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ABSTRACT: Zwitterionic, cationic, and anionic per- and poly-

uoroalkyl substances (PFAS) are increasingly reported (i , 3 4
terrestrial and aquatic environments, but their inputs to agricultur@ : CF,-CFy-
lands are not fully understood. Here, we characterized PFAS in 4fzs—- . J

organic waste products (OWP) applied in agricultald$ of 1 “| [
France, including historical and recent materials. Overall, 160 PF/&% ] > PFAS screening
from 42 classes were detected from target screening and v * 34 ESI(-) classes
homologue-based nontarget screening. Target PFAS were low/in e ?G%SA(O‘L%S';S?S
agriculture-derived wastes such as pig slurry, poultry man or Organic wastes 9

dairy cattle manure (median,PFAS: 0.66 g/kg dry matter). '“12%”3%%“5

Higher PFAS levels were reported in urban and industrial wastes, -

paper mill sludge, sewage sludge, or residual household waste
composts (median ,PFAS: 220 g/kg). Historical municipal biosolids and composts §198B) were dominated by

per uorooctanesulfonate (PFOS8)ethyl peruorooctanesulfonamido acetic acid (EtFOSAA), and cationic and zwitterionic
electrochemicaluorination precursors to PFOS. Contemporaneous urban OWB2@DD9were rather dominated by
zwitterionic uorotelomers, which represented on average 55%foFAS (max: 97%). Theiorotelomer sulfonamidopropyl
betaines (X:2 FTSA-PrB, median: 1d/@g, max: 1300g/kg) were the emerging class with the highest occurrence and prevalence
in contemporary urban OWP. They were also detected as early as 1985. The study inforeidifoe tthat urban sludges and
composts can be a sigaint repository of zwitterionic and cationic PFAS.

KEYWORDS:nontarget screening, Kendrick mass defect, cationic and zwittetioroteRIFAS3s, municipal biosolids, composts,
agricultural wastes, temporal shift

1. INTRODUCTION currently available regarding the toxicity and environmental fate

Per- and polyoroalkyl substances (PFAS) are a family off Newly identied PFAS. . .

anthropogenic chemicals used extensively due to their uniqué* 1arge share of the total PFAS in any given sample may be
surfactant properties and high thermal and chemical stability. @¢nposed of derivatives with narinated moieties, many of
SUCh, PFAS have been reported in a Variety of Speciawu:h could generate PFAAs dunng degradat|0n. Well known
applications (e.g.uoropolymer manufacture, aquedos examples of such precursors include classes having small head
forming foams (AFFFs) used ire ghting) and consumer groups such asiorotelomer sulfonates (X:2 FTSA), per-
products (e.g., coated paper and board for food packagimglkyl sulfonamides, and related compounds. The infrequently
cosmetics, and water-repellent clothing). Environmentahonitored anionic, cationic, and zwitterionic PFAS with large
research @rts accelerated since the 2000s after concerningon uorinated organic head groups can transform to the
reports on peuorooctanesulfonate (PFOS; C8) andymer smaller, well-known precursors during environmental degrada-

ooctanoate (PFOA; C8) were publish@dparticular concern  tjon, also leading to stable PFARExample classes include

are the developmental toxicity, immunotoxicity, and hepatotox-

icity of peruoroalkyl acids (PFAAS) Though PFOS, PFOA, . . . . .
. RO ecial IssueEmerging Contaminants: Fluorinated

and their homologues were the initial focus of research, tiﬁernatives to Existing PEAS Compounds ;

PFAS chemical diversity extends far beyond as demonstrated by 9 P Eulmon

recent discoveries of new claSsédultiplatform approaches Received: June 6, 2021

combining targeted and suspect-targeted screeningezbn  Revised: September 10, 2021

that PFAAs represent a limited fraction of the estimated totakcepted: September 22, 2021

PFAS in environmental samptésLimited information is  Published: October 20, 2021
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telomerization-basediorotelomer thioether propylamido (sewage sludge composted or not, compost of municipal solid

dimethylethyl sulfonates and their sulfoxide/sulfone anavastes and biowastes), and industrial wastes (paper sludge and

logs>**?  uorotelomer sulfonamidopropyl betaif&sand ashes). A PFAS analytical wovk combining enhanced

electrochemicaluorination (ECF)-based dimethylammonio- extraction methods, homologue-based nontargeted analysis

propyl and trimethylammoniopropyl mperoalkyl sulfona- with Kendrick mass defedtering, and target/suspect-target

mides:*® screening was applied. To the best of our knowledge, this is the
The prevalence of these newly idedtiprecursors may  rst comprehensive inventory of multiclass PFAS in various

explain why PFAAs or degradation intermediates could incredaed-applied OWP. Piimg of solid urban wastes spanning 40

along the treatment train of drinking water and wastéWater. years (19762017) demonstrated temporal shifts in PFAS

A recent study evaluated PFAS following a simulated AFEBmMposition.

release within a wastewater treatment plant; aqueous concen-

trations of 6:2 FTSA increased 20 times in the wastewatér MATERIALS AND METHODS

in uent 2 days after AFFF addition but 300 times in tiers, 2.1. Chemicals and Standardslsotope-labeled internal

