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ITRC PFAS Resources

PFAS Introductory Training

= Clu-In Archive: https://www.clu-
in. conf/itrc/PFAS-Introductor

Other video resources

= Available through links on:
https://pfas-1.itrcweb.or

= Quick Explainer Videos
= Longer PFAS Training Modules
= Archived Roundtable Sessions



https://pfas-1.itrcweb.org/
https://www.clu-in.org/conf/itrc/PFAS-Introductory/
https://www.clu-in.org/conf/itrc/PFAS-Introductory/
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PFAS: Beyond the Basics Training

Fate and Transport
Site Characterization |
Source Identification & Forensics | W
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Learning Objectives
Fate and Transport

e Small-scale processes

e Movement in and between
environmental media

: : - o Differential transport of PFAS
Site Characterization By i S

 Concerns for different fractionation)

source types e Precursor transformation * PFAS fingerprinting
e Hydrogeological setting e Identification of unknown

e Sampling and Analysis seltlitles -
e Data interpretation and - 'Igechnlques fIO_r ?'StIHQUIShlng
visualization etween multiple or

overlapping sources

Conceptual
Site Model
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Learning Objectives

Site Characterization

Fate and Transport

e Small-scale processes

e Movement in and between
environmental media

e Differential transport of PFAS
species (environmental
fractionation)

e Precursor transformation

Conceptual
Site Model

Forensics




F&T: What is Fate and Transporte

PFAS
Fate & Transport

PFAS Characteristics Site Characteristics

Partitioning .
. {t0 soil and oir-water interface) "
0l + Uptake (biota) =
N + Transformation crn il
- a u r e 0 e e a S e (biotic/abiotic interfoce,ond foom formotion)
+ Leaching + Uptake (bioto)

= Soil properties =
. Peffluorinated vs. polyfluorinated - Groundwater depth/velocity

- Fluorinated tail: chain length = Groundwater geochemistry

«  Non-fluorinated head: functional group »  Prevailing atmospheric conditions

and charge state = Co-contaminants

s TS 1 o

ERSTATE : “
3 W"' IE P I € PFrAS figures source: M. Olson, Trihydro. Used with permission.
F4 /——_——-—\
= e —

ENVIRONMENTALRESEARCH  PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission.

ECOS



PFAA Compound Properties

Competing Interactions

Hydrophobic lonic/Polar

Perfluorinated “Tail” Anionic “Head”
Hydrophobic/Lipophobic Polar/Hydrophilic

PFAS figure source: M. Olson, Trihydro. Used with permission. 11



PFAA Molecules Assemble at the Interface

Energetically favorable

Air

Reduces the surface tension at the interface Water

PFAAs have a greater affinity than
traditional surfactants

PFAS-1, Figure 4-1. Source: D. Adamson, GSI. Used with
permission.
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Microscale Partitioning

Hydrophobic Interactions

Electrostatic Interactions

=  pH (changing pH changes
surface charges)

= Presence of polyvalent cations
(Ca2+ Mg2+)

« Clay (positive surface charge)

RF Q.-
S
F F F See_ - Phd
PFBA

Figure source: Christopher Olivares, UC Irvine. Used with permission.

= Organic carbon sorption
consideration

= 1Chain length 1Sorption to
organic carbon

= PFSA sorb more strongly
than PFCA to organic carbon

Organic Matter

R FR FFR FR\F

| F //O
\\ 4 S\O_

/
PFOS*~. £ F FF FF FJ

-
-

~ -
— -
e o = -



Microscale Partitioning: Intertacial Behavior

The relative importance of phase partitioning changes between the source area and the plume.

Source Area

Land Application
or Deposition

Partitioning
. (to soil and air-water interface)
Soil + Uptake (viota)
+ Transformation
(biotic/abiotic)
+ Leaching

Plume PFAS-1, Section 5.2, Phase
Partitioning. PFAS-1, Figure 5-1. Fate and

transport processes relevant for

Partitioning (to soil) PFAS. S - D. Ad GSI d with
+ Transformation (viotic/abiotic) perm}ss%qr o Reameon, e
+ Matrix Diffusion |

14



PFAA Partitioning Depends on Amount of Inferfacial Area

o = Degree of water saturation affects
Precipitation/ the amount of interfacial area
Infiltration (non"near)

| 1

Unsaturated (Vadose)
Zone

Larger interfacial area enhances
PFAA retention

= Factors affection A-W interfacial
area:

= Soil type
= Grain size

Capillary Fringe
Water Table V

No air/water
interfacial area

Saturated Zone . Heterogeneity

=  Organic Content

15
PFAS-1, Section 5.2, Phase Partitioning



Microscale Factors Influencing Solid Phase Sorption

e Longer chain PFAAs > shorter-chain PFAAS
e PFSAs > PFCAS
e Organic carbon dependent

Hydrophobic
delgiiife]pligle

Electrostatic * Dependent on pH and ionic strength
Interactions » Cationic/zwitterionic PFAAs may strongly sorb

Concentration

dependent (nonlinear) e Sorption sites can become saturated

Sorption properties
change with precursor
transformation

e Aerobic vadose zone—-> increased transformation
 Changing sorption capacity over space and time

