotdiopcloec clua¢ trenroidaolc
Sphi ngomonas, padmdct molbadt esrwearueg oft s wpdhi tas degr

variety of chlorinatedompocddhReatad| yand BbcC
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examining genes involved RmMmMo d6o:c2o cHMHA 1 iocsttrian

found that alkanesulfonate monooxygenase i S
whi |l e hal oaci d dehal ogenase (KO1560) , al k
cytochr onkel 6B8®0 are | i nfkedttherdefelcieoni rsatuido

t hat a gehieetcdiuastdedrramte o dicmag ans sEHEKOO268AQFt as
an al kanesul fonate moeepgPKPelW®DIg , c @amp can e&natn e
per mease s pp Ctkeli5rb54) , an (AS8CB KIamSpPpsrtamd
al kaneshuilfdinmg e spsrwA &ilb 5 5(3 ) ar e invol ved

biotranffArmaocugh. defluorination was observed

the potenti al role of this gene cluster was
than defluorination. Addi tionally, eo mitig
exi stence-pafotanf lamdriipbeter to expel fluorid

compounds 2°enger addemmar pfelcudiicde i bosomidcRBR h enc
(K0O6199) that <capnr osteornveamas poosfolepomiddet ed i n
The relative abundance of these interesting
experiments WP einfdligisd.ega aC ed i n

533 Association between functional genes/ enzy
PI CRUSt 2 was also wused to |link the functd.i
including 26 of them associated with Xxenobi c

interesting genes/ enzymes repBupepttemerewvanys
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Dat ai ®Bp e nSdeicxt i)oon S3me genes are widely distr
of microorganisms. For example, KO04098 and K
wer e possessed bRhodogewrceBusadyr hji zobi um

Bur khol deri a_Cabal deQuopariiagdfviP aiiidsie)u.r kWO 7537 and

KO7539, which can initiate def | uoAzionaartciussn, b
anbesul atFii glbBae)s. It suggests that more than
soils may contribute to defluorination and f
It i's not surprising thadcusament gem ecrraloirgt
identified in the network analysis are foun:

associate with fluorotel omer biotramwsd or mat i
Variovorax and ceoccurrent ASVs, including species within the gen€rgriavidus
(ASV0204), Burkholderia_Caballeronia_ParaburkholderigASV1653), Rhodococcus
(ASV1665), Pseudolabrys(ASV1604), Mesorhizobium(ASV1805), andAncylobacter
(ASV1309), arall predicted to contain the components (K00299 and K1835555) in a
gene cluster reported to be responsible for 6:2 FTS biotransformation in another bacterial
strain?® a haloacid dehalogenase gene (K01560), and a fluoride exporte¢ dee6 1 9 9 )
(Fi g ®bBr. This again evidences these microorganisms are potential fluorotelomer
degraders.

Moreover, most keystone taxa identified in

at |l easbonahegtoerctel ated t o fASWRDH5,estpeelcoineesr bi
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wit hin tAltédr r g empdordgams the 6:2 FTS biotransformation gene cluster

(K00299 and K155535555), a haloacid dehalogenase gene (K01560), a haloacetate
dehalogenase (K01560), and a fluoride exporter §ee0 6 1F9i 9g) &-8lbe)ASV2000

belonging tag e nAmaeromyxobactdikely have a haloacid dehalogenase gene (K01560),

a haloalkane dehalogenase gene (K01563), and a fluoride exportegr fee6 1 99 ) 1 n it
genodep !l ement airdyp PadSdeicxk 6)o.n TC3i s al so i ndi ca

keystone taxa @aoret mpidimwstldnetyanséotmbtien. t o
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(a) (b)

Azoarcus K00299 Actinobacteriota Achromobacter
K00217 . i K00496
Actinobacteriota Bagea
Ancylobacter
Brachymonas K01560
Bradyrhizobium
Ko1561 Burkholderia_Caballeronia_Paraburkholderia
016
Desulfobacterota KoREs
Burkholderia_Caballeronia_Paraburkholderia K04091
Firmicutes
Cupriavidus &32288
%gﬂgé Cupriavidus
K04116
K04117
K04098 Desulfatiglans
K06199
Herbaspirillum e e
roteobacteria
fiiRutnophaga KOTETE Mesorhizobium
Mesorhizobium K07536
k10231
Mycobacterium K15614
Nocardioides
Pseudolabrys
Proteobacteria K15553
Pseudonocardia
Ramlibacter
K15554 Rhodococcus
Kof3z Rhodococcus
Roseomonas
Sporosarcina K15555
Syntrophus i
K07539 uncultured arigorax
Variguorax K18242/K18243

Figure 5-3 Sankey diagrams indicating the contribution of predicted functional genes by bacterairtzssaall microcosm
experiments. Noted that the vertical nodes are not proportional to the size of relative abundance. The left columnfuemtessats
genes (a) that may be related to defluorination and (b) that were also identified as impactemtaiugenes in this study. The middle
and right columns are taxonomic groups at phylum level and taxonomic groups at genus level, respectively. The colgmg@re assi
based on the taxonomy at genus level
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54 Conclusions

Microbial profiling at different taxonomic levels based on 16S rRNA gene sequencing
results is an important tool to reveal microbial community composition and changes in
microbial community structure, but it could not provide direct evidence for intemactio
between microorganisms and their functional capabilitieshis study, a correlatiehased
network analysis for modeling relations between objectives (microbes) and PICRUSts2 for
predictive functional analysis were usedidentify potentialkey play&s in soil microbial
communities and genes carried by the microbes ity be involvedin fluorotelomer
biotransformation processes.

This work highlights the modul ar structur e
exposure to fluothet eled wor k. mbhirduaglg, it was
t axa i ncl u\ariovogax BRleodo @oca@uadpr i avildhusaddi ti on,
met agenomic prediction, a wide range ef gene
oxocyeleomteark b-GonAy | hydr ol ase g eh ebi an d c-acoyBeol noyh e >

hydratase gene were predicted to be associ a

functional potenti al was found widely distr
specul ateuwhe¢et neralt genfes/ enzymes identified
transformation of PFOA and PFOS, as wel | ma
candidates of microbi al taxa and functional
defimatri on; the data generated in this study

PFAS biotransformation studies for assessi ng
environment al matrices.

There are some not ewosretshypelrifnoirtnaetdi oinns tohfi st
that the dataset of -2s esqaunepnlceisn gf orre seud ¢ h itsr esam

mi crocosm experiment), which | imits our stat
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community dnd efnersct Abndough microbi al met age
comparable to shotgun metagenomic analysi s,

bi ased predictions towar d existing referen

enviremeneinfti c functionsdé identification. Thi
of the growinggurmadmhegr awfai habhe genomes. I n
abundance analysis approach used i nhtlgiherstu
abundance |likely ¢gRhrecl soimeg fmése popliitdcates .

can minimize the ndBombi onfndgaltlle POERUSBSWVeansa
more quantitative appr oaeSheegs,, woourl de xeannhpal nec,e ¢
i n pteskBwrdtyher more, it should be noted that

study ar e badseadk ean pacrdrieltdtoinen Therefore, it
in interpreting the resultspdamandturrdathert h e
relationships between the identifaedwé&lely aaXx
confirm the existenciedamgleffeuencct i onal roles o
An expansion of study with moeatsdiaadsa PR
size of sequencing samples should be consid

mechanism of PFAS microbi algethrearad fi @ammateigaire.n ¢

omics technol ogi es, coupl edt owiltsh wndrle apgd wwen
prediction of how microbes participate in tI
they can be harnessed potentially in servirt

environment a n d -bdaesveedl banpailcnrgo ofnusrmoattiican f or PFAS

contaminated sites.
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6 Evaluation of a-PGousplcedhBimolcadi dakat ment T
Remedi ation-afd MPxleyf IPeor oal kyl Substance

Et henes
The work presemntseduirmegirieilpsardeima pige au bmainusica n |

to Water. Rlelseeamamuscript wi || include addi't

adsorptive material to supplement the findin

Abstract

Remedi ati on of contamd nmdleydf Isu dresa lwkhyelr es yphes
chl ori nat eodc csuorl vpeonstess cao si gni fi cant chall enge
on remedi ati on met hods t hat S i muilntaatnieoonu.s | Vc
i nvestigate wh-phhercoachkebmokcagi ctarleat ment car

remedi ating groundwat er contaminated wi t h

—
-

ichl oroethene (TCE), and perflusyotaédvoyl|l ac

sets of -slcab er actodruynn experi ments were conduc

adsorptive col umn, and the other comprised
and adsorptive columns. Théemedaldt sSevieowéed at
Firstly, It achieved complete dechlorinatic
demonstrated potential for greater perfor man
particularly for | ongecorfthianm ttPFAtAscoUhleismeg
physicochemical systems in a sequenti al tre

mi xtures of PFAS and chlorinated edfhemespt Th
data for the mdot eemtdi adsedewtbl opmeihmipd ogwahd or

treat ment of mi xed PFAS and chlorinated sol v
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6.1 I ntroducti on
Aqgueoufsordfmilmg foams (AFFFs) are widely used

to extinguishytiiopearbansédeby, bi'Dke cthe mi ba

persistenc-andatpwd g fodfuopeoral kyl sub$iaoncenatRl
perfluoroal kyl acids (PFAAs), t hec ornetpaenatneadt euc
soil and groundwat¥®r %8Bn 3mdaddiyt imon, tahlyorsiinatse

tetrachl oroethene ((PICEB) ,anar et rafcthdmroeit hiene
cleanisga afnldammabl e compohie Pheise tommoinngsax
accident al releases have resulted in cont ami
often contain mixtures of dileomiona&tndd as olewnesr
and health risks associated with both PFAAs

Protection Agency (USEPA) hasl evselab(l MGlh)e do fa

per billion (ppb; Og/tLer ifno rd rPinEk i anngd wlaQ Ee,r  whhe
0.0a0Md 0. 02 part per trillion (ppt; ndg?' L) ha
323

Remedi ating cont amiAsataendl <ihtleosy i waecweme BBA \a
significant challenge, yet there has been |
types of cont ami A%Tthiosn cshianulletnagnee oius | yp.ar t i c L
remediation of contaminated groundwater pl ul
contaminant may not be effective for the oth

to treat oclhveonrtisnaltiekle>$s®CE BRAASTC&Etre highly

conventional bi ol ogi cal treat ment met hods.
Coupling biological and physicochemical r e
treatifmpnmiaxme c ant pl umes. This approach int

bi oaugmentati on and biostimulation fobhowed
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and chemical oxidation or vice versa, whi ch
synergistic approach of coupling electrocher
shown to be eff ectdivoex anne tarneda ecinhhl gocrminxddt tiei db asdoi
Anot her study successfully applied a sequen
partidlnesiidtudc reducti onctsiu@mpofraredt hg mwhryv a
chlorinated ethenes from 3gFf o utmidavia,t etrh eats iamwlc
removal of TCE andoatsenhat EAsprdbuacwaber wa
bi ochar to a biodderédl osenafi acomupyedemyst ems
remedoinatef ficiency and decrease the risk of
degradation of contaminants.