presumably due to the transformation of unidehti standards were obtained from Wellington Laboratories
precursors: An increase over time of FOSA was also observe@&uelph, ON, Canada). High-purity analytical standards of
in biosolid-amended soil mesocosms, possiblting the  negative ion mode (ES)) PFAS were procured from
breakdown of unidenéd pre(.:ursof@.ulnmomtored precur-  Wwellington Laboratories (Guelph, ON, Canada), DuPont
sors also accounted for sigant proportions of total PFAS via (wilmington, DE), or Synquest Laboratories (Alachua, FL).
a persulfate oxidative assay in wastewater *§lemiyeI Standards of cationic/zwitterionic PFAS were purchased from
leachate from solid waste disposal facilities, organic solid Wellington Laboratories (Guelph, ON, Canada) or custom-
waste composts.Their chemical identities remain to be synthesized at the Fluobon Surfactant Institute (Beijing,
claried. Achieving a detailed characterization of emerginghina)’® Light Water AFFF (3 M Lightwater, FC185F) and
PFAS may be compounded by analytical hurdles, including Iagtic Foam AFFF (Solberg, 201AF, 1%) were also used to aid
of certi ed standards. Enhanced extraction methods may alsoja&ompound identtation. Further details on target analytes,
required that der from current-use methdds. internal standards, and other chemicals and materials are
Recycling of organic-rich wastes in agriculture minimizggovided irSupporting Information (SI) Text &idTables S1
land lling and incineration and allows organic matter andynd S2
nutrient recycling. It can reduce the dependency on mineral 2.2, Sample Collections at INRAE-SOERE Experimental
fertilizers, thus lowering carbon footpfifitsHowever, this  Sites. This study was conducted within the French observatory
valuable agronomic recycling is challenged by the putatig®ERE PRO and Ciratf*° The observatory is a network of
introduction of contaminaritS’ Depending on the origin of  |ong-term eld experiments (i.e., randomized block-devices),
raw materials, organic waste products (OWP) could constituggonitoring at the plot-scale the evolution of agro-systems
signi cant reservoirs for PFAS, allowing their re-entry to theeceiving OWP**° Each eld experiment is carried out since

environment via land application in agricultuedds:® 1974 for the oldest one and is representative of regional OWP,
Contamination of surface- and groundwaters used for drinkiegops and cultivated soils.
water productioft, uptake by the edible crop fractidhend The studied OWP were sampled at the time etd

contamination of cattle prodic@re related potential human application (just before spreading to the agriculalda)) for
exposure routes. For instance, Lindstrom et al. reported PFO&alysis of classical parameters and long-term storage for further
PFOA exceeding EPA advisory levels (>70 ng/L) in watgsotential analyses. A total amount 8205kg fresh material
resources impacted by the repeated land application of PFAgs progressively taken fronedint points of the OWP pile
contaminated biosolids in Decatur,”Awhile Blaine et al. intended for eld application, so that the sample would be as
documented the bioaccumulation of PFAAs in crops grown iepresentative as possible of the heterogeneity of the waste
biosolids-amended soils or irrigated with reclaimedwater. material. Three subsamples of about 1 kg each were then
The occurrence of PFAAs in sewage sludge has been previoosliected and used for analysis. Samples were sgf@eiCat
investigated, for instance, in surveys from AdStaaliathe  for each site, except for EFELE and Couhins sites for which
U.S3> while data for precursors and emerging PFAS are st#hmples were stored at ambient temperature after drying at 40
scarce. In particular, the contribution of newly i@ehti °C. For PFAS analysis, archived samples were freeze-dried and
zwitterionic, cationic, and anionic PFAS has not yet beedliquoted in 50 mL polypropylene falcon tubd® (mL per
quantied in biosolids. Only a few studies reported on thesample) prior shipping to the UdeM laboratory. Once received
occurrence of historical PFAS (PFAAS) in urban composts, at the laboratory facilities, OWP samples were crushed with
while no previous study comprehensively evaluated PFASmortar and pestle and sieved (2 mm mesh) prior further
livestock manures. preparation.

In the present study, zwitterionic, cationic, and anionic PFASSamples of OWP were collected at six sites of the SOERE
(including PFAAS) were screened in historical and contempor@RO network, includinge sites in metropolitan Frandea
neous OWP used for land application in metropolitan Frand@ouzule (Nancy, Grand-Est), Couhins (Bordeaux, Nouvelle-
and Renion Island. Forty-seven individual OWP samples wetquitaine), EFELE (Rennes, Bretagne), PROspective (Colmar,
selected from six participating units within the French INRABrand-Est), QualiAgro (Feucherolles, lle-de-Fraacel)the
observatory SOERE-PROhe goals of this observatory are to site of La Renion (French Overseas, southwestern Indian
investigate the agronomicadcets of repeated applications of Ocean). Couhins and La Bouzule are historical sites since the
OWP in agriculture and related risR8"*® We chose  application of OWP stopped, respectively, in 1993 and 1996,
representative OWP samples archived by the observatomhereas the other sites are still active.
including livestock manures (raw or processed manure fromOverall, 47 individual samples of OWP were targeted for this
poultry, pig, and dairy cattle livestock farming), urban OWBtudy G| Tables S$856. Among urban OWP, municipal
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sewage sludge (Sl 10) included both samples collected at  2.5. Nontarget and Suspect Screening.Select OWP
historical SOERE PRO sites (year of collectionS1998) samples of high targePFAS (>200 g/kg) were submitted

and those from recent years collected at active siteS (20080 a new preparation and qualitative UHPLC-HRMS analysis
2017). The other samples of urban OWP were collected frof@rbitrap Q-Exactive). Data were acquired in scanning mode
historical and active sites, including compost of green wastes fiotl scan MS, rangey z 1501000, resolution setting of
sewage sludge (C-GWS; 6, collected in 1996 and 2809 70 000 fwhm atv z200), with separate acquisitions for negative
2017), compost of municipal biowastes (C-BIOW, 4, and positive ionization modes.

collected in 2009, 2011, 2013, and 2016), compost of residuaXcalibur rawles of select OWP were inputted pairwise with a
municipal solid waste (C-MSk\ 3, collected in 2011, 2013, Pprocedural blank into XCMS Onlinkttgs://xcmsonline.

and 2016), and digestate of urban wastes (DIGAA,, scripps.equo eliminate the blank background. Further feature
collected in 2016). Note that C-BIOW refers to composts ofeduction using XCMS Online was performed using a signal
greenwaste and the separately collected fermentable fractiofEnsity threshold of 1E4. The generated Excel data frame of
the municipal wastes, whereas C-MSW refers to composts mBg&k lists (accuratd z, retention time, and signal intensity)
from the residual fraction of municipal solid wastes afté¥@s subject to mass defétetring** using an in-house script
separated collections of packaging, papers and cardboard, g¥8grammed with Anaconda (Python distribution). The
and dangerous wastes. Twenty-one samples of livestock mafmig@sured mass from IUPAC mass scale was converted to

were sampled at active sites from 2011 to 2018, includiffFndrick mass scaland extracted peaks with@6rmalized
farmyard manure of dairy cattle (FYM-BE,6), pig slurry rﬁzss defects of 08B0 or 0.15 were retained. Additional