16
PFAS-1, Section 5.2.3, Partitioning to Solid Phases



Microscale Partfitioning Summary

PFAS Characteristics Site Characteristics
o Longer chain = Lower soil pH
8 © [« Linear isomers = Presence of polyvalent cations
c8 :
2 = Sulfonates = Organic carbon
= (?) Cationic & Zwitterionic = Salinity = increased sorption to
LL :

AW interface

Reduced
Sorption

17
PFAS-1, Section 5.2, Phase Partitioning



Supramolecular Aggregations

= At high concentrations, certain PFAS can
aggregate due to surfactant properties

« Forms micelles, hemi-micelles, and bilayers et
- May not be directly analogous to traditional O VVVTELTTVV@
micelle formation — more research needed. 2
» May be more complicated in environmental Ce
settings “
« Aggregations can occur well below CMC ' S Hemi-micelle
= Interaction with charged or hydrophobic
surfaces can affect sorption -
- More research is needed to understand v 9. + O

how this affects fate and transport

PFAS-1, Figure 5-2. Source: D. Adamson, GSI. Used with permission.

ENVIRONMENTAL RESEARCH

;.n - = D I Q PFAS-1, Section 5.2.2, Considerations for PFAS Partitioning




F&T: PFAA Precursors (environmental conditions)

= Majority of PFAS are polyfluorinated
compounds

PFAS (non-polymers)

= Polyfluorinated compounds (precursors)
can be oxidized to PFAAs (PFCAs, PFSAS)

= Total amount of PFAAs expected to increase

PFAA PreCU FSOrsS M EAVALS over time because of transformation

o Perli;luoroql(;(yl As we learn more about
erriuoroaikane Sulrfonamido .
sulfonamides Fluorotelomers | ethanols (FASE) PFC AS PFSA transformation pathways, we may be
(FASAs) & ?(:Fi\téﬂ):ids able to use that information for site
! : characterization — to determine
] |

. sources, age, history...

ERIS

ENVIRONMENTAL RESEARCH
: ~ INSTITUTE OF THE STATES
=

See PFAS-1, Section 2.2 for more detailed information regarding nomenclature & the PFAS family tree.



F&T: Transformation of Precursors 1o PFAAS

8:2-fluorotelomer alcohol (8:2-FTOH) is biotransformable, not
biodegradable

Poly
<\
\_/“transformable”
carbons
stable
carbon
PFAA

PFNA is neither biotransformable nor
biodegradable

C-F bond is strongest covalent bond in organic chemistry

EDIC PFAS-1, Section 5.4.4.2 Aerobic Biological Pathways.
i TS B o . . . .
ENVIRONMENTAL RESEARCH PFAS figures source: M. Olson, Trihydro. Used with permission.
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Abiotic transtormations (Oxidation reactions)

= Hydrolysis of fluoropolymers can form
PFOA

» Hydroxyl radicals formed in natural
systems oxidize precursors

= Fluorotelomers oxidize faster than
sulfonamides

« PFAAs are not always formed (not
complete oxidation)

» Indirect photolysis in the atmosphere (ex.
FtOH > PFCASs)

PFAS-1, Section 5.4.4.1Abiotic Pathways and Section 5.4.3 Atmospheric Transformations.

Figure source: Christopher Olivares, UC Irvine. Used with permission.
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(faster reactions) (Slower reactions)
21



Aerobic Biotranstormation (Oxidation)

Fluorotelomer (only forms PFCAs as terminal products)

SO5H
N e
e
FTCT\/SWNH » » \|:\Fj/6\/ - = PFHXxA
Fo 6 S PFOA
6:2 FtTAOS 6:2 FtS

(Fluorotelomer)

Sulfonamides (slower rates than Fluorotelomers, mainly form PFSAs)

RFRFARF o o F FFR FFR F R FR FR F

FWS// _/\/\*')k FWS//O FWS//O
~ - » -

TE P FF rd N /N\ ° FF /" “NH, » F J o

F FF FO F F FF FO
Ampr-FHXSA
. PFHXS
(Sulfonamide) FHXSA
PFAS-1, Section 5.4.4.2 Aerobic Biological Pathways. 22

Figure source: Christopher Olivares, UC Irvine. Used with permission.



Anaerobic biotransformation

Fluorotelomer

SO,H

F S NH
2 6 o)

6:2 FtTAOS (Lodyne)

» =

F SO, PFBA
T(F:jw - = PFPeA
6 PFHXA
6:2 FtS PFCAs

Only nitrate-reducing conditions

Feammox (Acidimicrobium sp. Strain A6)
» Anaerobic ammonium oxidation coupled to iron reduction
» Reported defluorination of PFOA, PFOS with release of fluoride

PFAS-1, Section 5.4.4.3 Anaerobic Biological Pathways.
Figure source: Christopher Olivares, UC Irvine. Used with permission.