The aim of this study i sbtol egigtsalwtoe he me c
treat ment train using for trhce R-Eednfetda nait ni aotne ¢
groundwatnain dieor st and the potenti al synergies
reme®&ipesi fically, the biol dg(iiaREM;r eGutenepnht, p
commonly used, mte-@ th la @ © @ e ndi eccchol nesI@IENtaituimm,g pr i
consi sAtciert @ bascpGemibastpt.e,r anBemal 6 c pt ediifdhes
physicochemical treat ment part -cionavtoeldv eisr otnh eo

nanoparti alsesan( le@NRsn)eered adsorptive materi .

Lab at Yale University. Tchoesste ainrdo ns toaxbil dee onvae
groundwater conditions, and their positively
on the PEI encapsulation can i mprove PFAS ad
that coupling the biological and physicocher

be a more effective strategy ftoerd tertehaetniensg un
conditions representative of dynamic groundw

To test t he hypotthwos ilsa {sdeaesdcteroirdyeldu narb oevxeper i
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conducted. The first experiomenmncpacked edi DI

coated sand. The second experiment was a c
columns. I n the coupled system, t-fFée nbhicad eitmi v
( Si REM; Guel ph, ON) , a copmeforal thacbeéeoidalg

PCE and TCE. The effluent from the bioacti ve

column, which was identical to the single ad
6.2 Materials and met hods

6.21 Chemi cals and material s

The PFAAs targeted itnanldiegw inda scsh rsephBatt MBI naepthr
analysis were obtained from VWR-1§Raddoorc RBRA)
(PFBS) 97 %, heptafluorobutrycic acid (PFBA)
tdecafl uelissHdane aci d potassium salt (PFHxS
(PFHxA) >97 %, perfluoroheptanoic acid (PFHp/
potassium salt (PFOS) 95 %, perfluoroodtanoi
(PFENA) 97 %, and perfluoApndkegyanoant atadd@P&®:;
containing these PFAAs were purchased from W
use as calibration standards. A matxitawm eatofalhb
1.8 mg/L were prepared at concentration r af
mi crocosm study to investigate the i mpact of
(Tab6-1p . Sodium bromide (certified ACS grade)
Met hanol was HPLC grade or hi gher, and oth
Ultrapure Wamgoni (AIBga&® IMabWater Purelab Ul trae
purposes.

Feder al Fine Ottdwd®d snersdh)( wWRssamrdecB@d as
study to represent a high permeability, [ 0\
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purchas@dS.f r®im i ca Company (Berkeley Spring,

content of < 0.1 si'ze of

Y"m%The

mg/ g, a mean grain

porous media used in adsorptselkutciobdbnmi

398mg7/ L Fe measured on tompductailv elmi scsd wml esd e

OES) ) with FF sand (-hodao0 woyYPavhe pawialt o wend obhy |

descr Apee@ nSdencxt i.on D1

Table 6-1 Composition of PFAA mixture (% total PFAAs by mass) measured in this study
and previous microcosm stutdy

col

(12c,

and

consi sts

Borosi |

di ameter

umns

ol | owi

30

ng

manu al

inFi gé-t.e The

t

wi t hadder pti ve

h e

same

materi al ,

procedtrme ploy oalst emwerda tai mg

compression.

144

PEAA I n the inf_IuenIn t.he ini.ti
columns in t previous smiudr

PFBS 5.94% 4. 42 %

PFBA 8.53% 10. 3%

PFPe 14. 2% 18. 2%

PFHXx 16. 9% 14. 0%

PFHXx 18. 0% 18. 8%

PFHp 8. 00% 6. 16 %

PFOS 12. 2% 15. 1%

PFOA 7.78% 8.57%

PFENA 3.75% 3.24%

PFDA 4. 90% 1.08%
6.22 Col umn experiment configuration prepa
Two sebbumh experi ments were conducted

first col umn i ncl
of bi oactive umn f
I cat e gl-Ghsas ec,o | Wimnesl akidmb | NeJ )
(I'D) x 10 cm Il ength and
and bioactive col umns,
min) or washed i

70% wemmanwdr e@rp aak

whil e t

respectively.
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(a) Sample effluent (b) Sample middle point

(bio effluent/adsorptive _ps

Sample effluent
> P

influent)

L
>
2
a
=
o
0
o
<

Bioactive

influent

Sample influent

Figure 6-1 Schematic diagrams of column experimentaluge({a) single adsorptive column
and (b) coupled bioactive and adsorptive columns.

After packing with porous medgas ftdre XTI mim
facel dtasolution of entrapped gas, and then
background SecltéRtoiBg n afflscew mode at a fl ow rat e
reactive tracer tests were performed by inje
by 2 PVs of the background solution prior to
and PFAS mbhwxadamircde HBheakt hrough curves were s
mod el Code for Estimating Equilibrium Trans
Experiments (CFI TM) as a part of Studi o of
(avail abl eDAMARSouy.hS. USSal inity Laboratory; |
determine porosity (n) and aqueous pore volu

After the tracer tests, the bi odXitniovceulcuon ur
(Si REM; Guel ph, ON) i netaoc ht hoef itnhfel utehnrte e esfaf nhpu
mL polypropylene syringes (BD; Frankl in Lake
Foll owing inoculation, the columns were seal

attachment ofomikbbeoporabdbusemédi a.
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6.23 Background solution and influent solution
The background solution used in this exper
1,00 PYREXTM media bottl es (Chemgl ass; Vi n
previoulsélgfidterscmodi fi cati ons made to reduce |
with prior micridSpemi feixpalrliynentse ionic st
approximately 15.0 mM through several measur
100x salts solution to 12.5% of the original
from 30 mMathad h&GI mMnhg the concentrations of
sol ut-dysnt,eibne, and sodium sulfide. Additiona
el ectron donor and carbon source to support
i nf | uvetnitons,olwhi ch was injected into the col ul
and 10 PFAAs with targelTabé2x odNte ePCELA)t 1B S|
TCE €l)2O0were added to one bottle containing
PCE/ TCE saturated stock solution, while cert
to another background s &l wttiocrk bsootl tulted otha Beot
sealed with a rubber stopper °Cadnmd s3t0ermiln .z e
concentration of the PCE/TCE st ock Snaeacst inoenas u
625) periodicaliinf.]l uEmé¢ ocoll winmon was prepared
volumes of the background solutiomyr #OB/ TCE
g atsi ght Chemyx stainless steel syringXes (St
syringe puimp) .( Sthad faatdy al concentrations of

batches but were not significantly different

146



Table 6-2 Targeted concentrations of PCE, TCE, and 10 PFAAs in the infhotution
introduced into columns.

Compou Targeted &or Targeted Qo
PCE 10 0.06
TCE 15 0.11
PFBS 100 0.33
PFBA 150 0.70
PFPeA 250 0.95
PFHxS 300 0.75
PFHxA 300 0.96
PFHpA 150 0.41
PFOS 250 0.50
PFOA 150 0. 36
PFNA 70 0.15
PFDA 80 0.16
a. The units for PCE/ TQUEL ,a nrde sPpFeAcAtsi vaealey .mg/ L and
bThe units for PCE/ TCdM,ameésPEAAS veadeg. mM and
6.24 Col umn operation and sampling

The single adsorptive col comtéexpeusmemij ewa
by injecting the influent solwdtem \adl aciftly\
cm [/ day) for approximately 42 PVs to a sin

concentrations of PFAAsr oam dP Ced gI'rCeEd aitni otnh epr e

bi oactive columns in the coupled system, the
columns in parallel at -vaatfdrow eladcei toyf 20 .7.10 1|
PVs (data not adlsowmp)t. viehem, utmmes, i1 dentical t

were connected to each of the Dbioactive col
(considered PV = 0). These coupled columns w
and 3»rPVYé&ef bioactive columns and adsorptive
PV for each col umn. I n both experiments, t h
Fusi o 400 nge pump (Stafford, TX)diaaoal liyn.f |l t

|l nfluent and effluent from both single ads

the middle point sample in coupled systems,
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3way valves at certain | oceaheomasnal fobepranmdn

di srupti omLi poflypwopag!l Ene syringes (BD; Fran

a Hamilton HV valve (Reno, NV) , and -mlsed to
customi zed gl ass sampl impagi rbtul &n datl cecaacthi osna nmpi
point, and effluent).