(PS,n = 4), poultry manure (P\h,= 4), compost of farmyard rules were adopted from the PFAS nontarget literature: the
man,ure of’dairy cattle (C-FYM-I:’)C n= 1), compost offarmyar8bservati°” of ascending retention times for homologue series
manure of pigs (C-FYM-P, n = 3)’and d,igestates of pig slur d the exclusion of dimers, adducts, and isotopes potentially
(DIG-PS, n = 3). Two sa,mples ’of OWP sourced from th orresponding to the same gﬁﬁﬁ/An automated library
industry were collected at La Bouzule historical site in 19ggearch (also programmed with Anaconda) was conducted
paper sludge (PSLW= 1) and ashes (ASHz= 1). within + 10 ppm by comparing z features to general PFAS _
2.3. Quantitative Analysis of Target PFAS-ull details on Excel databases (the Norman Network PFAS Suspect List,

.available online atttps://www.norman-network.corthe

sample preparation and instrumental analysis are presg&nted '(EECDS New Comprehensive Global Database for PFASs
Text SZandTable S7Surrogate internal standards were spike vailable online fattp://www.oecd.org/chemicalsafety/portal-

to a sample dry weight of 0.1 g (for municipal wastewater sludgg ", ;i ated-chemicajsand lists for AFFF-derived PFAS
(SLV)) or 0.5 g (for other samples). Samples were submitted om Barzen-Hanson efaind Nickerson et al.

ultrasound-assisted solvent extraction, followettrdgyon T Na ; ; PR

. entative identity conmation was conducted by reinjecting
through Supelclean ENVI-Carb cartridges (500 mg/6 mL),, 5jiquot using targeted MS/MS on the Orbitrap Q-Exactive.
MeOH containing 10 mM NJ@H was used as an extractant in Select compounds among each class were inputted in the

the rst two extraction cycles, whereas the third cycle usgdciysion list with normalized collision energies tested at

MeOH containing 100 mM GBOONH, for improved i grent levels. Spectrum elucidation was aided with liter-

recovery of dicult-to-extract PFA$'Extracts were analyzed aturé®® and in-silico prediction (Mass Frontier). The

by ultrahigh-performance liquid chromatography coupled fgnservation of consistent retention time patterns among

high-resolution mass spectrometry (UHPLC-HRMS Thermgomologous series and chromatographic peak shapes (e.g.,

Q'EX&CUVG_OrbIUaﬁ}- _ o presence of branched isomers for ECF-based PFAS) were the
2.4. Quality Assurance/Quality Control Method limits of  other factors considered. Iderdtion condence levels were

detection, determination cagents &), instrumental accu- assigned adapted from Schymargasstation’* When the

racy, and intraday/interday precision are providedTiable  presence of homologues with ascending retention times was

S8 The accuracy of continued calibration ca&tion (CCV)  noted for a given class, this was marked with an asterisk (

standards ranged between 81 and 131%aple SP Matrix PFAS names/acronyms were referred according to a nomen-

spike-recovery experiments were performed on four typesaiiture table developed by Nickerson’et al.

organic solid waste samples, including dairy cattle manure, piThe additional PFAS iderdi from nontarget screening

slurry, poultry litter, and organic waste compost (C-BIOW)were retrospectively inspected in the desafrom the target

Despite the high organic carbon conteld4f46), spike analyses to get semiquantitative estimates (suspect screening).

recoveries of the 46 target PFAS were between 75 an®113%%uspect PFAS were matched with a reference calibfauti €

Table S1) In addition, the method trueness wasegtpon S13 and isotope-labeled internal standard (ILIS) of similar

extraction and analysis of a NIST standard reference materialwictional group and chain length, where possible, following the

domestic sludge (SRM 2781), in quintuplicate. For those PFA@me methodology described in Mejia-Averedaaf.

with NIST reference values, accuracy was in the ran§e of 81 2.6. Statistical AnalysesFactorial analysis was performed

130% Bl Table S1)1 with the R statistical software version 4.0.4 (R Core Team 2021,
A subset of the organic solid waste samples (six OWmitestedienna, Austria). TlactoMingRactoextrgbased oggplotp

= 3 per sample) with high PFAS content was selected to verfipdstatk packages were used to conduct Principal Component

the residual PFAS amount from a second round of extractidwalysis (PCA) and Hierarchical Cluster Analysis (HCA;

cycles following thest three extraction cycles. The combinedWards method).

supernatants from the second round were kept separate from the

primary extraction. The residual PFAS in secondary extractidn RESULTS AND DISCUSSION

were either nondetectable or <2.5% on average relative to the3.1. Detection of 42 PFAS ClasseQverall, 42 PFAS

primary extractionS{ Table S1)2 con rming one round of classes (160 homologues) were detected with nontarget or

extraction was sgient. suspect/target screening within the set Kendrick mass defect
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Figure 1 Structures of the 42 PFAS classes detected across OWP samples. ESI(+) classes are highlighted in red font. Class acronyms: (1) PFC
PFSA; (3) FASA; (4) MeFASA,; (5) EtFASA,; (6) FASAA; (7) MeFASAA, (8) EtFASAA,; (9) X:2 FTSA; (10) X:2 HO-FTSA; (11) X:2 FTSA-PrA;
(12) X:3FTCA; (13) X:2 FTCA; (14) X:2 FTUCA,; (15) X:2 FTSAS-sl, (16) X:2 FTSAS-sulfonyl; (17) X:2 diPAP; (18) X:3 keto-SIH-

PrAcid, (19) PFASI; (20) H-PFCA,; (21) H-PFSA,; (22) U-PFSA,; (BYBPFSA,; (24) F5S-PFSA; (25) X:Y PhiA; (26) O-PFSA; (27) O-PFCA,