Fluorotelomer acids +
other PFAS formed
under more reducing
anaerobic conditions

23



Macroscale Fate and Transport

Air /‘\_/_\ Partitioning (to air/aerosols)
~_ - N~ + Transformation (photooxidation)

~—
Land Application
or Deposition
Partitioning .
. (to soil and air-water interface) Transformation
S o)) ’ (biotic/abiotic)

+ Uptake (viota) + Partitioning
+ Transformation (to sediments, air-water

(biotic/abiotic) interface, and foam formation)

+ Leaching + Uptake (viota)

Partitioning (to soil)
+ Transformation (iotic/abiotic)
+ Matrix Diffusion

24
PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission.



Macroscale Transport: Air

PFAS sources to air

« Industrial facilities producing or using PFAS

= Areas where fluorine foams are used/released o
A T ro——
« Waste management facilities (landfills, WWTPs, - ’

biosolids production)

Land Application

= Fluorotelomer alcohols (FTOHs) and some or Deposition

other PFAS are volatile
Soil

= Stack emissions can include volatile PFAS and
PFAS attached to particulate matter

= Atmospheric deposition (wet or dry) may result
in PFAS contamination several miles from
industrial emission sources

= Long-range transport processes and effects are
similar to atmospheric transport of other
: : PFAS-1, Section 5.2.4, Partitioning to Air and Section 5.3.2 PFAS Transport in Air
recaICItrant contaminants PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS.

Source: D. Adamson, GSI. used with permission. 25



Macroscale Transport: Vadose Zone

= PFAS source areas: vadose-zone
retention may be significant

= Cationic/zwitterionic precursors may Air T O
strongly sorb

Land Application
or Deposition

= Long-chain PFAA sorption

= Depends on soil chemistry

Partitioning
. (to soil and air-water interface)
Soil + Uptake (viota)
+ Transformation
(biotic/abiotic)

= PFAAs accumulate at air/water interfaces
(may retard transport)

» Most PFAS have low volatility (little to
no partitioning to vapor phase)

« Leaching may provide long-term
source to groundwater

26
PFAS-1, Figure 5-1, Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission.



Macroscale Transport: Groundwater

« Readily transported once in groundwater

= Same processes affecting sorption in vadose
zone, but now with groundwater chemistry

. . Air M Partitioning-' (to air/aerosols)
18] te Fa Ctl ons \H\;/\;/\_/_“‘ + Transformation (photooxidation)
= Dependent on chain length and functional
group o Deposition
= K, important, but not sufficient to explain
partitioning behavior Soil

= Potential impacts of remedial activities
targeting co-contaminants

. . Partitioni.ng (to soil)
L] IntI‘OdUCtIOn Of OXygen (e-g. aII’ Sparge, DO < +Tmfs,{::;::i:t:;;}s;-:immc, >
injection) can drive precursor transformation
= Introduction of cations (e.g., ISCO) can lead

to enhanced sorption/retardation of PFAA
transport.

27
PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission.



Macroscale Transport: Surface Water

Type of water body is important
« Fast moving, suspended sediments

Air M Partitioning (to air/aerosols)
- S I OW m OVI n g , d e pOS Itl O n \_\/—/\_‘/\_/—\ + Trans_format:on (photooxidation)

Uptake to biota (incl. fish)
Stratification in water column

Land Application
or Deposition

Transformation

Dissolved PFAS in SW can move Soil

+ Partitioning

downstream, back into GW Py bt

+ Uptake (viota)

PFAAs aggregate at surface
microlayers

= Foam formation with wind or
turbulence

PFAS-1, Section 16.5 Surface Water Foam 28
PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission.



Transport In Surface Water: Foam

PFAS-Containing Foam Considerations
« Transport as “foam islands” to a new location

» Collapse of foam and dissolution of PFAS back
into water column

= PFAS concentration in foam > water column

= PFAS in foam potentially leads to additional

exposure pathways — both human and ecological
receptors

*Note — foams can be produced by natural processes in the absence of PFAS as
well; not all surface water foam is guaranteed to contain PFAS.

PFAS-1, Section 16.5, Surface Water Foam

MPCA. Used with permission.

29



Transport Between Surface Water and Groundwater

Transitions zones between SW and GW tend to have changes in conditions

= Low oxygen GW -> oxygen-rich SW
« Increased microbial activity

= Increased precursor transformation o icndron
: i
- Increased proportion of PFAAs skt it

W rsgeinn i
. Differences in organic and mineral content & 7”’*““5
between soils and sediments
= Sorption to sediments and colloids
= Changes in salinity affect sorption

= Potential for dilution and mixing depending More research needed
on type of water body

PFAS-1, 2023 Section 5.3. New content for groundwater — surface water interaction. 30
PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission



Co-contaminant considerations

Petroleum co-contamination common at AFFF sites and can occur at other PFAS sites

PFAS may partition into LNAPL or accumulate at water/LNAPL interface

= Can lead to greater retention of PFAS

Petroleum contamination leads to reducing conditions

= Slows down precursor transformation
= Shifts precursor transformation to anaerobic processes/pathways

If petroleum remediation has occurred, may alter redox to oxidizing conditions (e.g., air
sparge) or change ionic concentrations (e.g., ISCO)

= Can alter rates of precursor transformation

DNAPL co-contamination can also result in increased PFAS retention

31




Environmental Fractionation

= Differential transport and precursor transformation lead to environmental fractionation
= As PFAS move downgradient from source area, composition of PFAS changes

= Source type and hydrogeochemical parameters influence type and rates of change

GW Flow

Hypothetical
AFFF site
example

» Hydrocarbons degrading
rapidly

= Aerobic, increasingly
oxidizing conditions

» Precursors biotransform to

PFAAs

Al1C Kyle Gese,
Public domain, via

Wikimedia
Commons.

