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PFAS ARE PERVASIVE IN OUR PROCESSES AND PRODUCTS PFAS: PER- & POLYFLUOROALKYL SUBSTANCES —
Used in numerous products & processes due to their unique properties A LARGE SYNTHETIC DIVERSE CHEMICAL FAMILY
¥ o-d - o A RN N > 15,000 PFAS produced
! F FF FF EF |H|H|HIHIHID
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— Fluorine-saturated chain of varying length
— Numerous subclasses
S . _Products o Each has a unique differentiating characteristic
WORDS | - industiaimamfacturng ofpEAS. - Floorsoatngs and cloanere ¢ o Each with several different perfluoroalkyl chain lengths
‘AVOID - il and gas operations *  Food wrappers — An individual PFAS like PFOS may be multiple molecules
* Metal plating and coating * Pharmaceuticals & Personal care products . .
 Aviation and transportation fire extinguishing  + Aqueous Film-Forming Foams (AFFFs) (|somers, same atoms bUt dlfferent arrangements)
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M a y 12, 2 0o 2 &

Water Units in the PFAS World Short vs Long Chain vs Precursorsllntermediates
Bioaccumulation, Sorption versus Perfluoroalkylcarboxyllc a'mds (PFCAs_ like PFOA) s
(ng/L) / Blood. Biota. Plant Perfluoroalkyl sulfonic acids (PFSAs, like PFOS) [ m
pp -ﬂ_ oo l°| ';.a' I_;n S, PFCAs + PFSAs = Perfluoroalkyl acids (PFAAs), that are persistent
Soil, Biosolids ® Shorter chain PFAS ® Longer chain (e.g., PFOS, PFOA)
3 sec in (ng/9g) ppt o More mobile (rapidly leach o Not very mobile
100,000 through soil) o More bioaccumulative
ears o Less bioaccumulative o Biomagnify
4 o Higher transpiration into plants o Longer half-lives in humans
Transformation: Precursors/Intermediates —» PFAAs
Fluorotelomer-based example Electrochemically-derived (ECF) example
6:2diPAP . FFFFFFFFFO (3> — C8 PFSA
Fh0,0 B X Et PFOS
@—)—)MultlpIePFCAs R dedTy ( )
47 PURDUE s i T T EtFOSA (C8) r—
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Multiple PFAS

sources — industry, .

AFFFs, landfills,
dorlnestic

Wastewater ‘ Sorption
Influent to Sludge

Treatment process with type
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THE CHALLENGE: MANAGING PFAS IN WASTEWATER AND
BIOSOLIDS MANAGEMENT

Conduit of our wastes

1
v Effluent discharged

‘ to streams or used
for irrigation

and treatment stage

PFAS enter our wastewater treatment plants
and then exit via effluent or sludge (or air)
unaffected or transformed to other PFAS

‘ — Land-applied as a
Biosolids ‘ soil amendment
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Before Digestion

r
[ 4

» Bulk of the PFAS are precursors (green) and intermediates (gray) and most
not measured in the current USEPA 40 targets list in the USA

+ Digestion to remove pathogens, etc. leads to PFAS conversion to PFAAs
(orange and blue)

« Aerobic >> anaerobic transformation rates

PURDUE
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PFAS Transformation in Solids Processing:
Example for Anaerobic Digestion (AD)

= PFCAs = PFSAs

= FTCAs FTUCAs
=mFTSs = P-PFAS __—
= FOSAAs

After Digestion

|
N4

Alukkal, Lee et al., 2024a,b
https://doi.org/10.1016/j.chemosphere.2024.143406

https://doi.org/10.1016/j.chemosphere.2024.143357
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PFAS RELATIVE TO TOTAL ORGANO-
FLUORINE SOURCES
Influent

% PFAS IN EFFLUENT VS BIOSOLIDS

» Sanitation district-specific
*  40-90% of the total PFAS
load leaving WWTPs

*  Variation in the PFAS
analyte list affects trends

Effluent
composition

* Only about 25% may be PFAS

* Fluorinated pharmaceuticals are the bulk of
organo-fluorine in WW (8 facilities)