(28) OSUSH-PFCA; (29) CI-PFSA; (30) Keto-PFSA,; (31) PFEtCHXS; (32) PFAAI; (33) PFA-oxirane; (34) diammonium-PAPs; (35) TAmMPr-
FASA; (36) AmPr-FASA,; (37) CMeAmPr-FASA,; (38) EtOH-AmPr-FASAPTS; (39) SPAMPr-FASA; (40) OAMPr-FAAd; (41) X:2 FTSA-PrB; (42)
X:2 FTSA-PrDiMeAnN.

range Eigure ). Most of the detected classes correspond tesludge. Detected compounds includedupesalkyl sulfona-
negative ion mode PFAS (ES)(in contrast to fewer hits for  mides (Class 3, G&6,C8) andN-alkylated sulfonamides
the positive ion mode (ESI(+)jigure Zrovides an example (Classes 95: Me/EtFOSA). Peworoalkyl sulfonamide
CF,-adjusted KMD plot for ESf data and illustrates the acetates andl-alkyl derivatives (ClasseS8p were also
identi cation of a sulfonate derivative previously discovered jfienti ed at high cordence levels t12*), with the C8

ECF products.lllustrative MS/MS fragment ion spectra are homologues presenting the highest detection rates (e.g.,
also compiled i®! Figure Sfor key PFAS classes. Further EtFOSAA: 51.1%).

details on measured exatt, molecular formulas, and exact  Flyorotelomers). ESIS) uorotelomers with detection

mass accuracy are compilesliiable S13 . rates higher than 30% included 6:2 FTSA (44.7%), 8:2 FTSA
Of the 47 screened waste products, 43 (91%) presentgds 205) and 6:2 diPAP (34.0%). Fluorotelomer sulfonates were
detections of at least one PFAS, and up to 113 PFAS W&tgoted over an extensive breadth of chain lengths (Class 9, 4:2

detected in a single OWP sample. Livestock manures presenedg.o FTSA), mostly in urban OWP. Hydraxgrotelomer
a relatively low number of detected homologues per sample (QUIfonates were previousligcovered in AFFF-impacted

average four PFAS detected, rar@f5 ®FAS) compared to
S < groundwatér and were also detected through nontarget
wastes of urban origin (on average 39 PFAS, raiige 7 screening in the present study (Class 10, 6:2 to 14:2 HO-

PFAS). Overall detection frequencies: (47) of the 160 . . .
detected PFAS are summarizesl inable S14The following FT_SZAg;rgk'g?E)‘\Iorgg .ztélrfgg‘?rrnfesh(glzszcltls’cfé’n%2'.r?nd
subsections discuss the detections of the 42 PFAS clas%’g%he urban Wastt\;vcomlposts (C-G\L;\QIIS ar? d%-MSW butlngt:n C.
grouped into seven superclassdy:PFCAS 6); (2) PFSAs BIOW), with two main MS/MS fragment io8 Figure S2-j

S); (3) ECF-sulfonamidessy; (4) uorotelomersS); (5 / A
gni)sc(ell)aneouéﬁ; (6) ECF (+§; E7§ uorotelomers %3)_( ) X:3acids (Class 12, 5:3to 11:3 analogs) were &tkintirban
PFCAsY). Up to 17 PFCAs (Class 1, £319) were OWP, with two characteristic MS/MS fragment iBhSigure
detected in OWP, with PFOA the most frequent (overalP2-k). Other anionic uorotelomers (ClassessS13) identi-
detection rate of 68.1%). PFCAs of chains longer than C16 had in organic urban waste samples included X:2 FTCAs, X:2
been infrequently report&d. FTUCAs, sulhyl and sulfonyl analogs of aorotelomer
PFSASY).Upto 15 PFSAs (Class 2,31317) were detected thioether sulfonate (6:2 FTSO-PrAdDiMePrS and 6:2 FTSO2-
in OWP, with PFOS and PFHxS the most recurrently detectddrAdDIMeELS, respectively), and 6:2 diPAP. A tentative
homologues (72.3% and 59.6%, respectively). This is one of ¢andidate class for the low-intensity peaks 2658.967
rst reports of CI8C17 PFSA in environmental samples. (RT 6.36 min) andw z 658.960 (RT 7.28 min) is the X:3
ECF-SulfonamidesS). ECF-sulfonamides (PFSA precur- ketone uorotelomer thia hydroxy propanoic acids (Class 18,
sors) were detected in urban-sourced wastes and paper miB and 9:3 analogs). Based on observations for a shorter-chain
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Figure 2 CF,-normalized Kendrick mass defect plot (2a) foSE&4ta in a compost of green wastes and sewage sludge acatidamti a series

of pentauorosulde peruoroalkanesulfonates (F5S-PFSA) previously discovered by Barzen-Hahgwtestding retention times with
increasing peworoalkyl chain length shown in full scan LC-HRMS chromatograms of C8, C9, and C10 homologues (2b) together with high
resolution MS/MS spectra of F5S-PFOS (2c¢) in sample AM-04 (C-GWS from La Bouzule) and reference Light Water AFFF sugapiomned identi

