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PFAS in Land'/Applied Biosolids = - Challenges:& Management:Options

N\
‘ PFAS Basics: The what, where, and why of PFAS

\
‘ A few PFAS Basics to Understand Fate

\

‘ Fate with land application examples

‘ [
‘ Plant uptake snapshots and mitigation strategie
[

‘ Key TakeéAways
/
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PFAS ARE PERVASIVE IN OUR PROCESSES AND PROL
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PFAS
WORDS
10 AVOID

Used In numerous products & processes due to their unique properties
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Industries & Infrastructures Products
A Municipal water and waste treatment A Water, oil, and sta@sistant textile
A Industrial manufacturing of PFAS A Floor coatings and cleaners
A Oil and gas operations A Food wrappers
A Metal plating and coating A Pharmaceuticals & Personal care proc

A Aviation and transportation fire extinguisfinggueous FilRorming Foams (AFFFs)




WHY THE GROWING CONCERN ABOUT PFAS?

A PFAS apersistent Thyroid

A PFA®icaccumulaten humans , High bisease Hormone
nlants, and animals Cholesterol & Suppression

A Some PFA®magnifyp the o &
trophic chain N pd

A Exhibit toxicity PRAS PN

Risks

Liver & Kldney Decreased
Damage / \ Fertility
Cancer Zs UIcérative Colitis
Reduced Vaccine
Response

Source: Environmental Toxicology and Chemistry

PFAS Amount




PFAS: PER POLYFLUOROALKYL SUBSTANCES
A LARGE SYNTHETIC DIVERSE CHEMICAL FAMILY

> 15,000 PFAS produced
Far a8

Fluorine-saturated chain of varying length

Numerous subclasses

0 Each has a unique differentiating characteristic

o Each with several different perfluoroalkyl chain lengths
An individual PFAS like PFOS may be multiple molecules
(isomers, same atoms but different arrangements)
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Is It & PFAS orrnot?
TIME

_ It is all about definition. Two main ones:
The EPA Is Embracing g European Union - one perfluorocarbon

PFAS Pesticides. _ |
These Are The Health A EPA- two adjacent carbon atoms,
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2" . Are these PFAS? Cyclobutrifluram
Only by EU definition 5 PURDUE
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PERVERSUBOL¥LUOROALKYL SUBSTANCE
t C! { WwSLIX | ¢

Perfluorooctane sulfonate (PFOS) | A r RAR FO_O~pr A A K I
» o \.ﬁz ~

oIYEMN . | F.c-CF,-CF,CF,-CF,-CF,CF,-CF, MR ‘)M M
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Perfluorooctane carboxylate (PFOA)
F,C-CF,-CF,-CF,-CF,-CF,.CF, MMESR
8 2

o erosion inhibitor in
Poly- FCCF -CF,-CF,-CF,-CF,-CF,-CF, OH aircraft hydraulic fluids
8:2 FTOH (8:2 fluorotelomer alco oI)

6:6 perfluorophosphinate(6:6 PFP)

| Perfluoroethylcyclohexane
sulphonate (PFECHS)

C%CECECECEC@)SQ' gt

F F
6:2 Fluorotelomer sulfonate (6:2 FTS) = F
F 3
FF FF FF FF HO O FF FF FF
F o F F o e T
O C Q
F F z5%
F FF FF FF FF FF F 0”10

8:2 Fluorotelomer perfluoroalkyl phosphate diester (8:2 diPAP) IRTC PFAS Fact Sheet (Fig. 2.2): Buck et al., 2011,



APRIL 10, 2024 U.S. EPA SETS PFAS MAXIMUM
CONCENTATION LEVELS (MCLS) IN PPT (NG/L)