ORP
-200 mV

I —
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https://commons.wikimedia.org/wiki/File:U.S._Air_Force_firefighters_suppress_fires_during_a_training_exercise_on_a_concrete_pad_known_as_a_burn_pad_at_Spangdahlem_Air_Base,_Germany,_Jan._8,_2014_140108-F-OP138-152.jpg
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Learning Objectives (ateana iransport

Site Characterization Forensics

» Concerns for different source

types
e Hydrogeological setting

e Sampling and Analysis
e Data interpretation and
visualization

Conceptual
Site Model




Work Plan and Conceptual Site Model (CSM)

Initial step in Site Characterization is CSM development
to inform Data Quality Objectives

Bl CSM development should consider:

= Site characteristics
= Properties of contaminants

Use CSM to identify data gaps and sampling needs

PFAS-1, Section 10.2 Initial Steps.



Main Sources of PFAS Release to the Environment

s [ire Training/Fire Response Sites

== |Nndustrial Sites*

Relalelillls
fﬂosouns LEACHATE

WWTPs/Biosolids

PFAS-1, Section 2.6 Releases to the Environment.

*Industrial sites include
primary and secondary
manufacturing

For additional information on
biosolids, please see
“Biosolids.: Sources, Transport,
and Management of PFAS
Surface Releases”

36



Fire Training & Response Sites

AR O QO S A

Potential
air emissions

SEDIMENTS
(D)

o
e e L 4 . =

Firefighting foam \Potable 4
application Surface water WATER (arinking water) g %,
runoff/discharge, or nonpotable “~  BIOTA SEDRRTS
M - SURFACE
GROUNDWATER RT§Q4 wgﬁon
00 | v

KEY © Atmospheric Deposition © Diffusion/Dispersion/Advection @ Infiltration @ Transformation of precursors (abiotic/biotic)

37
PFAS-1, Figure 2-19, CSM for fire training areas. Figure Adapted from figure by L. Trozzolo, TRC, used with permission.



AFFF Contains Highly Diverse Mixtures

AFFF product chemistry has changed over fime

1989 3M AFFF

PFSaAmA
12%

BPFS o

aPFCA

oPFSaAm

mPFSaAmA

1993-2001
3M AFFF @©

mPFS
OPFCA
OPFSaAm

mPFS5aAmA

B | FtS|E | 42 FiTA0S 2008
82 FiTAoS Ansul AFEFF
13%
o 4:2 FiTAoS
o 6:2 FiTAoS
o 8:2 FiTAoS

mFiS &2 H50AGS

G:2 FiTAoS
80%

Electrochemical Fluorination

Fluorotelomerization

Table 3-1 of the ITRC PFAS Technical Regulatory Guidance document presents types of foam and compaosition.

Barzen-Hanson et. Al 2017. Environ Sci Tecnol 51: 2047-2057
Figures used with permission from J. Field, Oregon State.
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Forensic Analysis of PFAS from AFFF Sources

Multiple lines of evidence and
methods should be considered for
site-specific fingerprinting:

Forensic analysis of AFFF is based * AFFF use history

n finaerprintina the composition e AFFF manufacturing processes
- 2 f : k 9 - ! PO - » Targeted PFAS analysis, TOP analysis for precursor
r il ie il B L plis transformation, and TOF analysis

» The effects AFFF source commingling and co-
contaminants on fate and transport behavior

EDIG : : :
- TS 1 & PFAS-1, Section 3.5 Forensic Analysis of AFFF. 39
ENYIRONMENTAL RESEARCH
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Industrial Sites

Air transport Long-range ransport (global) © @ .
All pathyays, plus air o
AR © @ :
¥ (see Fia. 3) | 5 - | N A
Morical releases WY (drinkin 7
: g water) 4,
and waste disposal greeTeyery O of nonpotable O BiaTa o
S S— (imigator) wel [\@ 00| |

".t‘;("\.lh

IWAIER

KEY @ Atmospheric Deposition @ Diffusion/Dispersion/Advection @ Infiltration @ Transformation of precursors (abiotic/biotic)

PFAS-1, Figure 2-18, CSM for industrial sites. Figure Adapted from figure by L. Trozzolo, TRC, used with permission. 40



Landfills and WWTPs

AR O©

i

emissions

BIOTA
SEDIMENTS (T
(D)

il

emissions

AitT

EMIsSioNS

Wastewater
treatment plant _

Lined

I

landfill P Effluent ;I,RF A c"é‘ Po BiOS_O”d:S |éhd
WATER J (drinking water) application €
00 or nonpotable @

v

(ngton vl

SEDIMENTS

00

-

B

SURFACE
WATER

(0 X1

*Leachate release from lined landfills could occur in the event of a liner leak
KEY @ Atmospheric Deposition © Diffusion/Dispersion/Advection

PFAS-1, Figure 2-20, CSM for landfills and WWTPs. Figure Adapted from figure by L. Trozzolo, TRC, used with permission.