at condence level1

analog (5:3 keto-FTHOH-PrAcid);’ these may be bio- (C35C9) were discovered by Barzen-Hanson et al. in ECF
transformation conjugates of 7:3 and 9:3 acids. products, including a 3 M PFOS-based industrial surfactant (3
Miscellaneous). Per uoroalkyl suhates (Class 19, 86 M Fluorad FC-95, a wetting agent used in the chemical milling
C8, C10 homologues) were detected in paper sludge, sewafenetals), andve of six tested 3 M AFFHS5S-PFSAs (G5
sludge, and urban composts, with PFOSi the dominar@9) were recently reported in rivers discharging into Bohai Bay,
homologue. China;* and AFFF-impacted soil at a former U.S. Air Force
A series of long-chain hydrido-PFCA homologues (Class 2Basé€? To the best of our knowledge, this is tisé report of
C9SC20) was detected in sewage sludge and related compds&S-PFSAs in European samples.
with ascending retention times from H-p&mononanoate Nontarget screening highlighted high-intensity sigméis of
(C9, 5.33 min) to H-peuoroeicosanoate (C20, 9.32 min). H- 700.923, 800.918, and 900.912 (Class 25), especially in sewage
PFCAs were previously evidenced in the wastewater slfidge and related composts (C-GWS), as well as in paper mill
uorochemical manufactures $C36)*® and municipal  sludge. Automated database search returned uzispeiky!
wastewater treatment plants (WWTPs)JC2) in China:’ phosphinic acids as a potential match (6:6, 6:8, and 8:8 PhiA)
Short-chain H-PFCAs were also recently reported in wastewatéth three characteristic fragment i@isHigure S2)oThe
from electronics fabrication facilitfes. X:Y PhiA were recently reported in biosolid samples from
Hydrido-PFSAs (Class 21, S5 homologues) were Australia®
identi ed in sewage sludge and related composts, with Miscellaneous ES( classes also included ether-PFAS
chromatographic retention times and MS/MS fragment ioriClasses Z&8), PFSAs with chlorine or ketone substituents
spectra matching those acquired for Light Water ARFF ( (29530), and other classes $34) detected in some sewage
Figure S2)bH-PFSAs of diverse chain length$§CB) were sludge and urban-sourced composts. Twaiqrealkyl

recently reported in Chinese municipal WWTireats'’ U- heterocyclic compounds preregistered under REACH, 1H,1H-
PFSA (Class 22) and hydrido-U-PFSA (Class 23) were alger uoroisotridecanyl oxirane (C13, CAS 580638) and
detected, mostly in urban OWP. 1H,1H-peruoroisopentadecanyl oxirane (C15, CAS 54009

Pentauorosulde peruoroalkanesulfonates (Class 2§ C8 7757), were identied by nontarget screening (Class 33). Their
C10) were idented in sewage sludge and urban compostgespective retention times of 8.7 and 9.15 min are bracketed by
based on matching retention times with the reference Ligttiose of PFTeDA-PFOCDA (8®4 min), consistent with
Water AFFF and the observation of up to 8 characteristic M$heir long peruoroalkyl chains. Theaeorinated epoxides may
MS fragment iong={gure 2andSI Figure S2)dF5S-PFSAs  be related to processes requiring low surface teinsgoar
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Figure 3Contribution of the 7 PFAS superclassasgierclass) in the organic waste products in terms of concentratioglegels/(weight; top)

and the relative contribution (%) of each superclass to the overall summed PFAS (bottom). Left panels correspond to agria@h)mOWP (3

right panels to urban/industrial OWR'88)). Note the vastly derent scales of concentration levels between agricultural and urban OWP. The four

agricultural OWP samples without any detected PFAS (i.e., three samples of pig slurry and one sample of digestate of pig slurry) are not shown
gure.

used as synthesis intermediates in the preparation wmfenti ed through target screening with characteristic fragment
per uorinated/peruoropoly ether¥. The diammonium ad- ions atm/z 58.065 ((CH),N = CH,") and m/z 104.071
ducts of two mono-PAPs (Class 34), noeamsa-2-hydrox-  (betaine fragment: [(CH,NHCH,COOH)]*) and branched
yheptadecyl phosphate (C14, CAS 982683) and +linear peaks indicative of ECF chemiStryrigure S2-rT-
hentriacontaioro-2-hydroxyheptadecyl phosphate (C15, CAAmPr-FASAs, AmPr-FASAs, and C-MeAmPr-FOSA were
9420(5259), were identied within 5 ppm of their theoretical  recently reported in AFFF-impacted environments in Canada,
exact mass (RT of 8.6 and 8.8 min, respectively). Despite theancé! and Chind® This is the rst report of these
agreement between the observed and theot&icalono- compounds in organic waste products.

isotopic mass abundance, these are tentative candidates and Ngtyer yorooctane sulfonamide derivative with sulfonate and
con rmed structures; mono-PAPs are also known to preseRjcohol terminal moieties discovered by Barzen-Hansdn et al.,
analytical challengds. EtOH-AmPr-FOSAPIS (Class 38, also referred as N-HOEAmMP-

ECF (+)Two quaternary ammonium derivatives (Class 35)FOSAPS) was detected in sewa
) ge sludge and related composts
T-AmPr-FHxSA (PFHXSAmS) and T-AmPr-FOSA (PFO-~_ L . .
SAmMS), were idenéd in more than 20% of samples overall,(C GWS), within 2 ppm of its theoretical exact mass*Che

1 i 0
particularly in sewage sludge and related composts (C-GWS);?”O'SMODIC mass abundance (21.9%) nearly matched the
a

possible isomeric class is X:2 FTSA-Pr-MeAn, which w eoretical isotopic distribution (22.4%), supporting 18 carbon

discarded based on LC-MS evideBe&igure S2)p(l) the oms in the compound structure. Its retention time (6.2 min)

close match in retention times and MS/MS fragmentation in th&2S 8lso comparable with those of C8 ESI(+) compounds with

compost of urban sludge and T-AmPr-FASA reference stary2ilable Fluobon standards. Aymohexane sulfosnam|de
ards, and (2) the similar chromatographic shape compared witfrivative also discovered by Barzen-Hanson~“eN-al,

a Fluobon standard showing both branched (minor) and line&tfopropyl dimethylammoniopropyl perohexane sulfona-
(major) T-AmPr-FOSA, characteristic of ECF chemistry. Tw#ide (Class 39, SPAMPr-FHxSA or N-SPAMP-FHXSA), was
tertiary amine homologues (Class 36), used as synthe§@tected in composted wastes. Both ESI(+) anf)ERi(als
intermediate$ of zwitterionic PFAS and discovered in 3 M are present at 5.24 min, withirS2% ppm of their theoretical
and Angus Fire AFFEE,were identied in sewage sludgal ( exact masses.