Sampl e aliquot s of 1.0 mL wemle henancsp ac &

autosampl er vials and capped with rubber S
chlorinated et he@Es,andnd¢lhedirngbi PCE/MATsX or ma t
di chl orcorBsCREg Nnand vi nyl chloride (VC) as well
with fl ame i oni Z#dtDi)onusdetge ctthieoniBetc@2dh.rode s cr
Addi ti ogshalblfyea@®m sampl e was elprofmprmdtyhandluterd

at20C before undergoing further dilution and

6.25 Anal ytical methods

Sampl es for chl orinated emmede ataaldy eamaliny.
col | examplnes were introduced to the GC by a
(Tel edyne Technol ogies; Thousand Oaks, CA) u
et hene and et hene conceannt rAagtiiloennst wBe8 90 Ame&ECs ust
DB6 25 col umn and an FID (Agilent Technol oc
previ®diusidy.

Samples for targeted PFAS anal ysk €1 awes e f
Mi crofiber (GMF) syringe filters and prepare
0.1% acetic acid and 50% met hanoln paraiso ra ctha ef
using a Waters ACGQUIolrYmawlcter al ilgiughd chr omat o«
Waters ACQUITY UPLC BEH C18 Column (130j, 1.

with a Waters Xevo triple-MGu ™Mb ug Maoér earfhd 040 § |
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Mi |l ford, MA). The mass spectrometry wgs oper
and mul tiple reaction monitoring ( MRM) mo d
instrumental parameters ar e i dpernotviAqaelentdo xt he
SectionTAbEKBSAR

6.3 Results and discussion

Two sets of column experiments were compl et

col umn (-alnenestamwmldumn), and two c¢oupslyesdt ebmmso ac
(two sequenti al columns in duplicate). The
columns and porous media used i nnThled3 wo set
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Table 6-3 Column operating conditions, and sopaameters of the column(s) and porous media in single adsorptive column
experiment andoupled columns experiment.

Adsorptive ¢ Bioactive col Adsorptive col

column exper column experi column exper.i
FI ow rate ( ml 0.015 0.01 0.01
Poswea tveerl oci ty 9.80 6. 95 N 0. 6.59 N o0.:
Residence tir 1.02 2.16 N 0. 1.52 N 0. (
Column | engtt 10 15 10
Porous medi a 91. 75 129.88 N 1 91.71 N O.
Porosity 0.45 0.42 N O. 0.45 N 0. (
PV ( mL) 22.04 31. M9 418 21.87 N O.
Packed | ONPs 5.05 N/ A 5. 0850.00
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6331 Single adsorptive column experi ment

6.3.1.1 Profiles of chlorinated ethenes

During t he approxi mately 4 2 PVs of i nflu
concentrations of PCE and TCE remained consH
and 0.11 N 0. OFEi mBiaer. e Ape ksithgodviné, y RCE and TCE
first detected ati vél M fAlueen2 RW,ncreemdpeadti ons
gradually increased and reached a steady ste
respechiigv@ebgy. (Unexpected microbial degradat.
ctbDsCE after 19 PV. To inhibit microbial actiyv
solution af2&rP¥Y¥5 tPhWe &Abbheentrations of PCE
state concentrcabsCBnwas athlelé¢ emrt eamktehr ough cur v«
in the single adsorptiveFcghbZrmmnBreapltrhmeuwndgh a

occuegareldi er than that of PCE, suggesting tha

t han TCE.
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Figure 6-2 Concentrations of PCE/TCE ant-DCE in the (a) influent and (b) effluent of
theadsorptive column, and (c) breakthrough curves of PCE and TCE, during an injection of
influent solution containing a mixture of PFAAs and PCE/TCE for ~42 PVs in the single
adsorptive column experiment. Red dashed vertical line indicates adding of 1 igiin sod
azide into the influent solution to inhibit microbial activity.

6.3.1.2 Profiles of PFAAs

As shé&wmge6Bag t he concentrations of 10 PFAAs
relatively constant throughout the entire ex
of PFBS, PFHx S, F PRFAQS ,P FRHBAA, PFHp A, PFOA, PF N
influent weglklL11226g/AL.R.248.71L,N1%5.e3/6L,N 260 .19
N 1%./9,¢ 3383/1L N P3spy64 ,N 1593 3, N6@gMOL N dnd 91.
N 2g/7Lg irweslpyectln the effluent, PFBA, PFPeA,
PV, while PFHpA, PFOA, and HFFBSB®enecdet eate
PFHxS and PFNA were initially dRite&3ed ahed.

breakt hrough of both PFDA and PFOS occurred
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After the initial breakt hrough, t he concen
reached a pl atwbk(uogeé8beerFoa e«rnatmpile, P PFBS and
effluent, except for the two wohbehbobmgtisong
14-18. 41 ®P&. 9egM L8 fr PFBS$g/ L1 5f8ar7 MFRABg/RL6flon N
PFPeA, 34dy/3 Mo21 PFHxAg/ L15f50.r0 PF HpOA,&Egdrnd 153
for PFO46GBe . The concentrations of PFHxS an
stable |l eveB3afsBeay/)PSamdd PX13.(64 $YV)B(. 6r espect i v
(Fi g 6-8be .

To depict the adsorption of PFAAs more ac
experi ment, breaktvbBrobRPyYh olirvheséCLRE ®PFEFAAS
6-3c. The effluent concentrations of PFBS, PF
|l ongest carbon chains i nt ot haipsp|e xepde rciomecredn,t riant
after2 1PA. The relative concentratieend oofappkl
in the column effluesa® Igrtaidlulal 28. 1 nRVY earsc d4
(Fi g6-8e) The breakt mfough for the 10 PFAAs wa
mu tstoil ut e col umn data from our coll aborators
other adsor’gtild®i ecnat iemd adrs,adsorption prefer
PFHxS > PFOA/ PFHpA/ PFBS > PFHXA/ PFPeAlfFPFBA.
solute adsorption experimentsol(mdboadtom sump
University, using the same adsorptive mater

PFOA and PFOS, occurred earlier in this stud
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Figure 6-3 Concentrations of 10 PFAAs in the (a) influent and (b) effluent of the adsorptive
column, and (c) breakthrough curves of 10 PFAAs, during an injection of influent solution
containing a mixture of PFAAs and PCE/TCE for ~42sHN the single adsorptive column
experiment.

6.32 Coupl ed bioactive and adsorptive col umns
6321 Profiles of chlorinated ethenes

During the operation of the coupled col umn
influent remai ndd rael atviewelgye wtfabdl.e0,5 Wi 0. 00
respecktiigvéetdey. (Upon fl owing through the Dbioac
primarily transformed to ethene (OciDZEN 0.0
detected at a few.oadmmivistolfy gptoi dt 3, (.9, ,7. 4,
PVs; 0.03 and 0.02 mM ofFi Y64yt MNo6 iamd bili
dechl orination was observed in the presence
As the adsorptive columns followed the bio
columns essentially became tahse smEwWwgekdcde f or

and 4d. I n the adBsCEpwasedebéeomed, aod only
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were detecteéedo6dad) .8. TochePVconcentration of et he
si mirleenard tas that in the influent entering th
(0.09 N 0.02 mM) compared to the influent (
breakt hrough <curve of ethene in the tadssorpt
i Il usti gyt6-ded Enh hene was initially denelcdateidve n

concentration increased rapidly to the conc

col umns (@Q¢/ @f.ter 8.6 PV
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Figure 6-4 Average concentrations of PCE/TCE and their dechlorinated transformation
products €is-DCE, VC, and ethene) in the (a) influent and (b) effluent of the bioactive columns
(n = 2), and (c) influent and (d) effluent of the agidive columns (n = 2), and (e)
breakthrough curve of ethene in the adsorptive columns (n = 2), during arR24/8ction

of influent solution containing a mixture of PFAAs and PCE/TCE in coupled columns
experiment. The measurements in (b) and (cgasentially taken from the same samples, but
the xaxis is adjusted to reflect different PVs for the bioactive columns and adsorptive columns.

6322 Profiles of PFAAs
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effluent of the bioactive columns during the
attributed to the preliminary operation of
connecttheed a@adsorptive col umns. The constant (
effluent of the bioactive columhRbegeébicgered t h

The adsorptive columns showed initial det e
PFHpA at 1.4 PV, whereas PFOA, PFHxS, and PF
and 15. 8cPVikieg 65d¢ . Il n contrast, breakthrougt
not observed during theFiegx@bee)y i mé&Ewmt dlowpegi o d
breakt hrough, there was a gradual i ncrease |
PFHxA, and PFHpA r eadadhedV atp |Egt3ke $4u6a 44y 19 15 7 . 2
236.1 8/ 02.814gbLN 4aBd3tg/2L 4r efs plelc.tOi vel y, wh
PFHxS reached a relatively segahl anldeaélt eaf tld
335.7 dN/ 23.16e Fp gddev.e | BFNA became relatively
80NO11./&isg 65de .

The breakthrough curves of 10 PFAAs in the
experi ment Fdrgab-beeBiroavank timr oughs of al | 20 PFARA
PFDA were observed during the experi ment a
increased to the concoentlr)atbiedmos ei R4t Ibe Pivn f [T
of PFOS and PFDA were not over the detection
The order of breakthrough for the 10 PFAAs w
indicating t hahtadPFtDhAe amidg hPeFsGS adsor pti on pr €

PFHxS, PFOA, PFHpA/ PFBS, and then PFHxXxA/ PFPe
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Figure 6-5 Average concentrations of 10 PFAAs in the (a) influent and (b) effluent of the
bioactive columns (n = 2), (c) influent and (d) effluent of the adsorptive columns (n = 2), and
(e) breakthrough curves of 10 PFAAs in the adsorptive columns (n = 2), durig3@PV

injection of influent solution containing a mixture of PFAAs and PCE/TCE in coupled columns
experiment. Standard deviations are not shown to make the figures clean. The measurements
in (b) and (c) are essentially taken from the same samplethebgaxis is adjusted to reflect
different PVs for the bioactive columns and adsorptive columns.