PEAS MCLG MCL (enforceable
levels)
PFOA (C8) Zero 4.0 ppt Per-
PFOS (C8) Zero 4.0 ppt Rt” B Tl Rt o o NS o
F4C il
PENA (C9) 10 ppt 10 ppt il i1 FEFE M0 FRERFF O
PFHXS (C6) 10 ppt 10 ppt PFOS PFOA
PFBS (C4) 1000 ppt 1000 ppt
HFPO-DA (GenX Chemicals) 10 ppt 10 ppt
Mixtures of 2 or more PFNA, 1.0 (unitless) Hazard Index
PFHXS, PFBS, and HFPO -DA |S MCL/measured concentration

MCLG = maximum contaminant level goals

EPA 1633A Method:
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Units: imthe-PFAS-World

Bioaccumulation, Sorption vVersus

m Blood, Biota,
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Short vs:LlongcChain wvs/Precursors/intermediates
Perfluoroalkylcarboxylic acids (PFCAs, like PFOA) BEEsisireieit—fco:

Perfluoroalkyl sulfonic acids (PFSAs, like PFOS) F.C-CF,-CF -OF -GF -CF CF,cF, NN
PFCAs + PFSAs = Perfluoroalkyl acids (PFAAS), that are  persistent
A‘Shorter chain PFAS ALonger chain (e.g., PFOS, PFOA)
o More mobile (rapidly leach o Not very mobile
through soil) o More bioaccumulative
0 Less bioaccumulative o Biomagnify
o Higher transpiration into plants o Longer half-lives in humans
TransfarmationiPrecursors/intermediates -> PFAAS
Fluorotelomer-based example Electrochemically-derived (ECF) example
6:2 diPAP VX% i W’O (3->-> C8 PFSA
ORI 10 Sy Et PFOS
hocer 9o T (B = Multiple:PECAS "F FFFFFFO | ( )
FGF EtFOSACS)
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THECHALLENGEIANAGINGPFAIN WASTEWATERND
BIOSOLIDANAGEMEN

Multiple PFAS
sources 1 industry,
AFFFs, landfills,

domestic
Effluent discharged
to streams or used

Wastewater ‘ Sorption ‘ -
Influent to Sludge for irrigation -‘ b
‘ | | ‘ Land-applied as a

Biosolids soil amendment
PFAS enter our wastewater treatment plants

and then exit via effluent or sludge (or air)
PURDUE unaffected or transformed to other PFAS
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Treatment process with type
and treatment stage




PFAS Transformationin Solids:Processing:
Example: forrAnaerobici Digestion(AD)

Before Digestion After Digestion

‘ = PFCAs = PFSAs
' = FTCAs = FTUCAs
=FTSs =P-PFAS
= FOSAAs

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

A Digestion to remove pathogens, etc. leads to PFAS conversion to PFAAS
(orange and blue)

A Aerobic >> anaerobic transformation rates Alukkal, Lee et al., 2024a.
https://doi.org/10.1016/j.chemosphere.2024.1434C
»

https://doi.org/10.1016/j.chemosphere.2024.14335



https://doi.org/10.1016/j.chemosphere.2024.143406
https://doi.org/10.1016/j.chemosphere.2024.143357

PFAS RANGES IN 2018-2025 USA BIOSOLIDS (PPB DRY WT)

Some Additional Common Precursors

PFAS

——

Pgrﬂuoroalkyl < LOD PFAS
e <LOD 50 6:2 diPAP 400
terminal <LOD 30 8:2 diPAP 200
metabolites i < LOD 30 6:2 PAP 350
B <LOD 15 6:6 PFPI 10
Precursors/ _ < LOD 30 6:8 PFPI 10
intermediates <LOD 100 o oo e rror s
MLl 100 A IF:orFrT:osFt :Jti:itiFes Identified rechr::orFsFareF
iFr)llt:eA}ﬁediates <LOD 220 typically at least ’75% of thepquantifiable
<LOD 220 PFAS fluorine mole balance

E PURDUE
UNIVERSITY



Comment/onPFAS Loads in Effluent Discharge

A Sanitation district-specific
A 40-90% of the total PFAS load leaving WWTPs
A Variation in the PFAS analyte list affects trends



COMMENT ONLTRASHORTHAINPFAS
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E Read Online