Figure S2) N-dimethylammoniopropyl peorohexane A uorinated amine oxide derivative (Class 40) referred in
sulfonamide (AmPr-FHxSA) and perooctane sulfonamide AFFF patents;N-oxide dimethylammoniopropy! pmrooc-
(AmPr-FOSA). A betaine derivative of perooctane taneamide (OAmPr-FOAd or PFOANO), was ideghfior the
sulfonamide (Class 37), CMeAmPr-FOSA (PFOSB), wasrsttime in municipal biosolids and related composts (C-GWS).
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Table 1. Major PFAS Classes Reported in Urban/Industrial Waste Products Screened in the Present=S2@jlyRanked by
Maximum Observed Summed Concentrationc{ass¥

class superclass maklass (rank/42) detection rate (rank/42) dominant homologues
X:2 FTSA-PrB uorotelomer(+) 1300g/kg (1) 81% (4) 6:2 FTSA-PrB (FTAB)
EtFASAA ECF sulfonami&( 580 g/kg (2) 88% (3) EtFOSAA
PFSA PFAAS() 300 g/kg (3) 100% (1) PFHXS, PFOS
X:3 acid uorotelomer$) 150 g/kg (4) 58% (10) 7:3 acid, 9:3 acid
PFCA PFAAS) 94 glkg (5) 100% (1) PFHXA, PFOA, PFDA, PFDoA
MeFASAA ECF sulfonamig( 43 glkg (6) 69% (7) MeFOSAA
X:2 FTSA-PrDiMeAn uorotelomer(+) 399/kg (7) 35% (17) 6:2 FTSA-PrDiMeAn
X:2 FTSA uorotelomei$) 38 glkg (8) 73% (6) 6:2 FTSA, 8:2 FTSA, 10:2 FTSA
X:Y PhiA miscellaneo&3( 23 g/kg (9) 77% (5) 6:8 PhiA, 8:8 PhiA
TAmMPr-FASA ECF(+) 18g/kg (10) 62% (8) TAMPr-FOSA (PFOSAMS)
X:2 FTCA uorotelomer$) 17 g/kg (11) 19% (25) 8:2 FTCA
X:3 keto-FTTSOH-PrAcid uorotelomer$) 11 g/kg (12) 15% (29) 7:3 keto-FTHOH-PrAcid
HO-X:2 FTSA uorotelomer) 8.4 g/kg (13) 35% (17) HO-12:2 FTSA
CMeAmPr-FASA ECF(+) 8.7/kg (14) 12% (32) CMeAmPr-FOSA (PFOSB)
FASA ECF sulfonamid( 7.6 g/kg (15) 50% (11) FHXSA, FOSA
X:2 diPAP uorotelomer$) 7.6 g/kg (16) 62% (8) 6:2 diPAP
F5S-PFSA miscellaned)s( 6.6 glkg (17) 23% (23) F5S-PFOS
AmMPr-FASA ECF(+) 6.6/kg (18) 31% (20) AmPr-FOSA (PFOSAm)
FASAA ECF sulfonami&( 6.3 g/kg (19) 46% (12) FHxSAA, FOSAA
U-PFSA miscellaneo8}( 5.9 g/kg (20) 42% (14) U-PFDS, U-PFUNS

BCorresponding superclass (and ESI detection mode), detectionctass)( and representative dominant homologs are also included.

Fluorotelomers (+)The 6:2 FTSA-PrB (also known as 6:2 intermediate ,PFAS (100 g/kg), while the combusted
FTAB) was idented at level L in a wide range of urban- waste (ASH) presented very loygPFAS (lower than 0.%)/
sourced products (sewage sludge, C-BIOW, C-GWS, and K).

MSW). The overall detection rate of 6:2 FTSA-PrB was 44.7%The contamination of livestockuents was relatively well

(n = 47 OWP). Five additional homologues (Class 41) werexplained by a classical list of analytes including PFOS/PFOA
detected at levet through nontarget/suspect screening (4:2,and commonly targeted PFAAs (64% @ffPFAS) or by

8:2, 10:2, 12:2, and 14:2 FTSA-PrB). Their chromatographtargeted PFAAs together with common negative ion mode
retention time, peak shapemd characteristic MS/MS precursors (86% of,sPFAS). In urban wastes, in contrast, the
fragments matched those of the reference Arctic Foam AFB&m of targeted PFAASs represented a limited proportion of the
(Sl Figure S2-and agreed with literature spectrumtfafae summed PFAS (on average 27% @fPFAS). This implies
homologues present at the highest abundance were athat monitoring only the historical PFAS could lead to dramatic
detected in ES¥) mode through nontarget screening, underestimation of the summed PFAS, especially in urban
consistent with observations bddstino & Mabur§Though wastes. As the comparison is only made to summed detected
the X:2 FTSA-PrB appeared in patents dating back to tHeFAS, and not stricto sensu to total PFAS, the magnitude of the
1970s? the class was not formally ideedi until recently? underestimation may be even higher than discussed here.
Since its discovery in AFFF-impacted groundiwat2f TSA- A composted residual municipal solid waste (C-MSW,
PrB has been increasingly reported in environmental sampleQasliAgro site; Year: 2013) presented the highgfFAS
reviewed by Xid8.This is the rst report of X:2 FTSA-PrB in  across waste samples (138Rg) and can be used to illustrate
organic waste products. the potentially vast underestimation dPFAS based on

Fluorotelomer sulfonamidopropyl dimethylamines (Clasdi ering analyte list$S( Figure 94 Targeting the common
42) were detected at level 2&:2, 8:2, and 10:2 FTSA- suite of PFAASs (i.e., two classes) would have implied a 160-fold
PrDiMeAn) in SLU and urban-sourced composts, and may haderestimation, while adding in common&Si(ecursors
synthesis intermediates/by products of X:2 FTSAZPrB. would still imply a 40-fold underestimation. This, along with

3.2. PFAS Levels in Organic Waste Products. recent observations at Canadian and U.S'sitemhasizes
3.2.1. Summed PFAQverall, the summed PFAS{PFAS) the need to include zwitterionic and cationic homologues more
ranged from below the detection limit (LOD range of .005 systematically in PFAS characterizatimntse
0.25 g/kg,S| Table S®0 1330 g/kg. Concentrations of 160 3.2.2. PFAS Superclasségure dllustrates the prevalence
PFAS x 47 OWP are providedasipporting Excek. of di erent superclasSeamong OWP samples with detectable