6.3.3 Compar irseomoovéafl chl ori nated ethenes and PFA
column and coupled columns experiments

Il n both the single adsorptive column exper.

amounts of perfluoropent anesulsfudnfiocniacc iade i(dP K

were detected in addition to the 10 PFAAs. T
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be attributed to impurities from the 10 PFA.

adsor pabéprovides a summary of adsorption c

et henes, and ethene in these two experi men:
contribution of dHeCEsmald! V&magwemtes avkd in t
experi méret uard pBSCHE edor med in the single ads:s
therefore arTeabidet i ncluded in

As sholwmbb64en the single adsdrfmyi PEEdAGTgd mMB. r e
TCE, which 4a48%damRifeerdf f ohe i njected PCE and T
end of the expehemehflueadsenpteinsbdpedbemps ed
columns experiment primarily contained ethe
columns embeedi M&OIOYo rnd the PCE and TGQE i n t
adsorptive columns in 2He 8&o0 wpl| edchewertehealel
columns, correspohddng2tmgaato®Pi|l amapsekemat e

At tdcdheofenthe single adsorptive column exper

-

etained the foll owinggamo®hrHsgSqf{ PEFROEA)S(:1 4PF B
PFBA ¢€gl)8,. 5SPFPeg A, ( PF H8A ,( 6PF.HggA ,( PF.GH) ( 2BFRA
(14gp, eand Pgr)DA Af3t8er6 a-pproki matettyi 88 in the
experiment, the | ONPs treated sand redha, ned
PFHXxS e95%4. PFOSg)(,14REB®A) ,( 4P BPegh ,( B2F(8kq ) 4
PFHpA e ), 7TPFOy ) (1 PFNey) (2%.nal RFPA THO. Adsor |
capacity of the single adsorptive column of

PV injection, and the adsorpthnivmerctolB¥hintsi n n:

njecPrCc&n TEC€E, and 10 (PabdAmsD easrpei tcea |tchuel astiendg | e
column retaining a higher total mass of PFA

columns syegt @849%gB 05t Be fact thaot PEOSaknkdr & &
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the coupled columns experiment suggests tha
bobheakthrough

After running the single adsorptive col umn
PFAAs compared to tdeweotal PEBSOSUNR®OS 9Pohj e PFH
(71.8%), PFBA (13.4%), PFPeA (11.2%), PFHxA
PFNA (23.4%), and PFDA (47.2%) . Il n contrast,

presented as per censt atgheast odn ttehree dt otthael aadnsoourn

(10. 3%) , PFHxS (26. 8%), PFOS (99. 0%), PFBA
PFHpA (8. 0%), PFOA (19. 5%), PFNA (65.7%), a
reported in the |literhaurpael shiedmme £e rmatci dtsu d

had a higher apepfpbutocoobdblokylei ¢t haomi ds ( PFCAs
perfluorinated @%ar p3ni32haowml d emgt At tri buted
sul foni c -2@Hi) d pg eERsAeJAtS,i whi ch can form strong
with positively charged surf aceGQOH)s foopupnods eic
PFCAs. The results also indicated that the s
of PFBA, mPFM«xA, and PFHpA, while the couple
removing PFOS, PFNA, and PFDA. One possible
presence of PCE and TCE in the singdhlaiamdsor
PFAAs ,eamwhetrhe exi stence of ethene in the <co
adsorption-cohfaithheP FAMGRt esruggesting the compe

chl orinated et henes/ ethene and PFAAs.
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Table 6-4 The mass of PCE/TCE and PFAAs retained in the adsorptive column(s) and the adsorptive capacity for each analyte of the
adsorptive column(s) as well as the overall removal% in the single adsorptive caloeniment and the coupled columns
experiment.

Single adsorptive Coupled col umns
Ret ai Adsorp Overa Ret ai Adsoryf Over a
ma&s capdci remov. mads capd&c remov:
PCE 2. 6 47 3. 4 8% 2 - - 100%
TCE 22 397.€ 23%7 - - 100%
PFBS 8.7 1.6 9. 9% 7. 1.3 10. 39
PFBA 18.5 3.4 13. 409 4 . 1.6 4. 2%
PFPet 25. 2 4. 6 11. 29 12.8 2.3 7. 7%
PFHx¢ 65.9 12.0 23.10¢9 54.5 11. 3 26. 89
PFHx+ 34.1 6. 2 11. 89 11. 4 3.8 5. 3%
PFHpt 22.5 4.1 17.00¢ 7. 2.2 8. 0%
PFOS 149. 27. 1 71. 8¢9 142. >23.¢« 99.0°9
PFOA 28. 3 5.1 20. 79 19. 3 4. 4 19.59
PFNA 14.5 2.6 23. 409 29. 6 5 65. 79
PFDA 38. 6 7.0 47. 29 49. 3 >8. 2 99. 59
a. For PCE and TCE, tdhe unit is mg; for PFAAs i s
b. The wunit is mg/g PEI coated | ONPs.
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64 Conclusions

During the single adsePrVptoipveed 8dodaddth 7ek per i
the injected PCE and TCE were removed, respe
of PFBS, PFHxS, PFBA, PFPeA, PFHxA, PFHpA, F
and PFOS exhibited removal rates of 47 . 2%
conclusion of the co®Mlepgdecalumn exptehemdawn
columns), all PCE and-tTo&E cweerten etnrea n sFfua rt theed ntc
and 26.8% of PFBS, PFHxS, PFBA, PFP&k,A, alPdHx A
with 65.7% of PFNA. Within the 32 PV inject
entered the adsorptive columns in the couple
The bioremediation of PCE and Td@Bwingr adee bt
adsorptive columns to possibly retain more F
in adsarptive technology, e. g. ., a permeabl e
showed the advantage of amdnpTE@Eet adeehhenena
greater performance in adsorption of PFAAs w
option foocdcurmatngpgPEMAMAsSs and chlorinated eth
The results of this study eapa@r tcontsh att et g gv
exhibits higher adsorfticbmai nhdaenBFGA &AUddi heo
PFAAs were found to have greater adsorption
suggest that both el gotprhodti atiitey ipdtagr ac triod res
by PEI coated | ONPs. Notably, this study obs
et henes and PFAAs, hi g hs pechitfiincg itnrhfeo ri nmgptoira m n
adsor pti on xceadp alkcHASy afnodr cmhil ori nated et henes
The study advanced our understanding of the

treatment of complex groundwater contaminat.
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engineers deal ing wit hmimgd &Idciwirtamt c hcloamrpioru
Nonet hel ess, further research is needed to a
termefand transport of nanoparticles, effec
contaminant s, the impacts of solution condi
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7 Summary

This dissertation aims tstudythe biotransformation afepresentative PFAA precursors
derived from AFFF in AFFfmpacted soilandexplore the roles of naturally occurring soil
microorganisms in response to these PFAS and their potbidiednsformation products in
the presence of prevalent electron acceptors in the environthalgo aims teevaluate the
effectiveness of a single physicochemical system and a coupled biological and
physicochemical system for the treatment of mixtufd3FAAs and chlorinated ethenes as co
contaminants under a dynamic groundwater flow conditidre key findings of this work,
outcomes from this dissertation and associated work, and recommendations for future research
are summarized.

71 Key findings
711 Aer obbiioct ransf or mati oni nopfa c8t:e2d FsToOOH ss n AFFF

1 8:2 FTOH can be transformed rapidly by indigenous microbial communities from
AFFFimpacted surface soils under aerobic conditions. More thamo® of initially
spiked 8:2 FTOH was removed within-8@yincubation.

1 Previously documented 8:2 FTOH biotransformation products, including
polyfluorinated substances, like 8:2 FTCA, 8:2 FTUA, 7:2 sFTOH, and 7:3 acid, as
well as perfluorinated compounds like PFOA were identified as biotransformation
products irthis study.

1 Although rarely documented, 7B amide, 30H-7:3 acid, and 6:3 acid were also
identified as biotransformation products in this study. Perfluoroalklk@eompounds,
including 1H perfluoroheptane, 1H perflu

identified as novel transformation products that have not been previously reported.
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1 Microorganisms in phylum Proteobacteria, such as
generaAfipiaandSphingomonamay be more tolerant of high 8:2 FTOH
concentrations anehay be involved as potential degers.

712 Transf orbrh a sPeFdAGT | A mMpRER s o i |

1 Sixteen classes of PFAS in a historically used 3M AFFF formulation were identified
in this study.

1 Multiple classes of ECIBased precursors and a wider range of homologues compared
to previous studies (e.g.4Cs AmMPr-FASA) were demonstrated to be transfed
under biotic and/or abiotic conditions.

1 For the first time, biotransformation of AMPASA-PrA/TAMPrFASA-AA and
CEtAmPr-FAAd has been evidenced, while G&NPr-FASA-PrA was found to be
persistent during the 38@ay incubation.

1 Functional groups (g., sulfonamide group, methyl group, and carboxyalkyl group) in
the nonfluorinated moiety and the carbon chain length of the perfluorinated moiety
influenced the stability of EGBased precursors.

713 Potenti al mi crobi al taxd fomnsoi bnmi cgebes
fluorotel omer biotransformati on

1 Soil microbial communities tended to form specific modular structures after exposure
to fluorotelomers.

1 Generavariovorax RhodococcusandCupriavidus were found to b@otential
keystone taxauring fluorotelomer biotransformation.