Ultra-Short-Chain PFASs in the Sources of German Drinking Water:
Prevalent, Overlooked, Difficult to Remove, and Unregulated

Isabelle J. Neuwald, Daniel Hiibner, Hanna L. Wiegand, Vassil Valkov, Ulrich Borchers, Karsten Nédler,
Marco Scheurer, Sarah E. Hale, Hans Peter H. Arp, and Daniel Zahn*

7 Novel PFAS '
13 drinking water L W Fof \2<
NG/ F <k \
' o | . ;
sources 4 54 \ZL
46 samples /
' e N
. 43 PFAS analyzed . 2% 98 %
{ ‘ Short- /long-chain PFASs  Ultra-short-chain PFASs
PFOA TFA
PFBA PFPrA
PFOS TFMS
LS \_ )
14



COMMENT ONNDERSTANDOTAIORGANGFLUORINEOURCE:

Influent Effluent
A Only about 25% may be PFAS composition composition
A Fluorinated pharmaceuticals V/
make up the bulk of %/
organofluorine in wastewater .
(8 facilities) 4
A Total organo-fluorine does not 181;

change much between influent
and effluent

E PFAA
1 PFAA precursors

£ Polyfluorinated pharmaceuticals (Rx)
=23 Monofluorinated Rx

https://doi.org/10.1073/pnas.2417156122



Sources of PFAS
in Agricultural Soil

[

Irrigation with
Contaminated Water

Atmospheric
Deposition Lid

Atmospheric
Deposition

Application ex |
of Biowastes N Irrigation
with
Contaminated Water

Most common PFAS source in agriculture is
Inadvertent through biosolids application as fertilizers,
a great source of carbon and slaelease nutrients S PURDUE 17

UNIVERSITY



PFAS Fate after Discharge/Application:to Land

Sources to - ~’
Agrlculture - & PFAS Fate

Chemical Soll
Properties Properties

4 Air-water interface )
accumulation (PFAS

Solid Phase adsorptio

Wl Biotransformation )
Peter, L. & Lee, L.S. 20FAS asontaminants in | Plant Uptake l
agricultural soils, Chapter GdNtaminants in
agricultural soils: Challenges and sdlediobhgureaté : : :

Leachlng Runoff Tile-drain discharge ]

Prof. Ravi NaidbyrleiglioddsScience Publishing,
18

http://dx.doi.org/10.19103/AS.2025.0151.03
E PURDUE
UNIVERSITY



http://dx.doi.org/10.19103/AS.2025.0151.03

40-Y SURFACE DISPOSAL SCENARIO (CA SITE 1 USA) -

hoe 2023% PFAS Class Distribution
a P-contalning precursors _ _ Eo=oics | N S

u ECF precursors o-30cm [N e

0-30 cm

30-60 cm [N

0 “FTAAS 3060 cm |

5 60-90cm || 21 .
O 1-y post last (2023) " Long chain PFSAs 60-90 cm [T ———
5, e application ?97| 5 Long chain PFCAs 90-120 o |
120150 cm | 229 | mShort chain PFSAs 120-150 cm [ —
150480 om a7 | "SOTCRAINPRCAS 150150 om
0 200 400 600 800 1000 1200 1400 1600 1800 Wt gw _

PFAS concentration (ng/g) 0 20

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

A Long-chain PFAS retained in the upper soil profile

A Most precursors degrade to PFAAs within 1 year

A Short-chain PFAAs dominate what is getting to groundwater

o . [
Water e United States . . . .
Research \?EPAES‘:;ES"’E"“"F'““E’"""” Alvarez, Lee et al. 2024itps://doi.org/10.1016/|.scitotenv.2024.17654019



https://doi.org/10.1016/j.scitotenv.2024.176540
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38Y AGRONOMIC BIOSOLIDS APPLICATION VA, USA STUDY STTE™

.