Agricultural wastes displayed consistently loyd?FAS PFAS levels (n = 43), arranged per sample type (s&? also
(average: 0.81g/kg; median: 0.63y/kg) compared to urban- Table S15 and Text S® agricultural wasteBigure 3,b),
sourced OWP 5PFAS (average: 30g/kg; median: 2659/ only negative ion mode PFAS were detected, and the dominant
kg) (see alsérigure @ andS| Figure 93 In urban wastes, superclasses were PFCAs, PFSAs, arit) ESIF-sulfona-

16° FAS generally ranked as follows: municipal sewage sludgdes (averaged contributions of 45%, 20%, and 22% of the
and related compostcompost of residual domestic wastes summed PFAS, respectively).
compost of municipal biowastes > digestate of urban wastesThe urban wastes showed distinct superclasses according to
Considering the industrial wastes available for analysis, §ear Eigure 8,d). The pre-2002 samples had PFSAS)ESI(
historical sample of paper mill sludge (PSLU) presented &CF-sulfonamides, and ESI(+) ECF precursors (mainly ECF-
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Figure 4 Factorial analysis on relative abundandeguaf 25 characteristic PFAS homologues (individual PFAS) in urban/industrial organic waste
products, including principal component analysis (PCA) loading plot of variables (chemicals) with sam#20&a) eE9a@ditional numeric
explanatory variable (4a) and Wahikrarchical cluster analysis among individuals (samples) with corresponding PFAS ablasd@ige pro

sulfonamides (+)) as dominant superclasses (on average, 3@%torically hosted production and use of PFOA by major
32%, and 24% of the summed PFAS, respectively), while tmanufacturefs. The other major ESH) classes in urban/

more recent samples (28@917) were often dominated by industrial wastes included various types of ECF-sulfonamide
ESI(+) uorotelomers (averaged contribution to the summegbrecursors (especially Me/EtFOSAA), Xudrotelomer

PFAS: 55%; max. 97%). The urban wastes from thearboxylates, and X:2iorotelomer sulfonate§able ).
PROspective site (2082016) presented an intermediate Composting the sewage sludge marginally impacted the levels
pro le, with dominant contributions of PFSAs, $SI( of PFSAs but led to increased levels of PFCAs compared to
uorotelomers, and ESI(+)orotelomers. unprocessed sludge, especially in recent samples. This may be

3.2.3. Major PFAS ClasgBsly a few PFAS classes were due to the enhanced degradation wérotelomers under
found in agricultural OWB( Table S1)6The most frequently  composting conditioRS.
detected classes were the PFCAs and PFSAs (overall detectiddf the 20 classes listedeble 1 ve correspond to ESI(+)
rates of 71% and 57%, respectively). The mean PFAPFAS. The X:2 FTSA-PrB rankest in terms of maximum
abundance prte in agricultural OWP was markedlgmint concentration (1300g/kg) and 4/42 in terms of occurrence
from that of other waste types, with a clear dominance of PFEdetection rate of 81% across the 26 urban/industrial OWP).
(C4;61% of PFAA). The C6and C8 PFAAs made most of theOther ESI(+) classes with concentrations surpassigék0
remaining contributions (PFOS: 16%, PFHxS: 8.9%, PFOMcluded the X:2 FTSA-PrDiMeAn (max. 3Pkg) and
6.8%, PFHXA: 4.6%). TAMPr-FASA (max. 1&/kg).

Table 1summarizes the major PFAS classes (and dominant3.3. Trends Related to Urban/Industrial Waste Prod-
homologues) in urban/industrial wastes=(26), arranged ucts. The archived urban/industrial OWP extended from 1976
according to the maximum observed concentration. Historicatly 2017, allowing the investigation of systematic trends
monitored PFAAs ranket in terms of detection rates but not according to product type and year. Multifactorial analyses
in terms of maximum summed concentrations compared t@ere conducted on PFAS relative abundandegconsider-
other classes (PFSA: rank 3/42; PFCA: rank 5/42). The ing major homologueBi@ure 3.

PFOS concentration range in municipal sewage sludge from th@he PCA correlation circle (loading plot) discriminated three
present study (5284 g/kg; n= 10) is low to intermediate main groups of PFA&i{ure 4). Vectors of PFHxS, PFOS,
compared to data from the literature, including biosolids frofeatFOSAA, and ESI(+) sulfonamide precursors (AmPr-FHXSA,
16 WWTPs in Australia (year: 2014; concentrati®@871L AmPr-FOSA, and TAmPr-FOSA) were correlated to one

g/kg),>* sewage sludge from 32 U.S. states (20136888 another but opposed with the additional explanatory variable

g/kg),>°sewage sludge from 43 WWTPs in the Czech Republigeat (numeric). This is expected, as a major source of these
(201852019; 5933 g/kg),°* and biosolids from 12 WWTPs historical PFAS is the ECF-based products, which have been
in Shanghai, Guangzhou, and Dalian, China (20$19®B5 gradually restricted or eliminated from use or commerce since

g/kg) **We observed a maximum PFOA level a/ikgina 2002 after a steep increase over theSI19B0 period*°°
municipal sludge of 2009. This is one to 2 orders of magnitud®egardless of sample subtype, the pre-2000 urban OWP
lower than maximum levels reported in WWTP sludge from tH@ouzule, Couhins) were also grouped within a common
U.S. (6870 g/kg) and China (158 g/kg)°®3%°? which  supercluster by hierarchical clusterifigute #) and were
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characterized by a high prevalence of PFOS and two of itsPFAS proling of urban OWP spanning 40 years indicated
precursors, EtFOSAA and TAMPr-FOSA (PFOSAmMS). drastic dierences between historical and recent samples. Old