1 A wide range of genes, such asXocyclohexl-enecarbonytCoA hydrolase gene
and cyclohexd ,5-dienecarbonylCoA hydratase gene were predicted to be

potentiallyassociated with fluorotelomer biotransformation.
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714 Eval uati on of a-pltysiipt¢ @edh ebmioclaolgi tcraé¢ at me nt

remedi ati onrarmd pnoIxyefdl peroal kyl substances

1 PCE exhibited a higher relative affinity for R&bated INOPs compared to TCE,
likely attributed to the increased interaction between PCE and the adsorptive material
through electrostatic interactians

T I'n mi x1®FAs ohe adsorption preAF@S>nce f ol
PFDA > PFNA > PFHxS > PFOA PFBSa PFHpA > PFHxA3 PFPeAd PFBA.
This finding indicates thatydrophobic effect and electrostatic interactioostribute
to adsorptiorfor PFAAsby PEI coated IONPs

1 There may be competition for adsorption of chlorinated ethenes and PFAAs to PEI
coated IONPs.

1 Consideringhe need focompleted dechlorination and potentially greater PFAS
removal, he sequential treatment tralmat combines bioaugmentation and adsorption
systemavas demonstrated to bereore effective approador treating mixtures of
PFAS and klorinated ethenes under the studied conditammspared to using an

adsorptioronly strategy
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72 Publications and presentations

The findings from this dissertation and ma
PhD study have beenwi pwmrmidinal ed oiumr paretlty in r
preparation for submission. Some maveoaslteao

presentations.

721 Publications

S. Dong P-F. Yan, C. Liu, K.E. Manz, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and
N.L. Cdiro. 2023. Assessing Aerobic Biotransformation of 8:2 Fluorotelomer Alcohol in
Aqueous Film Forming Foam Impacted Soil: Pathways and Microbial Community
Dynamics.Journalof Hazardous Materiald46, 130629

P-F. Yan,S. Dong C. Liu, K.E. Manz, M.J. Woodcock, L.M. Abriola, K.D. Pennell, and
N.L. Cdiro. 2022. Biotransformation of 8:2 Fluorotelomer Alcohol in Soil from Aqueous
Film-Forming Foams (AFFFdjnpacted Sites undélitrate-, Sulfate, and Ironreducing
Conditions.Environmental Science & Technolo®é (19), 137283739.

S. Dong* P-F. Yan*, K.E. Manz, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and N.L.
Cdiro. Fate and Transformation of 16 Classes of Bed Polyflworoalkyl Substances in
Aqueous FilmForming Foam (AFFFamended Soil MicrocosmsManuscript in
preparationfor submission to Environmental Science & Technalogy

S. Dong P-F. Yan, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and N.L. C#iro. Using
Network Andysis and Predictive Functional Analysis to Explore Fluorotelomer
Biotransformation Potential of Soil Microbial Communitidéanuscript in preparation
for submission to Environmental Science & Technalogy

P-F. Yan,S. Dong K.E. Manz, M.JWoodcock, C. Liu, K.D. Pennell, L.M. Abriola, and
N.L. Cdiro. Aerobic Biotransformation of 6:2 Fluorotelomer Sulfonate in Soils from Two
Aqueous FilmForming Foam (AFFF)mpacted SitesManus amidgt® v ii emw
Environmental Science & Technology

P-F. Yan*, S. Dong* K.E. Manz, M.J. Woodcock, K.D. Pennell, L.M. Abriola, and N.L.
Cdiro. Biotransformation of 6:2 fluorotelomer sulfonate and dynamics of microbial
communities in ongimensional flowthrough columnsManuscript in preparatiorfor
submissiond Water Research

S. Dong* P-F. Yan*, M.J. Woodcock, K.D. Pennell,D. Fortner and N.L. Cdiro.
Remediation of mixed peand polyfluoroalkyl substances and chlorinated ethenes using
a coupled biologicaphysicochemical treatment train approacklanuscript in
preparation for submission to Water Research

J. P. Hnatko, C. Liu, J. L. Else$, Dong J. D. Fortner, K.D. Pennell, L.M. Abriola, and
N.L. Cdiro. Microbial reductive dechlorination is not inhibited by perfluoroalkyl acids
(PFAAs) under ewironmentally relevant concentrationdla n u s arcicpetp tne d
Environmental Science & Technology

* Contributed equally to the work.
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722 Presentati ons

S. Dong P-F. Yan, C. M.P. Mezzari, K.D. Pennell, N.L. Cairo. Digging Up Microcosm
Sample Sequencing Data: Fluorotelomer Biotransformation Potential of Soil
Microorganisms. Graduate Engineering Research Showcase 2022. Auburn, AL, Oct 20,
2022. (Poster)
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7.3 Recommendations for future worKk

The results detailed in Chapterd 3ielp to improve understanding of the transformation
of different PFAS including FTand ECF based precursors in terms of the capability and
extent of biotic/abiotic transformation under defined conditions. These results also provide
insight into the stretural relevant stability of PFAS and a starting point for screening microbes
and functional genes engaged in PFAS biotransformaidditionally, the results in Chapter
6 confirms thatthe sequential treatment train of coupling biological and physicachém
systems is a more effective strategy for treating mixtures of PFAS and chlorinated ethenes
under the studied conditions, compared to a single adsorptive sysesd on the findings
described in this dissertation, future research directions aresapo

1 Chapter 3 and 5 provided some microorganisms that may be able to transform PFAS.
Future studies are needed to isolate individual bacterial strain(s) and/or develop
enrichment culture, which can be used to better assess the function of those potential
degrader(s) using more advancedics technologies and additional analyses, e.g.,
metatranscriptomics and quantitative PCR. The most essential step will be determining
the functional gene(s) and enzymes that are responsible for defluorination and will
eventually facilitate development of PFAS bioremediation technology.

1 PFAS stability related to chemical structures has been observed in Chapter 4. However,
since AFFF, a PFAS mixture, instead of individual PFAS was used in the study as
parent compound(s), miag the transformation mechanisms complicated to be
revealed. To better predict fate of different PFAS, including both legacy and emerging
PFAS, further studies are needed to evaluate biotransformation of PFAS individuals
with different chemical structuresd develop quantitative structubéotransformation
relationship models. These studies will help better predict the environmental fate of

PFAS and be beneficial fonanagement of the contaminated sites.
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1 The experiments described@iapter 35, were allconducted in laboratorgcale batch
reactors, which cannot reflect a reabrld situation, e.g., in contaminated aquifer with
dynamic water flows. Water flows can impact not only the contaminant distribution and
migration but also microbial performance degradation of contaminants. Therefore,
it is of importance to investigate the biotransformation of PFAS in experimental
systems incorporating water flow, e.gnedimensional (D) flow-through column
experimentsThese ugscale experiments will furthedvance our understanding of the
environmental fate of PFAS.

1 While the effectiveness of the sequential treatment approach for the remediation of
complex groundwater contamination scenarios involving mixtures of PFAS and
chlorinated ethenes was demonstrated, further research is required to account for other
factors in more realistic scenarios. These include the -temg stability and
performance of nanoparticles, the impact of natural organic metigrother co
contaminats, and the influence of solution conditions such as pH and ionic species on

the adsorption capacity
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Appendi x A: Supplementary I nformation for Ch
8:2 Fluorotel omer AFcoiMmpBdglmmp aAqtueed uSo iFlid m
Al. Soi l Properties

The physicochemical properties of Robins
moi sture content, 7. 0 %; organic matter, 0. €

cmol / kg; sand 77.509%0 %i(tet 610éb,claamsls cd atye d
The properties of Loring AFB soil were chara
3. 5 %; pH, 5.23; cation exchange capacity, 18

14. 20 % (st eaxltsuor ec actleagsor i zed as sandy | oam).

A2 . Determination of sodium azide concentrat

Two concentrations (500 and 1,000 mg/ L) of
determine the concentrationl tdati wiotuy.d TeHd er
for this evaluatpohohatdeaabimiiarceertrol s i
experiment Sede3RoRielxecde pitn t hat no &:02 aHT @H gvaans
carboncddOE€Nt rati onms i wert & emaonn ic r-ddacyw di mMau b atgi
The profile oF gmuOCe2iAdA nshowhraat to the TOC d
in the microcosms amended with 500 mg/L sod

t hr ougho-daiynchueb altdifon i n the microcosms amend :¢

A3. DNA yields of Robins and Loring AFB soil

Typi cal DNA yields of soil collected from e
of magnitegHgst 3 amiP&y . DNA yield of Legl/lign.g AF
However, the DNA yield ofb&®omeasuAEd 6o0ill we

eluted DNA could not be detected wusinfgg)an | n
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Neit her coul d It be amplified by regul ar
CAGCMGCCGCGGT-AAJWCand -@OG@TRCHABSTCMT TTHRAFET

DNA extraction was attempted sswea@ar alommemes a
avail able soil DNA extraction kit®i amalssopt
samp’PedPPWever, none yielded quantifiable DNA
AFB wasl extremely | ow, bi omass sampdys7 cioh |l
Robins biotransformation experiment were use
(Sect3dkgf?2 As the DNA yield of Robins AFB soil
Loring AFB soil was chosenetles md &8x Ro FeTdHt @ «

to studyespbendesef soilSenct@2a@®d®i al community

A4. -MSQ MS standards and reagents

8:2 FTOH (XRS 87®Y8was obtained from Mill.i
USA) . Polyfluorinmatraeld ,commgd wrdd ngst8a 2 FTOH (>
278%%, >98%), 8:2 FFLQA (cOBIN)# 7088 BBOH ( CA

6, >98%), and 77:0B, ax9 &%) ,CABs éd Biliet dnmdemdmahs

spectronks/rMS)( Laheal pesishaged from Wellington
Ontari o, CA) . PFoMSY MSf et amdar dass weO e pur ch
Corporation (Milford, MA , USA). AI I sol vent s

(DGBE) and methantobgwapéeyl (4C€)dgchdemar hi gh
were at | east reagent grade and purchased
Ultrapure Wamprf{a®m. @anMEIl ga LabWater Purelab

USA) was used for all pur poses.