-_

Short-chain PFCAs

® Long-chain PFCAs

w Short-chain PFSAs

® | ong-chain PFSAs

m P containing FT precursors
m Sulfonamides

mFTS

mFTCAs

mFTUCASs

= Others

—
e [0.9]
o o

(o)}
o

Concentration
(ng/g)_.

6:2diPAP 8:2diPAP

o

A 3 soil types i low to high permeability

A Class B biosolids application 1986 i 2014

A Mostly Corn/soybean rotations i animal feed
A Switch to Class A in 2023 (after a 9-y pause)

A PFAS in 2023 biosolids mostly diPAPs

Peter, Lee et al. 2025,
Agency https://doi.org/10.1016/j.jenvman.2025.128137 20

F o 1 United States i 2 ¢
\'-’EPA Environmental Protection E ER x—li—}



https://doi.org/10.1016/j.jenvman.2025.128137

38-Y AGRONOMIC BIOSOLIDS APPLICATION, HRSD VA ST (i
DISTRIBUTION WITH DEPTH

Concentration (ng/g)

0 20 40 60 80 100 O 10 20 30 40 0 20 40 60 80

10 'I } { { { { { { { | 30 I 30 I } { { i { } } |
— 60 i I 60 | I 60 I -
g o0 W N 90 | o0 I I
= 120 i 120 | N 120 |
%150 1 . Acredale 150 | - Bojac 150 1N Tomotley
A 1o i Silt Loam 180 M Sandy Loam 180 Kl Loam

210 |H 210 M 210 |

240 || 240 | 240 ||
= Short-chain PFCAs Short-chain PFSAs A Long-chain PFAS (oran ges)

persist, mobility limited

Long-chain PFCAs = Long-chain PFSAS| & Textural driven processes evident
P containing F 1 precursors ' Sulfonamides A Post-2023 application no different
m Sulfonamidoacetic acids = Sulfonamido ethanols tf;]an A;:redale reference site (not
shown

A MWs mostly < 20 ppt Total PFAS
Peter, Lee et al. 2025, -

https://doi.org/10.1016/.jenvman.2025.128137 g [P/ trvronmentat proteci e 21

AQ V



https://doi.org/10.1016/j.jenvman.2025.128137

West Coast Site:-year Biosolids Application Cycle PFAS snaps

Surface Soil Sampling Times twice: Field B
APre-2023 biosolids application "\
Aln 2024, post 2023 application Sl o
50
45 M P-containing precursors
Lo 40 e B ® Fluorotelomers
%D 35 e —
s~ 30 — ECF precursars
274 acres g 25
application rate 73 o o o ng chain PFSA
yds/acre o 20
275 acres 2 15 W long chain PFCA
application rate 73 (T
yds/acre a M short chain PFSA
260 acres >
application rate 77 0 [ | SI"I'I:I rt Eh-ﬂin PFCA
yds/acre ‘2018, 2023, 2019 2020 . 2021 2022
268 acres |
335'::20" fate 75 Same field
E— Year of Last Biosolids Application

application rate 59

yds/acre E UPH iﬁlli?slfITEY 22



OTHER PFAS SOURCES EXEMPLIFIED FOR THE VA USA STUD o

Wet/dry

deposition

8__

Concentrattion (ng/L)
IS <))

N

Rainfall

2/13/2023

3/3/2023

At

4/28/2023

m PFOS
m PFOA
m PFHxS
= PFHpA
PFHxA
= PFBS
® PFPeA
m PFBA

A Rainwater had PFAS signature
A Military base, airport within 5-mi radius
A Multiple PFAS source receiving Lake borders

Concentration (ng/g)

N WA

(] -
PFPeA N

PFBS I

PFHxA [N

PFPes i

PFHPA I
PFHxS I

<
O
L
o

Forest Surface soils

PFos I

PFDS |

Peter, Lee et al. 2025a EPA
https://doi.ora/10.1016/i.jenvman.2025.1281 \#

Un t dSt tes
nmen tal Protectio
Ag v

A Forest soil with no
history of biosolids
application similar to
PFAS signature in
rainwater