Y

O Infiltration @ Transformation of precursors (abiotic/biotic)



Source-specific considerations

= Diverse mix of PFAS
= Manufacturing methods determine PFAS composition

= Fate and Transport affected by co-contaminants and historical
remediation

Industrial
= PFAS mixture may be less diverse
= Site-specific process determines PFAS composition

= Air transport may be important (may cause diffuse soil sources from
deposition)

Landfill
= 5:3 FTCA as “signature compound”

= May include volatile PFAS (FTOHs and PFBA; possible short-range
deposition)

= Types of waste accepted determine PFAS composition and
concentration

WWTP & Biosolids

= Short chains and terminal products may dominate (not always)
= Types of waste accepted AND treatment process determine PFAS mix

I a59e i;o
AR O ©O Vs
Potential

SEDIMENTS
0.0,

air emissions

Air transport Long-range fransport (global) © @

BETTAT. =
Air (stack) N BIOTA
(7]

Emissions
SEDIMENTS
O,

SEDIMENTS

.. jwell ‘°> I\? : su“-; A

BIOTA
SEDIMENTS ©
DO,

AirT nirT NrT

emissions emissions emissions

©  Botomingr ¥
SOIL
00

SEDIMENTS
00 i

SURFACE
WATER

'GROUNDWATER
00 -

*Leachate release from lined landfills could occur in the event of a liner leak
KEY @ Atmospheric Deposition @ Diffusion/Dispersion/Advection @ Infiltration @ Transformation of precursors (abiotic/biotic)

PFAS-1, Section 2.6 Releases to the Environment.
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Site Characterization: General Considerations

Conceptual Site Model

Site history, PFAS use/types,
release locations, mixtures
released, co-contaminants

Nature and location of
potential receptors

Review existing data and
information

Hydrogeologic setting

¢ Topography/Drainage

e Soil type

¢ Depth to water _

o Nature of aquifer system & S e R Relevant regulations,

characteristics — permits, standards
unconfined/confined; permeability,

porosity, velocity

» Nature of GW discharge — seeps,
tributaries, rivers, lakes, supply
WIS

PFAS-1, Section 10 Site Characterization.




Site Characterization: General Considerations

Transport Pathways

u Release tO GW . T~ — Partitioning (to air/aerosols)
. Air ~_ - X — + Transformation (photooxidation)
= Vadose Zone — Depth to water; soil —
type (sands vs. clays; clay
layering); organic carbon content; tand Applcation
pH; ion exchange capacity
. . . Partitionin i
= Air-Water Interface — Grain size; Soil  teste "t";';(':j;j"ge)'f“‘-’) Transformation
mOIStU re COﬂtent + Transformation (t:SZ?,:ggzg_igger
(l biotic/abi(ztic) interface, and foam formation)
= GW System — Soil type; pH; feaching R
TDS/salts/divalent cations, co-
contaminants; confining units Partitioning (o)
+ Transformation (viotic/abiotic)
- Rel ea Se to SW + Matrix Diffusion

« GW discharge
= Storm runoff

PFAS-1, Section 5.3. New content for groundwater — surface water interaction. a4

PFAS-1, Figure 5-1. Fate and transport processes relevant for PFAS. Source: D. Adamson, GSI. used with permission



What to Analyze

VADOSE ZONE

- Soil type/particle size/porosity Land Application/

_ Air Deposition
» Moisture content Uptoke SATURATED GROUNDWATER

. . VO|C]TI|ITy . SYSTEM
= (Cation Exchange Capacity by Biota =2I=21EM

(CEC) I I - pH, TDS, salts, turbidity, multivalent cations,
. Surface charae 7 co-contaminants
_ 9 _ «4—» = GW gradient and velocity

= Multivalent cations V¢ ”""“*"& - Depth to basement (unconfined vs confined

conditions)

= Soil pH
= QOrganic Carbon
=  Depth to GW

=  Presence and depth to fractured rock, if
applicable

* Focus on potential influences to GW
movement (nearby pumping wells, GW-SW
interactions, etc)

* Focus on air-water interface
and clay lenses and layers Release to

Groundwater

ERIS

1

ENVIRONMENTAL RESEARCH PFAS-1, Section 10.3.1 Development of Site Investigation Work Plan.

= INSTITUTE OF THE STATES




Potential for PFAS Sample Contamination

Some supplies and equipment may Waterproof coatings [ Fluorinated ethylene-
contain PFAS containing PFAS propylene (FEP)

Analyzing at extremely low Low-density Polyvinylidene fluoride

detection limits polyethylene (LDPE) (PVDF)

C‘?A'eCt ecqumlent rinseate and Polytetrafluoroethylene Pipe thread
other QC samples (PTFE) compounds and tape




PFAS-Containing Foam - Four Layers

Foam — contains higher concentrations of PFAS than the
underlying layers; as foam is formed, it removes PFAS from
the water column.