A5. Targeted-MaMS si s by LC

Targeted 8:2 FTOH and its potenti al bi otr a
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using Waters A¢Q@UIfToYr mialntcrea Ihiigguhi d chr omat ogr
Xevo triple quadrupol-BIFgm&E9s (Maeetr soCeotrepror @

MA). A previous®lWyi rrepmodiefdi eanettihemd by r emoval

mobile phase was used for targeted analysis
transformation product s, as FTOHs and ammoni
negative electrospray ionization. To remove

whole system was flushed with 50% watepraond
to analysis of FTOHs each ti me. Targeted an
establ i sénd mee3dE@MS. Detailed instrumental ¢
| i st BabArenA-2. Quantification of al | tphoei na nal
calibration curve prepared with certified st

from 10 sgg/LL t o 10

A6. -Namgeted anbBRMSis by LC

No-hargeted | iquihdgbhmrematt udrn aph yrthRsMS)s pect

analysis was performed uxi @gbiatHRMWSr ImG s Qe X

Samples were injected in triplicate with a
wer eratpd on a Thermo Hypersil Gold Vangqui sh
at a constant temperature of 60 AC. PFAS wer
consisting of mobile phases A and B gtr aadicecan:
was as foll ows: equilibration with 10% B fro

10% B to 100% B from 1 to 5 minutes, 100% B

9 minutes, and hel d at 10 1% nB nuuntteisl, 1dla tna ncuot|
0.6 to 9 minutes). The -MBX waosd eo p(esrtaetpepde di nl 5f
wi t h an i nclusion l i st for 21 PFAS. l oni z a't

ionization window of oalf. 04 0n/ zau xsihleiaarhy ggaass ffllo
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gas flow rate of 2, spray voltage of 2.7 kYV,
and 320 AC auxiliary gascheatehet©O©mpetaaprwa
a resol utOOoOn, oafutlo2ndati ¢ ga% naoadnmaali mgmGawed
100ms. -MS@r, ddhe Orbitrap was operated >with a
and maxi mum dwell time of 400ms. MS2 fragmen

cell witdH(lpdoduced by a Peak Scientific Nitrort

data files were saved in the . RAW file for ma
(CD) 3.2 software. Spectral l i braries and
tnaformation byproducts. The | ibraries incl.
housémawSs spectr al |l i brary containing 40 PFA

hypot hesized potenti al 8: 2 FTOH traashds mat.i
from the EPAG6s Tox E%kett/FCamgp Wax disteadb @ oe .f urt h
identificatisnpewhem twaSCodS aidleamlrlee.scores of

detected were assigned??blased on the Schymans

The suspect | ist including all detected fe
Excel and processed by R (versi3®d®Bridefll. yi,) tah
suspect | ist was narrowed down by removing t

(MW) greater than 8:2 FTOH (MW 464.12) and ¢
bet ween injection replicgtses,>1ih)c.] udumge punen
of variance ( AfNOVaAme amidWaalIrl iKso mseksatl, wer e perf
Pvalues for peak area of e apcohi nft esa thuerteweatn o
treat menPv agruewspswenmnnes i agr Beat eadi ni and Hochbe
Rate procedure. The suspect | ist was narr owe
for Pwatlhue an#®#veabueetbwdr than 0.05. The sus|

vi sual i msep epdtoitare dofc htanges i n peak area by t
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AT . Fl uoride 1l on Measurement by Il on Chromato

A DionBRODCBEC system equipped with a condu
AS22 Analytical Column (4 I 250 mm) w@sharsmed
for the fluoride ion quantific&£LQiaom. OTHS fmiMo
NaHGO was set to 1.2 mL/ min, and the suppres

mA. Chromeleon 7.1 (Thermo &cghiesi tSicomrnamnd i &

A8 . Fl uoride detecti on

The measurement of f | uoAp gpenrdeiextAir.o sli fn gall IC ti

initially spiked 8:2 FTOH (170 Og/L) was <co

concentratiabmuwoudlld. B2 Og/ L. However, t he a
expected to be much | ower because the major
and PFOA, were | argely removed by headspace

deflumriddtilor0 Og/L of 8:2 FTOH wunderwent t
generate 7:2 sFTOH and PFOA, the theoretical
13.92 Og/L, which was one order of magnitud
concentration in the microcosms (192.6 N 51

chromatography hadmeo dee didoutbkbd hegh conce

presented in the miner al medium (> 5 md/lL),
these factors made it di fficul't to discern
|l evel s.
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Table A-1 Instrumental method for the detection and quantification of 8:2 FTOH and its potential polyfluorinated transforodtiots jry

UPLC-MS/MS.
LC systdgWaters ACQUICTYMsSUPIUCGCtIted with PFC kit
Col umn: |Water s-1BEH o€ umnent 1d3i0g.,, 12 .71 | 50 mm)
Column t30 AC
Sample tf10 AC
I njectioc
vol ume: S0L e
Mobil e gA: watmet haBol
Gradi ent Ti me ( min) FIl ow rate ( Percent ac¢ Percent ac¢
0 0.25 50 50
2 0.25 10 90
4 0.25 0 100
6 0.25 0 100
7 0.25 50 50
10 0.25 50 50
MS syst|Waters -%$evo )
parametel oni zati o-n mSoutemp = 120 AC
Capilary vol Desolvation gas flow = 750 L/ hr
Desol vati on Cone gas flow = 50 L/ hr
MultipI(-:An I Mol ectCone V Colli<Quant Cone Coll i« Confirn
monitor.i a l on ( V) Energy (m/ z Vol ta¢ Eneraqgy lon (m
( MRM) 7: 2
parameted sFTO 393.0 40 14 219. (
7.3 440. 9 44 12 337.: 44 20 317.0
8: 2
ETUA 456. 9 30 8 393. ( 30 4 4 119.0
8: 2
ETOH 462.9 14 12 402. ¢ 18 18 354. 9
8: 2 .
ETCA 476.9 36 6 413 26 14 393.1
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Table A-2 Instrumental methods for the detection and quantification eECdPFCAsby UPLGMS/MS.

LC syst/Waters ACQUICTYMSUPULUCLtIted with PFC kit
Column:|Waters-1BEH o€ umn eng 1d3i0g.,, 12.71 1T 50 mm)
Column |30 AC
Sample |10 AC
InJeCt'_lOLs
vol ume:
Mobil e |A: 95: 5 Water: met hanol + 2 mM ammonium acet at
Gradien Time Flow rPerc Percel| Ti mi FI ow r Perce Perce
profil e (_in(mL/mlgi/ B (mi (mL/ mi A B
0 4 90 10 7 0. 4 0 100
1 0.4 90 10 7.5 0. 4 90 10
5 0. 4 15 85 10 0. 4 90 10
5.1 0. 4 0 100
MS systiWaters $evo 1
par amet|{l oni zation mcSource temp = 150 AC
Capilary voltDesolvation gas flow = 650 L/ hr
Desol vation tCone gas flow = 50 L/ hr
MU|t'.p| ‘7Molec Cone Colli<«<Quant Cone Collisic.onfI
reactio Anal r IcVoltac Energy (m/ z Vol ta¢ Eneraqgy L on
moni tor (m/ z : : (m/ z
( MRM) PFBA 212 12 5 169. (
par amet|, PFPe 262 4 4 219. (
PFHx 312 4 4 269. 4 20 119.
PFHp 362 12 8 319. 12 16 169.
PFOA 412 2 8 369. : 2 16 169.
PFNA 462 6 9 419. . 6 15 219.
PFDA 512 6 10 469. ( 6 16 219




Tabl-2LiAmi t s of detection (LODs) and | imits

Anal.ytes LOB( ng/ mL) LO® ng/ mL)
8: 2 FTOH 0. 56 6.10
8: 2 FTCA 0. 02 0.09
8: 2 FTUA 0. 02 0. 03
7:2 sFTOF 0.17 1.20
7:3 acid 0. 02 0. 03
PFBA 0.01 0. 05
PFPeA 0.01 0. 05
PFHxA 0.01 0. 05
PFHpA 0.01 0.05
PFOA 0.01 0. 05
PFNA 0.01 0. 05
PFDA 0.01 0. 05

4. ODs were determined based on EPA Met hod 5
. OQs were determined with the Lowest Conc
(LCMRL) Calculator distributed by EPA.
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Table A-4 Fitting parameters of the firsirder exponential decay moéel

Par ame¢ Val StandarStati st
M 99. ¢ 6. 6 R 0.969
k 0.1 0. 0Adj uRteO0. 962

a. The model can be mathematically expressed as equationd 0 'Q
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Table A-5 Molar percentage (mol%) of 8:2 FTOH and its biotransformation products
over the initially spiked 8:2 FTOH at the end of@dy Loring biotransformation
experiment

Day-LD0 Day-H9 @

8:2 FTO 5. 8 10. 1
8:2 FTC 0.0 0. 2
8: 2 FTU 0.0 1.0
7:2 sFT 33.0 15. 8
7: 3 aci 1.5 0.9
PFBA 0.1 0.0
PFPeA 0. 3 0.1
PFHxA 0.5 0. 3
PFHpA 0.5 0. 3
PFOA 3.0 1. 7
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Table A-6 Molar percentage of 8:2 FTOH and 7:2 sFTOH being removed by
headspace sampling over the initially spiked 8:2 FTOH in Robins biotransformation
experiment during 9day incubation.