A Note: These soil

concentrations are much
higher than observed at
sites with recent and a
few biosolids application
events (< 0.5- 1 ppb)

23


https://doi.org/10.1016/j.jenvman.2025.128137

POTENTIAL IMPACT OF RUNOFF FROMCEIRNAMINATED LAND

T —

-
. 3
g "N !
4 R o
A
e e, — 1
" S o T e
v v
3
N

60 —Flowrate 400000 6' %500
5o  ——PFAS Loads 350000 & '§4°°
—_ 300000 -4 € 300
g'AO 250000 a %
‘§3° 200000 § g Examples i are different sites:
2 o o o II =8| A200-1400 ppb PFOS in fish
10 - EEEE ¢ In farm ponds surrounded by
o o - 3 farms with legacy biosolids
0 500 1000 P — B application (pre-2002)
Time (minutes) GEPA ;v o Short Chain  Long Chain ] _

o o _ _ A 150-200 ppt in milk from free
With high PFAS retention in surface solls, runoff into grazing dairy cattle; an
streams, wetlands, and farm ponds may be a AFFE-contaminated stream
significant PFAS exposure pathway to fish, wildlife, and is their drinking water source
grazing cattle, and subsequently, humans. Confidential, unpublishedata

Peter, 2025, PhD Dissertation E=iilE

USDA FSA, USGS 104B 24



Leachate Monitoring: First time app versus Historic s

A .

3D

Precipitation (cm)
B Samples Dates X N H

Eo

w

£
S
c
2
S
P
2
(3]
o
a
E 2
=
Q
£
o
Q
£

—

0

515 522 529 6/5 612 619 626 73 710 717 724 731 87
—Precipitation  [Jl] Sample Dates

X Soil moisture probe

ABoth studies at agricultural sites in Indiana.

Deep lysimeters AFirst time biosolids plot on pastureland and historic site
/\ Shallow lysimeters corn/soybean rotations
() Soil cores APlants removed in both case o . WRF5214
ASubsurface injection W S PURDUE
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Temporal Porewater monitoring Q i

Confidential, unpublished data

FIRSITIME APPLICATIOMonitoring commenced ~ Annual applications for ~ 40y
with first rain event post application Monitoring started on year after last application
*Confidential publication in preparation (Klamerus et al 2025)
700[ Shallow 200 ’
Shallow
N
X 150
400 %
X
300 N 100
— \ —
B NI <
2 200 % X S 50
c § § ~
S 100 Q Y Y & 5
N N ENENER g o .
S N N f § ¥ XY N ©
g 0% ¥ ¥ 3 5 3 53 % g = = 6/27/2023  7/5/2023  7/10/2023  8/8/2023
S 3 5 w0 5 = = £ £y < ® < S 200
) 200 ((/'; Deep
= Dee <
o P £ 150
R o
100 . N N 100
N N _ N
N NN N N
Y  §)
NN Y YN S ¥ YN 50 !
3 8 § § § § §8 3 8 § § §8 8 s ez
R s =
— o 6/27/2023 7/5/2023 7/10/2023 7/31/2023 I8/8/2023
X Short PFCASH = Short PFSAs| | # Long PFSAs ¥ Long PFCAs m ECF intermidate : Other

________________________ 26



PFAS Concentrations and Profile with Depth in Soil C

Confidential, unpublished data @
First Time application

*Confidentiat publication in preparation

THE

Water

e LOngterm (40 y annual) application

FOUNDATION®

72 18 PFAS soil concentration (ng/g)
0.0 0.2 0.4 0.6 0.8 1.0

P ———

30-60 [—

Depth (cm)

60-90 [—

90-120 F—

0.0 0.2 0.4 0.6 0.8 1.0

Mass fraction in soil

030 e NN N NN NN NN
30-60 R NN NN s
CUCTUI NN A

Depth (cm)

EOS IV NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNYAAAA/ A S

(Klamerus et al.,2025)

Depth (cm)

Depth (cm)