=1 PFAA precursors
=1 Polyfluorinated pharmaceuticals (Rx)
223 Monofluorinated Rx

+ Total organo-fluorine does not change much

between influent and effluent https://doi.org/10.1073/pnas.2417156122
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Deposition

Application
of Biowastes

Atmospheric

Sources of PFAS
in Agricultural Soil

L}

» Irrigation with
il " Contaminated Water
Atmospheric
Deposition

Irrigation
with
Contaminated Water

Biosolids application as fertilizers most common
agricultural source followed by irrigation water

ms://doi.orqm 0.17226/29272
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PFAS Fate after Discharge/Application to Land

Sources to
Agriculture

PFAS Fate

v

Individual PFAS
Properties

I

Air-water interface
accumulation (PFAS)

Solid Phase adsorption
Biotransformation

Peter, L. & Lee, L.S. 2025. PFAS as contaminants in
agricultural soils, Chapter 3 IN: Contaminants in

agricultural soils: Challenges and solutions (ed. Laureate
Prof. Ravi Naidu), burleigh dodds Science Publishing,

http://dx.doi.org/10.19103/AS.2025.0151.03
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47 FIRDUE
40-Y SURFACE DISPOSAL SCENARIO (CA SITE 1 USA)

Lt 2023 % PFAS Class Distribution
Biosolics |

030cm I n P-containing precursors _ - o°0'c IS e
3060cm [N 479 J WECF precursors
° FTAAs 3060 cm I .|
o5 60-90cm || 27 . —
° 1-y post last (2023) u Long chain PFSAs 60-00 cm |
g A application 2571 uLong chain PFCAs 90-1200m
120-150¢m | 229~ mShort chain PFSAs 120150 cm [N
150480 m | 2m u Short chain PFCAs 150-180cm [l
0 200 400 600 800 1000 1200 1400 1600 1800 WAgw I
PFAS concentration (ng/g) 0 20 40 60 80 100

PFAS Molar %

* Annual and high biosolids application rates led to PFAS and
organic carbon (% OC) accumulation in soil over time

» Long-chain PFAS retained in the upper soil profile

* Most precursors degrade to PFAAs within 1 year

» Short-chain PFAAs dominate what is getting to groundwater

Romt Gy EPA R roeion Alvarez, Lee et al. 2024 https://doi.org/10.1016/j.scitotenv.2024.176540 12
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38-Y AGRONOMIC BIOSOLIDS APPLICATION HRSD, VA, USA STUDY SITE =

~34 ppb Long
Chain PFSAs*

B2diPAP 8.2diPAP|

Short-chain PFCAs
® Long-chain PFCAs
m Short-chain PFSAs
H Long-chain PFSAs
m P containing FT precursors
= Sulfonamides
BFTS
mFTCAs
BFTUCAs
m Others

(naigh,
8 8

Concentration
g

)

» 3 soil types — low to high permeability
» Class B biosolids application 1986 — 2014
* Mostly Corn/soybean rotations — animal feed
» Switch to Class A in 2023 (after a 9-y pause)
» PFAS in 2023 biosolids mostly diPAPs

Peter, Lee et al. 2025,

~ Oniod Statee -
- Environmental Pri ion LA™
\IEI:AAMV”"" el Froteeto _— https://doi.org/10.1016/j.jenvman.2025.128137 13
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PFAS RANGES IN 2018-2025 USA BIOSOLIDS (PPB DRY WT)

mm Some Additional Common Precursors

—

Perfluoroalkyl PFOS <LOD 130 PFAS
acids

(PFAAS) - PFHXS <lobD 50 6:2 diPAP
terminal PFOA <LOD 30 8:2 diPAP
metabolites

PFHxA <LOD 30 6:2 PAP
6:2 FTS <LOD 15 6:6 PFPI
Precursors/ _] [ERAAD <LOD 30 6:8 PFPI
intermediates | FYISSIYYNMl <(0D 100
EtFOSAA <LOD

7:3 FTCA <LOD 100

» For most utilities, identified precursors are
5:3 FTCA <LOD 220 typically at least 75% of the quantifiable
3:3 FTCA <LOD 220 PFAS fluorine mole balance