ESI(+) uorotelomers were in the opposing quadrant tosamples (1958998) were dominated by PFOS and other ECF
historical PFAS, the near 18@position suggesting a strong compounds including ES)( (Me/EtFOSAA) and ESI(+)
negative correlatiofrigure 4). The uorotelomer sulfonami- precursors (TAMPr-FOSA). In recent samples $2009),
dopropyl betaines were the key components of samples from throtelomer ESI(+) precars represented 55% of the
second supercluster corresponding to recent sewage sludgesamdmed PFAS, with X:2 FTSA-PrB (FTAB) as the dominant
composted urban wastes (Z®®18), being detected in all class. This shiftis likely a result of the gradual elimination of ECF
samplesHigure #). On average, the summed X:2 FTSA-PrB inproducts based on C8 chemistry and replacement with shorter-
these samples represented 55% of the summed PFAS. This niwjn alternatives, such as Grrotelomers.
re ect their prevalence in current-use formulations available inPFAS contamination in organic waste products could stem
the European marKétand possibly in other types of from a variety of sources, depending on product origin and site
applications’ The predominant homologue within this classcharacteristics. Short-chain PFAAs were the predominant PFAS
was the 6:2 FTSA-PrB, with concentrations often surpassing i0dandfarm manure waste products. Short-chain PFAAs are

g/kg (maximum: 1230g/kg). Though not dominant in pre- known to occur in surface water and groundwater and may
2000 OWP, we noted frequent detections of 6:2 FTSA-Prpersist through the treatment train due to their high
among historical sewage sludge and composted urban wastebility’>"® Short-chain PFAAs exhibit distinct pharmacoki-
(60% of samples with hits, the concentration rangeSa60.2 netics compared to long-chain homologeatiie exposure

g/kg), with the oldest detection for a 1985 municipal WWTPmMay thus translate in extensive excretion compared to the more
sludge (Couhins/Ambare biopersistent long-chain PFAASs.

Specic ESIS) uorotelomers were also in the opposing Domestic solid wastes are likely contaminated with PFAS due
quadrant to PFOS-{gure 4). The HCA identied a subgroup  to leaching from surface-coated materials (e.g., paper, card-
of recent-year composts of green wastes and sewage sludgd@@¥d, food packaging, and other consumer protfiicts).
GWS) from QualiAgro and PROspective (but nohigs) Wastewater treatment plants receive household ligeidts,
characterized by higher contributions of long-chain X:3 acit##ich may be contaminated with PFAS from domestic use of
(Figure ). These compounds are not known to be producedcosmetics, detergents, washing of clothes and other textiles, and
used in industrial processes but have been reported among lprching from speci cookwaré. Commercial/Professional
major degradation intermediatesunirotelomers. laundry systems are also connected to some wastewater

Vectors of bispenoroalkyl phosphinic acids (X:Y PhiA), 6:2 treatment plants. Washing of spegirotection equipment,
poly uoroalkyl phosphate diester (diPAP), andupeobuta- such as those used lvg ghters and the military, could thus
nesulfonate (PFBS, C4) were orthogonal (i.e., dissimilar) to tigpresent a sigeant PFAS source, either resulting from
previous two groups of variables (i.e., PFSA/ECF precursdg@ching of PFAS embedded into the fimicwashing of
and uorotelomer precursors), which may indicate more limite@lothes contaminated during AFFF deployrfressother
temporal variations and distinct sources. For instance, PhiA @#thway for PFAS contamination of wastewaters is through
diPAPs are not known to be AFFF components but could beurface runoin roads, parking lots, airports, and other urban/
rather related to industrial coating applicatfoR§BS and  residential areas during rain episodes; pluvial sewer waters may
related C4 precursors are short-chain alternatives to PFOS ubgdreated separately or mixed with otheeints once received
in fabric protection sprdyand in metal plating (defoamét). ~ at the WWTP, depending on site design. The high sorption
Interestingly, PFOA was also unrelated to the previous tR§opensity of ESI(+) PFAS and recalcitrance to degraliation
groups of variables. While direct PFOA emissions are reporf8@y also explain their accumulation in sludge. Though high
to be on the decline, the lack of clear temporal trends ety re levels of X:2 FTSA-PrB were found in a composted sample of
continued secondary emission from the degradation of longgsidual household waste, an AFFF source would be unlikely.

chain uorotelomers. ormulations based on FTSA-PrB may be used in other types of
applications yet to be reported.
4. SIGNIFICANCE Recent monitoring activities in France pointed to the

prevalence of 6:2 FTSA-PrB in industrial WWT&esmts
Organic waste products for land application in France wefem specic uorochemical manufacture facilitiés2 FTSA-
subject to prospective PFAS screening. Regardless of B and longer-chain homologues were also widely detected in
geographical unit considered, PFAS levels were much higbetiments from French Water Basins near airpott Sites.
in sewage sludge and composted urban wastes than in livesigielsent study suggests that application of sewage sludge and
e uents. Peuoroalkyl acids were the most frequently detectedcomposted urban wastes could also contribute to the
with pro les resembling equivalent products analyzed in thatroduction of 6:2 FTSA-PrB in the environment through
U.S?“*® Target and homologue-based nontarget screenirggricultural recycling practices.
resulted in the detection of 160 PFAS (42 classes) in wasteZwitterionic/Cationic PFAS made up a large proportion in
samples. A large share of these correspond to previoustyme OWP samples; however, their desorption potential from
discovered classébut are evidenced for thest time inland- ~ OWP has not been tested, and based @wsaér and s@l
applied organic waste products. Though only 10% of thearthworm partitioning data, these compounds do not seem to
homologues were zwitterions and cations, the concentrationsbef highly mobilé nor bioaccumulativé The distribution of
ESI(+) PFAS were sometimes orders of magnitude greater thamonic PFAS was previously investigated in soil, groundwater,
commonly targeted anions. This agrees with reports thanhd vegetation of an AFFF-impacted ‘dr&EOS was
zwitterionic and cationic PFAS may represent a consideralpleedominant in soil and groundwater, while PFHxS, 6:2 FTSA
portion of the PFAS burd&hgevidenced for thest time for and short-chain PFCAs predominated in foliage and stems/
biosolids and composted urban wastes. roots of most plant spedg§imilar trends may be expected
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