0-30
30-60
60-90

90-120

120-150
150-180

0-30
30-60
60-90

90-120
120-150
150-180

127 PFAS soil concentration (ng/g)
5 10 15 20

Mass Fraction in Soil

0.0 0.2 0.4 0.6 0.8 1.0

NNNNNNAA A A AL AL S A L A RNDNDINNNDDDDNNN
ANNNNNNNNN A S NN NN NN NN NS
NNNNNNNNNSNSNNNEGEAA A A A A LA ARNRNENNNN
ENNNARRRARANNANNNNN NSt s o/ NN
ANNMNNNNNNNNNNNNG e n/ /A NN NN

NSNS LA PONDN

:_E Short PFCAs 1= Short PFSAS I % Long PFSAs ¥ Long PFCAs I Other W FTCAs N ECF Intermediate

27



LAND RECLAMATION SITE (5X AG HADSOLIDS: MULCH BLENDING
EXAMPLE FOR REDUCING PFAS LEACHATE CONCENTRATION

Leaching captured 15-cm below the surface

50 PFOS
g 40 Leachate collection
=
- 30
2 20
©
s | IR
: 0 '
5 AR PR
O O O O O OO
WA NN A G
NUEOYE el SEENCHENSEEN SIS

BN Biosolids only

Biosolids -mulch blend Ellelgfslluocto

observed for PFOS EPA:::

Peter et al., 2024). Environ. QualDOI: 10.1002/jeq2.20576 257 PURDUE

UNIVERSITY 28




Indiana: Greater Tippecanoe County:  gpuRpvE
PFAS in Rural Water Supplies & Surface Water (ng/L)
e LA ® ND
Total PFAS T 2R <
(ng/L) A Major sources: agricultural, LSBT 25
® ND . . {’J_;/. ,‘w' . 5 - 10
P industrial and WTTP e e 130- 20
. R o, J >
® 2>10 discharges LK [
® 1029 _ _ i\l = .. | A NPDES
= A Most agriculture fields are s Facl A WWTPs
_/ - Land- . _ . I’_;f\ :'\93‘ - X
T — Pz:en:irt))r:netric tile-drained R 2 o w.i}
S surface -3 o - =
“’;\:_J l\ ¥ ! Dr:':inragt(’eI pjpes :_‘\ / A
. .t. AB or “tile’ \\
55
:é' 4 FIO:: (t’?t::‘ain L. Saturated soil
£3 ]
52 * : rron I
af : * é ; * E Leres
S T — 0 = é é = == = pros
proA [
PFHxXA = eP%" et oo ofOP et oe8® ek® ?‘?Oeg?oe’“i}?ﬁ prrs
| - s2rrs [N
PFOS — A PFAS detected in 88% of surface -
I
4:2 FTS mmm— water samples. 0 w0 e 1w ko
PENA _- A 20 PFAS detected in surface water Frequency of detection (%)
0 20 40 with highest for PFBS @ 85 ng/L
Frequency of Detection (%) . \""EPA g:\i/ti?gni‘waeftsal Protection
Peter, Lee, 2024 https://doi.org/10.1021/acs.est.4c09490 Agency



https://doi.org/10.1021/acs.est.4c09490

Treated WW Irrigation Only vs Both Biosolids and WW Irrigation

oo mmm  O0Il Cores Irrigation Water
30-60  EuE— sie2 D W
"o f— Site 1 I I
90-120 W
LD — 0 20 40 60 80 100
150-180 |
0 10 15 20
PFAS Conc. (ng/g) Hay
0-30 N —
S0 S R E—— Confidential
s0120 1M unpublished
120-150 II- data
0 5 10 15 20
PFAS Conc. (ng/qg)

- Long-chain PFSAs
———————— PFOA

l Long-chain PFC
PRI IS | m P-containing PFAS @ ‘F’zvh
m Short-chain PFSAs

m Short-chain PFCAs

m ECF precursors

FTAAs Color code different 55 PURDUE

UNIVERSITY