Surface micro layer — about 50 pum thick - includes the air-
water interface. Likely highest concentration of PFAS in
water column

Neuston Layer — zone directly below surface micro layer. Rich

in aquatic organisms Water Column

Underlying water column

Sediment

not to scale

D 1
E AL S PFAS-1, Section 16.5 Figure 16-2 PFAS foam on surface water. 47

ENVIRONMENTAL RESEARCH
INSTITUTE OF THE STATES
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Analytical Method Differences

Evaluation of # PFAS

Sample Quantitation S Quantitation Limits
- Transition Ion
Preparation Scheme Required? Analytes (analyte dependent)
EPA Method Internal
537.1 SFIE Standard No 18 0.53 to 6.3 ng/L
EPA Method Isotope
533 SFIE Dilution/EIS No 25 1.4 to 13 ng/L

SPE = Solid Phase Extraction

SW-846 8327  Solvent Dilution gt’;tﬁggfc'l Yes 24 B racted Internal Standard

Chromatography/Dual Mass

Isotope ) Spectrometry
L= lit t
2D AFARIL S Dilution e PFOA/PFOS R e e
EPA 1633- SPE Isotope Yes 40 Landfill leachate: 10-250 ng/L
Aqueous Dilution/EIS Other: 2-50 ng/L

Soil/Sediment: 0.2-5 ug/kg

: Solvent Isotope T
EPA 1633-Solid : S Yes 40 Biosolids: 2-50 ug/kg
Extraction Dilution/EIS Tissue: 0.5-12.5 ug/kg

All use LC/MS/MS 48
PFAS-1, Section 11.2.1.3 Sample Analysis and Table 11-3.




TOP Assay (qualitative)

Analysis of PFAS using EPA 1633 can significantly
underestimate PFAS mass

Estimate concentrations of oxidizable
precursors in sample.

o Precursors can transform to

Total Oxidizable Precursor (TOP) Assay measurable PFAAs. TOP Assay
oxidation forces transformation.
Predominant precursor transformation
products are perfluorocarboxylic acids

Analyze sample normally and then after oxidation
(PFCAS).

Increased concentrations of PFCAs
after oxidation provide estimate of
Total precursors = PFAS,,..ieq — PFAS 1treated oxidizable precursors.

Potential low biases:
= Incomplete oxidation

. Lack of quantification of PFCAs < C4
Reporting Limits: same as EPA 1633 (~2 ng/L) ACk OF quantification o S

ENYIRONMENTAL RESEARCH

|'|'Rc @ EDIC  pras, Section 11.2.2.2 TOP Assay 49
A1 VR
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Data Visualization: PFAS Chemical Profiles

Many different methods to visualize PFAS profiles (all based on the same data)
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PFTDA
PFTeA
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[ erea . ersa [ Prea

B Fecx i erss
N
Bar Charts
= Grouped by PFAS class and ordered
by MW
= Y-axis allows consideration of
concentrations

= Can get cluttered with many samples

\- J

Bar Chart figures adapted from PFAS-1 Figure 10-2. Source M. Benotti, NewFields. Used with

permission. Figures source: Michael Bock, Verdantas. Used with permission.

4 Pie Charts h s
Grouped by PFAS class and ordered /
by MW ‘ // ",
Limited space to label compounds A‘ /
with large compound list
Can be difficult to compare samples ‘\ / A\\
Easier to interpret with 10 or fewer
_ compounds y
4 Radar/Spider Charts ) o ADONA praA Pr
- Ordered by PFAS class ordered @ R e
by MW - NEIFOFS’FAﬁPA PFﬁDA
« Limited space to label NEFOSE PFUnA
compounds with a large e \ -
compound list NEtFOSA T PFTeA
« Easy to compare 3-5 samples, NeFOSA PFHOA
gets cluttered with more s o
samples in a single plot i §F£5£P93
« Easier to interpret with 10 or Fros TS e
\_  fewer compounds Y,

50




Data Visuadlization: Spatial Coordinates

PFNA
Chemical data visualization enhanced when placed in spatial context.
Hypothetical example below shows subset of four PFAS. 8:2 PFO

Downgradient pattern changes clearer when shown on a map of the plume. FTS S

PFHxA

GW Flow

Hypothetical
AFFF site
example

OX|d|2|ng condltlons
= Precursors
biotransform to PFAAs
= Hydrocarbons
degrading rapidly

A1C Kyle Gese, Public
domain, via Wikimedia
Commons.