=
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HRSD VA STUDY SITE: SOILCORES o z @ & wso cgprotoniee 0 West Coast Site: 5-year Biosolids Application Cycle PFAS snapshot
30 [ 30 B I 2":;’? e 73 S H H . . .
. applcation rate urface Soil Sampling Times twice:
+ Soil cores after a 9-y pause =0 N— c0 I —— yiiace | 2022 B o
; nera Sy p so . o0 [ * Pre-2023 biosolids application [ pros
in land application prior to 120 AN 20— e e In 2024 £ 2023 licat *[©.71) s
the 2023 application ot ; - Acredale 150 M Bojac yiace 2018 * 1 » POS application A ”":-a-,-‘o na
. I(_ong-chai)n PFAS il 5 210 Ill Silt Loam e I.- Sandy Loam seplcation rte 77 50 ’ ’s/ .
oran persist, mobility ¢ 240 | yisiacre 2019 o =° ~ >orption
. . - >
limited §' 0 20 40 60 80 100 [ 20 40 60 80 :g:"’;‘";:n te75 :@ 40 _— . E "o, s
+ Textural driven processes a0 | o 1 I yibae 2020 ® | 1 R .
evident o [ e St a2 i m S
— G :
+ Trends post-2023 o — 120 I keI 0o c > =N g
R " ; I . 20 ’ T
application no differentthan ™ I Acredale o — Tomotley ™ P-containing precursors ) @
Acredale reference not 150 II- Reference Site . 210 s L02m/Clay loam m Fluorotelomers s . &
receiving 2023 application a0 | = ECF .
PrecCursors 5
m Short-chain PFCAs Short-chain PFSAs ,
| hain PFSA 0
- - ang chain 2018,2023 2019 2020 2021 2022 ol
- Unted St | Long-chain PFCAs m Long-chain PFSAsl ® long chain PECA — ' ‘
SEPALE e === P containing FT precursors Sulfonamides same field PPAS Aqueous Gone. (ngt)
W short chain PFSA . R
Peter; Lee et al. 2025, 57 PURDUE . o ) shartehain Year of Last Biosolids Application
https:/doi.org/10.1016/j.jenvman.2025.128137 m Sulfonamidoacetic acids » Sulfonamido ethanols m short chain PFCA 1
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FEED CROP UPTAKE EXAMPLE: 5-Y CYCLE BIOSOLIDS-APPLIED SITE IN CA

O i=. SEPAE g‘)

Mt

* Uptake is variable s
. oo
* Mostly short chain PFAS £
+ Of the long chain, PFOA €,
. o
uptake dominates and 2, ' l
dependent on time since & . 5 = 5020 [ ] ' -
last application and soil N (ocrops) > v
2 “ N 3 X, \. &
PFAS levels @’S\ 0/\‘.\\&\@ © 07’ & F P
o
Last Biosolids Application— 2018 2019 2021 2022
Confidential, unpublished data :_- L-PFBS PFPeA | H PFHXA PFHpPA L-PFHXS
Manuscript in preparation = L+BrPFHXS M PFOA m PFNA m L+Br-PFOS

uuuuuuuuuu
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HRSD: MAXIMUM TOTAL PFAS CONCENTRATIONS IN SHALLOW AND
DEEP MONITORING WELLS (38-y agronomic biosolids application

u -q?" .
b « Most wells had < 20 ppt
g‘ : Tot7I1PFAS TOTAL PFAS
(890_)20 + Major exceptions are well
0 21-100 complexes 2 located in the
: 11200 sandy soil and bordering a

multiple PFAS-impacted lake

e © SoOUrcCes to lake: Naval base,
Bojac old WWTP discharged
mm ooty directly into the lake, airport

Soil Type

Noteworthy, non-PFAS chemicals
(e.g., PPCPs) were not elevated in
these wells by the lake. PPCPs were
only elevated in well 7B (deep well)
near a housing development).