Compound Sampling tiiMol %

8: 2 FTOH Day 3 14.54 N 0.0
Day 7 1.5@. N3
Day 14 0.07 N 0.07
Day 28 0.03 N 0.01
Day 56 0.01 N 0.00
Day 90 N D

7:2 sFTOH Day 3 N D
Day 7 0.34 N 0.07
Day 14 4.59 N 0.86
Day 28 9.49 N 4.80
Day 56 7.07 N 1.50
Day 90 7.69 N 0.81

AND = not detected
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TabA-#l denti fication confidence | evel of potenti al 8: 2 FTOH transf
Tentative name Identification  Tentative Mass Retenti Theoretic Observe Identified in the
confidence formula error ontime alm/z d m/z experiment with
level [ppm] [min] which soil type
1H-perfluoroheptarfe 1 C7HF15 0.14 4.736 368.9766 368.9764 Loring® and
Robins
3-OH-7:3 acid 2 C10 H5 F15 O3 0.36 4.919 456.9926 456.9930 Loring®
1H-perfluorohexane 3 C6 HF13 -0.33  4.439 318.9798 318.9795 Loring®
Perfluoroheptanal 3 C7THF130 -0.25 4.748 346.9747 346.9745 Loring® and
Robins
7:3 u acid 3 C10 H3 F15 02 0.24  4.937 438.9821 438.9822 Loring® and
Robins
3-fluoro-7:3 acid 3 C10 H4 F16 O2 0.67  5.077 458.9883 458.9885 Loring®
6:2 FTCA 3 C8 H3 F13 02 0.29 4.410 376.9853 376.9691 Loring®
7:3 u amide 4 CI0H4F1I5NO -0.05 5.492 437.9981 437.9975 Loring® and
Robins
6:2 FTUA 4 C8 H2 F12 O2 -0.09 4.522 356.9790 356.9785 Loring®
6:3 acid 4 C9 H5 F13 02 1.25  4.877 391.0009 391.0009 Loring®

a.Purchased from SynQuest Laboratories (Alachua, FL)
b.Identified in both lowdosed and higldosed treatment
c.ldentified in highdosed treatment only
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Table A-8 Microbial richness and diversity in Loring and Robins AFB soils.

8: 2 F Sampl Mapp
Soi | OTUShani Chac
dose time rea

Lor i N/ A Day 108 7 4. 5. & 75!
Lor i N/ A Day ¢ 137! 4 8. 4 .1 58
Lori Low Day ¢ 170. 53" 4. ¢ 6 7.
Lori High Day ¢ 136: 48:¢ 3. ¢ 62
Robi N/ A Day 150 87 1. € 914
Robi N/ A Day ¢ 120: 10- 2. & 11:
Robi Low Day ¢ 1691 12:. 2. ¢€ 13:

183



—&— Live treatment (a) —=— Live control | { # (b)
1200 | —#— Abiotic control 20004 _@—Low-dose
—i— Live control —A— High-dose
1000 - i t b {
A ! =
o 800- =
L d
£ =)
o 600 £ 1000
(]
= S
400 =
500
200
0 0
T T T T T T T T T T T T T T
0 14 28 42 56 70 84 0 14 28 42 56 70 84
Time (day) Time (day)

Figure A-1 Total organic carbon (TOC) in (a) Robins biotransformation experiment during
90-day incubation. DGBE amendment were made to live treatment (@femk) and live

control (blue arrow) and (b) Loring biotransformation experiment durinde§Gncubation.
Identical amount of DGBE was amended into all three groups at the same time points (black
arrow). Error bars represent one standard deviation @t#ip live treatments and duplicate

abiotic/live controls.
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B Molar ratio of residual 8:2 FTOH
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Figure A-2 Molar percentage of residual 8:2 FTOH in live treatment in Robins
biotransformation experiment during-8@y incubation along with fitting curve of firstder
doubleexponential decay model.
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Figure A-3 Mass of PFCAs (C&10) in Robins biotransformation experiment duringd®§ incubation. Error bars represent one standard
deviation of triplicate of live treatments and dogte abiotic and live controls. Asterisks indicate statistically significant differences between the
live treatment and abiotic/live control (two samptest). The single asterisk indicafes 0.05 and double asterisks indicpte 0.01. Note that
they-axis scales for each PFCA are different.
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1 Il pay 0

1 [ Day 90 Live control
10 I Day 90 Low-dose

{ I Day 90 High-dose

Mass of PFCAs (nmole)

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA

Figure A-4 Mass of PFCAs (C4£10) in Loring biotransformation experiment. Asterisk
indicatesp < 0.05 compared with live control at day 90. Error bars represent one standard
deviation of triplicatehigh-dose and lowdose treatments and duplicate live controls.
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Figure A-5 The total molar recovery in Robins biotransformation experiment durktia®0
incubation. Error bars represent one standard deviation of triplicate live treatments and
duplicateabiotic controls.
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Figure A-6 Change of peak area count (mean value and standard error of three technical
replicate) along with time at day 0 and day 90 for compounds selected #grgeted
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Figure A-7 Change of peak area count (meelue and standard error of three technical
replicate) along with time at day 0 and day 90 for compounds selected #grgeted
analysis in Loring biotransformation experiment (-dese treatment only)
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Figure A-8 Change of peak aera count (meatue and standard error of three technical

replicate) along with time at day 0, day 28 and day 90 for compounds selected by non
targeted analysis in Robins biotransformation experiment
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(a) 3-OH-7:3 acid

FTMS - p ESI d Full ms2 456.9930@hcd20.00 [50.0000-485.0000] (RT 4.919 min)
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Figure A-10 High-resolution M$ spectrum obtained for (a) m/z456.9930, identified
as level 2; (b) m/z 376.9691, (c) m/z 318.9795, (d) m/z 346.9745, (e) m/z 438.9822,
as well as (f) m/z 458.9985, identified as level 3.
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P-Value: 0.028; R-Squared: 0.656

Day 90
01 A (High-dose)
: Day 90
2 (Low-dose) Day 90
B3 .
2 Day 90 (Live treatment) Day7
5 *
% (Live control) - (Live control) Soil type
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s (Live control)
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< N/A
< -0.1 Py
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Figure A-11Principal coordinate analysfPCoA) plot of phylogenetic microbial
community changes across different 8:2 FTOH dose treatments with Loring AFB soill
or Robins AFB soil as described by weighted UniFrac distance matrices. PC1
explains 67.9% of the variation while PC2 explains 14.4%.
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Appendi x B: SupplementaryranspdOoommai oanfof |
El ectrochemiclaas &daurBee i haltyifolnuor oal kyl Subst
AqgueoudgokFimimgl rmpaamt ed Soi l

Bl1. -HRMS anal ysi s

Ref eAppteondi x A secti on

B2. -MS@nal ysi s

Analysis was performed on an Vanquish FI
Scientific) {firteteekiwi-G@RA/4ER )BRE®UPI| ed to a
orbitrap mass spectrometer (Orbitrap Explc
el ect roms raabiSdin (i negative mode wusing Xcal
A delay column was placed between the pump
Om, 175 j, 3 x 50 mm) to separate any PFAS
anal ytes. oFhe asnpdred gridd OL) was injected on
RPMS, 2.6 Om, 2.1 x 100 mm)eLmai nt &i owdr at e
mobil e phase of solution A (2 mM ammonium
acetonitrile) btlhhge nhimgt at. 20/ Butfeort o 95%
95% B for 0.5 min, back teq@Qu20%Brati da. 5f mi
The MS scan -rGahy em/wza swiltOd r esol uti on of 60,
70% RF | ens, maxi mom whni{l &€c iA@Y tt iome althe s
vol tage was 2200 V, i on transfer tube tem
temperature was 175 AC and mild trapping w

5 (arbitrary units) . .wiA h arregteetnetdi o nn ctliunsel owi nr
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for comparing the standard and sample fra

tol eranceTabB-s8s hown i n
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Table B-1. Chemical names, acronyms, and formulae of pahd perfluoroalkyl

substances (PFAS) usedtangeted PFAS L@/S analysis.

Name AcronymFor mul a
PerfluorobutanoiPFBA F(@EOOH
Perfluoropentan(PFPeA F( &€ O0H
PerfluorohexanoiPFHxA F(@EOOH
Perfluoroheptan(PFHpA F( @& OOH
PerfluorooctanoiPFOA F( @& OOH
Potassium perfl (KPFBS F( B &K
Sodium perfluor (NaPFPeSF(@SGNa
Sodium perfluor (NaPFHxSF(@fGGNa
Sodium perfluor (NaPFHpS/F(@BSGNa
Sodium perfluor (NaPFOS |F( @5 GNa
Perfluorooctane |FOSA F( 98 ONB
Perfluorohexane |FHxSA F( @6 AN B
N-di met hyl ammoniAmPFHXS|F( @S NH( QM ( Gk
perfluoroal kane

198




Table B-2. Measured concentrations of targeted PFAS in 3M Light WA®RFFF
concentrate (F03CF) by LEMS (n=2).

Anal yte| Concentrati
PFBA 48. 8
PFPeA 84. 9
PFHxA 203. 3
PFHpA 64.9
PFOA 218.5
PFBS 223.2
PFPeS 179. 3
PFHxS 1188. 9
PFHpS 205. 3
PFOS 6229. 4
FOSA 0.0
FHx SA 9. 4
AMRFHX S/ 4320. 7
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Tabl-3l Bstrument LODs and L oMps amfal A S |
Anal yte LOD (ng/ m LOD (ng/ m
PFBA 0.01 0.01
PFPeA 0.01 0.03
PFHx A 0.01 0.04
PFHpA 0.01 0.01
PFOA 0.01 0.01
PFBS 0.02 0.07
PFPeS 0.01 0.01
PFHxS 0.01 0.01
PFHpS 0.01 0.01
PFOS 0.01 0.01
FHx SA 0.01 0.01
FOSA 0.01 0.01
AmRFHX S 0.01 0.01