ORP
-200 mV +200 mV

[ — 51



https://commons.wikimedia.org/wiki/File:U.S._Air_Force_firefighters_suppress_fires_during_a_training_exercise_on_a_concrete_pad_known_as_a_burn_pad_at_Spangdahlem_Air_Base,_Germany,_Jan._8,_2014_140108-F-OP138-152.jpg

Visual Representations of Data: Case Study |

Example is from a site in Sweden where multiple fire
training areas impacted groundwater

Rather than percent abundance, axes display a log-based
10 scale
Total PFCAs and PFSAs shown instead of individual e e - T
compounds, to identify general group patterns

10 All concentrations in ng/L.
6:2 FTS differentiated from other precursors due to site- 100
specific considerations

1000

Other

Patterns in shape pertain to precursors vs. PFCA/PFSA Precursors

relationships

PFAS-1, Figure 15-3. PFAS composition in groundwater. Source: G. Carey, Porewater Solutions. Used with permission. 52




Data Visualization:

Case Study 1

All chemical-specific precursors non-detect
in main aquifer channel, attenuated near
fire training areas.

PFSA and PFCA concentrations decline
along the main flow channel (for example,
downgradient of G8 and G9).

Concentrations of precursors in the vicinity
of the fire training areas shown in the
inset map are much higher than in the
main groundwater flow channel.

= Sorption

= Biotransformation of 6:2 FTS and other
precursors

= Possibly groundwater — surface water
interactions

Elevated PFCAs, PFSAs, and 6:2 FtS near
at least two fire training areas: AFFFs
produced using telomerization used at one
point.

Scala, in km

PFAS-1, Figure 15-3. PFAS composition in groundwater.

6:2 FtS

R
A\

PFSAs
1000 100 10 1 100 1000
10 All concentrations in ng/L.
100
1000

Other
Precursors

Groundwater flow
direction

(O Non-detect

. Fire training area

—— Aquifer boundary

o L]
s V'@ g a1 02

G0

L)

Scale, in km

53

Source: G. Carey, Porewater Solutions. Used with permission.




Data Visualization: Case Study 2

= Comparison of source zone <>
concentrations (dark blue outline) vs. <> - pFos
downgradient samples (light blue fill) . 7 7 | soucemone  Note: concentrations
o ) inug/L.
show changes due to bumpit—_, & o
. Migration oy & -
. . . FHXS PFHxXS
= Dissolved Oxygen infusion wells l | <§> P e
“<> @ A <>© Well Iocation/ B
= Introduction of oxygen - transformation
of precursor compound FHXxSA. e / Prs
O ““"@ <> l Groundwater flow direction
- Some differential transport of short and Uz O Nonsetea
IOng chains. A DO infusion well
54

PFAS-1, Figure 15-2. Radial diagrams illustrating PFSA trends at an AFFF release site. Source: G. Carey, Porewater Solutions. Used with permission.



Fate and Transport

* Small-scale processes

e Movement in and between
environmental media

e Differential transport of

Questions

Site

- PFAS species Forensics
Characterization (environmental : -
fractionation) * PFAS fingerprinting

» Concerns for different
source types

e Hydrogeological setting
e Sampling and Analysis
e Data interpretation and
visualization

¢ Identification of unknown
sources

e Techniques for

distinguishing between
multiple or overlapping
sources

e Precursor transformation

Conceptual
Site Model

https://pfas-1.itrcweb.org/ 55
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Learning Objectives

Site Characterization

Fate and Transport

Conceptual
Site Model

Forensics

e PFAS fingerprinting

e Identification of unknown
sources

e Techniques for distinguishing
between multiple or overlapping
sources




What is Environmental Forensicse

Environmental forensics is the application of the scientific method to
answer questions about contamination events and their origin.

Estimate
the contribution from
multiple individual
sources to
overlapping plumes

Link contamination Distinguish between
to a source multiple sources

Predict or model site-
specific fate and
transport of
contaminants

Evaluate effects of
remediation or
natural attenuation

PFAS-1, Section 10.5 Source Identification. 58




PFAS Forensics Applications

= PFAS Forensics: application of environmental forensics to PFAS

= Arguably in its nascent stages

= Applications so far include:
= Source identification

PFOS
- Differentiation of overlapping sources RETTOPOR [—
= Evaluation of environmental fractionation oy
« Identifying the types of AFFF used at a site
« Identifying transport-related signatures FHXSA PEHxS
» Setting and history are very important wllisestion

PFBS

e | = PFAS-1, Figure 15-2 Radial diagrams illustrating PFSA trends at an AFFF release site. Source: G. Carey, Porewater Solutions.
: E R I S Used with permission.

2
Y — ENVIRONMENTAL RESEARCH  PFAS Figure Source: M. Olson, Trihydro. Used with permission.
=5 -



Source |dentification and Differentiation

Source Identification: process of
finding or identifying a source of
contamination.

e Often applied when contamination is

discovered without prior knowledge of
source

PFAS-1, Section 10.5 Source Identification.
ENYIRONMENTAL RESEARCH



PFAS Forensics Technigues

Diagnostic ratio

Diagnostic ratios of PFAS mixtures

(e.g., PFOS:PFOA) RRARATE

Data visualization techniques 8:2 FTOH | PFNA
(e.g., radial diagrams, bar charts)

Specialized analytical techniques

(e.g., non-target analysis, linear/branched speciation)
Advanced multivariate statistics C

(e.g., PCA, cluster analysis, receptor models) LT ""‘ ]

PCA scores plot

PFAS-1, Figure 10-4 PCA scores plot of the analysis of a PFAS data set. Source: M. Benotti, NewFields. Used with permission.