17
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Ir_1d|ana: Greater Tlppgcanoe County: P ERERYE [ total pras LEACHATE MONITORING: FIRST TIME APP VERSUS HISTORIC SITE
PFAS in Rural Water Supplies & Surface Water (ng/L)
Total PFAS TR @ ND
- (ng/L) » Major sources: agricultural, . %1510
@ no industrial and WTTP 2 % 8 10-20
e 5, discharges < o L s
. - ® 10-15 . ; : Her & o ’ PR
R :\'lllosdt agrlc;lture fields ar ! ,} : < A WWTPs | precipitation (cm)
= potentiomeric Uie-draine z O i [l Samples Dates
surfa.ce _— r :_ : . ﬂ-" “ “.c"; E 3
3 ) _ §
g4 - Flowta main 9% erict g
%: o srpn ,
£ ) _ . M rrox [ 15 522 829 65 612 619 €26 73 710 717 T B &7
5 Q I 0T Lo . corss sl Soe D
1 ey, — T I2Eg=-Hss =1 sros ' . . . . . .
— g ros. I * Soil moisture probe » Both studies at agricultural sites in Indiana.
PFHXA el prvtxs . K R K . L
— . e [ | Deep lysimeters * First time biosolids plot on pastureland and historic site
PFOS  E— » PFAS detected in 88% of surface R corn/sovbean rotations
a2rTs m— water samples. s ow m wm w = A Shallow lysimeters y -
pra + 20 PFAS detected in surface water Frequency o detection ) ™ soil cores + Same biosolids source WRF5214
0 I with highest for PFBS @ 85 ng/L - e St  Plants remo_vgd in both case PURDUE @ g«h »
Freauency ofpetection 09 Peter. Tce, 2024 httns://doi ore/10.1021/acs st 4¢09490 SHEPA e e * Subsurface injection
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£ FURDUE TEMPORAL POREWATER MONITORING O iz PFAS CONCENTRATIONS AND PROFILE WITH DEPTH IN SOIL CORES ¢4 i,
FIRST-TIME A'PPLIC.ATION, Monitoring co'mmenced ~ Annual applications for ~ 40 y Similar to background Long-term (40 y annual) application
with first rain event post application Monitoring started on year after last application First-Time application (Klamerus et al.,2025)
*Confidential- publication in preparation (K|amerus et a|,2025) / - ’ -
700 ["Shallow ] 200 ——— - % ., PFAS soil concentration (ng/g) / L7 PFAS sol concentration (ng/g)
% el 00 02 04 06 08 10 ’ “
00 ——— 150 030
Q 0-30
—_ \ ...... . - —_ 30-60
I 300 % I 100 € § 6090 —
2 20 8] % 2 S 3060 =
= ‘% R L;, 50 < S 90120 -
S 100 - % % - 8 S eow & 120150
g ﬁ :"\‘\ ] % % % E 0 o 150-180 M-
é 0 ‘g ki ¥ g '% 3 E ‘E T3 E 6/27/2023  7/5/2023  7/10/2023  8/8/2023 90-120 Mass Fraction in Soil
§ 5 8 & 8§ 0§ 8§ § 8 3 £ 200 Mass fraction in soil 00
2 200 ; Deep R 0.0 02 04 06 08 1.0 _ 030
& Deep E 150 § o tih\\\\\\\\\\\\xﬂ\\\)&\\m\\\mwxzmm'// E uw
0 § §: 100 500 2777 g o =
3 [oX -
§ § ¢ § § FCEA S NNz 8 1:2 ig oo
o 3 . 3 - -
o § § s 8§ s ¥ 8 .8 - 50 [ | ! 00-120. NN 150180 ‘ —
S S B S ; 6/27/2023 _7/5/2023_ 7/10/2023 7/31/2023_ 8/8/2023 . . . :
------------------------------------------ 1 N Short PFCAs = Short PFSAs % Long PFSAs N Long PFCAs m Other mFTCAs M ECF Intermediate
¥ Short PFCAs | w Short PFSAs| | % Long PFSAs X Long PFCAs M ECF Intermediate ! Other g g
Confidential, unpublished data __________________________TTTTmmmmmm s Confidential, unpublished data
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