Not e: The L ODsc alncdulLaQsd woedr seeod scen

with a S/ N

of 3

f

or
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Tabl-2TmBe ful l names and correspondi ng -taxrrpety®MSIloG@n !l yasiss f i ed
Per-F
Class name Class acronym chain Compound acronym
length
N-trimethyl ammonio propyl n=4 TAMPrFBSA
erfluoroglkane sulfor?ampi)ge TAmPT-FASA n=5 TAmPrFPesSA
P n==6 TAMPrFHXSA
n=4 AmPr-FBSA
N-dimethyl ammonio propyl n=> AMPrFPeSA
erfluoroZIkane sulfor?ampiﬁe AmPT-FASA n=6 AMPEFHXSA
P n=7 AmPF-FHpPSA
n=8 AmPr-FOSA
N-carboxy ethyl dimethyl ammonio propy
AFEE perfluoroalkane sulfonamido propanoic g;t AmMPT-FASA n=4 CE+tAMPrFBSA-PrA
components acid
AmPr-FBSA-PrA/ TAMPFFBSA-
n=4
AA
: : AmPr-FPeSAPrA/ TAMPF
N-dimethyl ammonio propyl perfluoralkar| n=>5 FPmeSr N f M
zlrjlfonamldo propanoic acid QrmPr-FASA-PrA e AMPEEHXSAPIA/ TAMPE
: : B FHxSA-AA
N-trimethyl ammonio propyl TAMPr-FASA-AA
erflluoro;llkane sul:‘or?amﬁzi/e acetic acid n=7 AMPEFHPSAPIA/ TAMPE
P - FHPSAAA
AmPr-FOSAPrA/ TAMPFFOSA
n=8 AA
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n:2 fluorotelomer sulfonamido
betaine/fluorotelomer sulfonamido propyl g’éFTAB/FTSA_ n==6 6:2 FTAB/FTSAPIB
betaine
N-carboxy ethyl dlmethyl ammonio propy CEt-AmPr-FAAd n=7 CELAMPEEOAM
perfluoroalkane amide
N-dimethylammonio propyl n==6 AmPr-FHpAd
perfluoroZIkane amidlz » AMPr-FAAd n="7 AmPr-FOAd

n=2 PFEtS

n=3 PFPrS

n=4 PFBS

n=>5 PFPeS
Perfluoroalkane sulfonic acids PFSA n==6 PFHxS

n=7 PFHpS

n=38 PFOS

n=9 PFNS

n=10 PFDS

n=4 PFPeA

n=5 PFHxA
Perfluoroalkyl carboxylic acid PFCA n==6 PFHpA

n=7 PFOA

n=9 PFDA

n=3 FPrSA

Tragf;(()jrun;?;mn Perfluoroalkane sulfonamide FASA 2 ; g EESQ A
n==6 FHXSA
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n=38 FOSA
N-methyliammonlo propyl perfluoroalkan M-AmMPr-FASA =6 M-AMPE-FHXSA
sulfonamide

n=4 OAmMPrFBSA
N-oxide dimethyl ammonio propyl n==6 OAMPEFHXSA
perfluoroalkane sulfonamide OAmPT-FASA n=7 OAmMPrFHpSA

n=8 OAMPrFFOSA
N-m_ethyl_ perfluoroalkane sulfonamido N-MeFASAA =6 N-MeEHXSAA
acetic acid
aI;I(;iedthyl perfluoroalkane sulfonamido acef N-EtFASAA =6 N-EtFHXSAA
N-oxide dimethyl ammonio propy! n=5 OAMPFFHXAd

erfluoroalkaneyamide i OAMPr-FAAd n_= OAmPHp Ad

P n = OAmFMFroAd
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Tabl-l Benti ficati &RFAS8Tf i-thabrngoeht-h&stis=Ls@ nafl vy si s .

Per-F Positive mode Negative mode
Acronym chain | confidence| deltamass RT confidence| deltamass RT
length level (ppm) m/z (min) level (ppm) m/z (min)
n=4 2a 1.31 399.07885 5.316
TAMPr-FASA n=>5 2a 1.56 449.07583 6.304
n==6 3d 1.84 499.07286 7.244
n=4 2a 0.55 385.06289 5.302 5a 0.61 383.04836 5.755
n=>5 2a 0.78 435.05982] 6.264 3c 0.34 433.04508 6.777
AmPr-FASA n=6 la 0.23 485.05640 7.208 3c 0.78 483.04211 7.394
n=7 3d 2.29 535.05432 7.613
n=28 la 2.36 585.05129 7.786
- gFAt'AmPr'FASA' n=4 5a 223 |529.10611 5.567
components n=4 3a 0.55 457.08406 5.517 5a 0.95 455.06969 5.755
AmPr-FASA-PrA n=>5 3a 1.66 507.08145 6.475 3d 0.94 505.06654 6.776
or n=6 4 0.23 557.07755 7.298 3c 0.47 555.06312 7.447
TAMPr-FASA-AA n=7 5a 1.99 607.07543 7.629
n=38 2a 2.27 657.07252 7.809
n:2 FTAB n==6 5a 1.59 571.09398 7.335
CEt-AmPr-FAAd n=7 5a 1.42 571.10805 7.036
n==6 3d 1.65 449.09004 6.130
AMPr-FAA n=7 3d 163 |499.08692 6.964
PFSA n=2 2C 0.08 198.94939 2.871
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n=3 3a -0.24 | 248.94613 4.632

n=4 la 0.47 298.94313 6.230

n=>5 la 0.90 348.94011 7.549

n==6 la 0.38 398.93676 8.182

n=7 la 0.76 448.93375 8.866

n=28 la 0.27 498.93035 9.531

n=9 la 0.63 548.92737 9.796

n=10 la 0.53 598.92415 10.126

n=4 la 0.17 262.97605 4.983

n=>5 la 0.95 312.97311 6.210

PFCA n==6 la 0.75 362.96989 7.438

n=7 la 0.80 412.96680 7.957

n=9 la 0.03 512.96006 9.322

n=3 3d 0.23 247.96223 5.854

n=4 2b 0.50 297.95913 7.371

FASA n=>5 2b 1.01 347.95613 7.950

n==6 la 0.38 397.95274 8.418

n=38 la 0.63 497.94652 9.517

Transformation | M-AmPr-FASA n==6 4 1.61 471.04140 7.118 4 0.65 469.02639 7.305
products n=4 5a 1.31 401.05812 5.453

n==6 3d 1.40 501.05191 7.321 3c 1.33 499.03732 7.469
OAMPI-FASA n=7 3d 162 |551.04890 7.631
n=238 3d 2.39 601.04625 7.780

N-MeFASAA n==6 5b 0.70 469.97405 8.477

N-EtFASAA n==6 3c 0.93 483.98982 9.278
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n=>5 3d 1.76 415.08814 5.350
OAmMPr-FAAd n==6 3d 1.08 465.08472 6.372
n=7 2a 1.58 515.08184 7.136
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Tabl-&TBe avedaoada Ichmhges (LFCs) of classified PFAS in the associ
sampling point (day 0).
Live treatment Abiotic control
ESI+ ESI- ESI+ ESI-
Per-F
Acronym chain LFC LFC LFC LFC
length (day LFC (day LFC (day LFC (day LFC
308/day | (max/da | 308/day | (max/da | 308/day | (max/da | 308/day | (max/da
0) y0) 0) y0) 0) y0) 0) y0)
n=4 -7.78 0.07
TAmMPr-FASA n=>5 -1.33 0.07
n==6 -0.54 -0.23
n=4 -2.97 -0.93 0.49 0.16
n=>5 -3.98 -2.05 -0.03 0.04
AmPr-FASA n==6 -3.52 -1.95 -0.52 -0.17
n=7 -3.58 -0.64
AFFF n==8 -2.58 -1.17
components | CEt-AmPr-FASA- n=4 047 -0.48
PrA
n=4 -0.93 -0.94 0.16 0.18
AmPr-FASA-PrA |n=5 -2.53 -1.11 -0.59 0.03
or TAMPr-FASA- |n=6 -2.31 -1.93 -0.18 -0.19
AA n="7 -1.93 -0.85
n=28 -2.74 0.31
n:2 FTAB n==6 -0.35 0.27
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CEt-AmPr-FAAd |n=7 20.69 -1.08
n=6 354 251
AmPr-FAAd n=7 EEn 2.47
n=2 0.02 0.96
n=3 1.15 277
n=4 0.63 0.56
n=5 1.00 0.13
PFSA n=6 0.77 0.22
n=7 0.09 0.37
n=8 20.04 20.07
n=29 0.29 1.25
n=1 20.48 111
n=4 0.62 20.06
n=>5 0.69 20.08
PFCA n=6 0.57 20.43
n=7 20.17 20.21
n=9 20.19 -0.52
n=3 8.28 0.03
n=4 8.74 1.76
FASA n=5 8.51 229
Transformatio n==6 7.32 2.06
n products n=28 2.56 0.49
M-AmPr-FASA | n=6 531 | 624 | 384 | 486 | 335 3.85
n=4 333 | 507 239
OAMPT-FASA n=6 101 | 430 | -055 | 280 | 487 4.41
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n=7 070 | 1.35 5.47
n=8 015 | 2.39 473 | 566
N-MeFASAA n=6 274 | 3.90 1.29
N-EtFASAA n=6 7.42 20.30
n=5 265 | 488 4.85
OAMPr-FAAd n=6 179 | 477 517
n=7 046 | 366 5.59
Color scale 800 | 450 | -1.00 | 050 | 000 | 050 | 100 | 500 | 9.00
No
Fold change 0.004X1 0.044X | 4 560x | 0.707X | change | 1.414X |  2X 32X | 512X
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Tabl-#Ta&Br get ed

mass i nclusi oS lamal yfsoirs .PFAS

Compound Formula m/z . RT Time WinQow HCD Collision

(min) (min) Energy (%)
PFBA C4HF702 212.9792 1 1.6 0.5 30
PFPeA C5F902 262.976 | 1 2.9 1 14
PFBS C4F9S03 298.943 | 1 6.7 1.5 50
PFPeS C5F11S03 348.9398 1 8.39 1 50
PFHpA C7F1302 362.9696| 1 8.3 1 14
PFHpS C7F15S03 448.9334| 1 9.8 2 60
PFOA C8F1502 412.9664| 1 9.04 2 14
PFHXA C6F1102 312.9728 1 7 1 14
AmPr-FHxSA | C11H13F13N2029 483.0417| 1 11.25 2 40
FHxSA C6HF13NO2S | 397.9526| 1 10.59 1 40
FOSA C8HF17NO2S | 497.9462 1 12.4 1 40
PFHXS C6F13S03 398.9366| 1 9.2 2 40
PFOS C8F17S03 498.9302 1 10.3 2 50
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