PFAS Figures Source: M. Olson, Trihydro. Used with permission.



Diagnostic ratios of PFAS mixtures

Table 10-1. Example diagnostic ratios to compare PFAS signatures of Sample A or Sample B

_______________|sampleA Sample B

Relative Abundance of 0.062 0.93
PFCAs

Relative Abundance of 0.94 0.041
PFSAs

Relative Abundance of 0 0.029
FTSs

PFCAs/PFSAs 0.066 22
PFOA/PFOS 0.0217 13

ERIS

s N

environMentaLresearcs  PFAS-1, Table 10-1. Example diagnostic ratios to compare PFAS signatures of Sample A and Sample B.
T S 5]

INSTITUTE OF THE STATE



PFAS Profiles; Bar Charts

51

251

= Comparison of PFAS signatures in

& individual samples using “unstacked” bar
II graphs

.I I-— ——-.- = Bars are scaled to show relative
= contributions, but y-axis can be used to
ascertain concentrations

: « (Can be used as a quick way to compare
| I -_ ___-.l-- PFAS profiles between one or several
. environmental samples

tn

ppt

15

o
om
(TN
o

ERSTATE : "
9 W"" = : PFAS-1, Section 10.5.1.2 Figures adapted from PFAS-1 Figure 10-2. Source M. Benotti, NewFields. Used with permission.
F4 /—__———-—_\
T —

PFPeA 1
PFHxA 1
PFHpA 1
PFOA
PFNA
PFDA1
PFUNA
PFDoA 1

PFTIDA
PFTeA

PFHxDA 1
PFODA{
PFES
PFPeS
PFHxS
PFHpS 1
PFOS
PFNS 1
PFDS
PFDoS {

NMEN.,.A,_ RESEARCH Figure source: Michael Bock, Verdantas. Used with permission.
N TUTE OF THE STATES
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Diagnostic ratios of PFAS mixtures: Stacked Bar Charts

= Stacked bar charts show

Ic;):'lzjspositional differences in el prans (/g S5, S48 s mas sas sns
' EJ:ET[ o3 Shallow: | " | —

poeE - _

= Removes the effect of total N sgr 3

concentration, permitting e .

similar_fingerprints (e.g., s ST N
potential sources) to plot s s s swe s sam
together regardless Of ) Shallow vs. Deep PFAA Soil Concentrations €] Total PFAAS lu:n::l: 1,920 440 430 2,800 400 810

magnitude. 80,000 1 Deep:
B shatow 80%

[ peep

g
g

= Can be used as a quick way

to compare PFAS profiles -_ -_I_I_l-_-_._ 2: H % H H

between few environmental o |
5-5 S 5-2 510 5-6 5-? BPFOS OPFHxS BEPFOA O PFHxA
samples

Total PRAAS [ug/Kg)
] =]
g 8
=
%ofPrass

PFAS-1, Figure 15-1. Comparison of shallow and deep soil samples at an AFFF release site. Source: G. Carey, Porewater Solutions. 64

Used with permission.



Data Visualization: Radial Diagrams

Radial diagrams (a.k.a., radar charts, spider
plots) — useful for quick visual reference

= Can be useful beyond source differentiation.

= Section 15.1 of ITRC PFAS-1 has two case studies
showing environmental fractionation.

Comparison of PFAS signatures in hypothetical
Sample A and B using Radial Diagrams.

Plotting position is PFAS percent relative
abundance (concentration divided by total
PFAS).

Can be used as a quick way to compare PFAS
profiles between few environmental samples on
one graph, or many on a map.

EDIC PFAS-1, Section 10.5.1.2

~amm TS 0 a9

FFBS

il Sample A
v ~ Sample B

G T ¥ ¥ F'FHP.I""I.
01 0.2 03 04 0.5

PFOS

R RGNME R T ERReT Figure 10-3 Comparison of PFAS Signatures. Source: M. Benotti, NewFields. Used with permission.

INSTITUTE OF THE STATES




Multivariate statistics

= In PCA correlated variables are transformed into a small
number of uncorrelated variables. These principal components
are used to simplify the visual representation of the variability
in the dataset

 Somple | FFOS_| PFOA _| PFBA | PFBS _| PFNA

= In factor analysis/receptor models, end member/factors
that characterize the underlying structures in the dataset are
identified. End members/factors are used to simplify the
visualization of the variability in the dataset.

= In cluster analysis, the similarity/dissimilarity between
samples are calculated and used to define clusters of similar
samples in a larger dataset.

Analytical data

0O N O O A WO DN —

PFAS-1, Section 10.5 Source Identification. Illustration of generalized data table.




Advanced multivariate statistics: Principal

Component Analysis (PCA)

Scatter plot of the data compressed | Biplot PC 1 (50% of variance captured)
into PCs, for visualization in 2D or
3D.

PFOA

,———,,———”"()‘$ﬁ5§ @ SamMeéj PFBA
- / 2
= Data rows (samples) are points. '\ .
PC2 .
®

v

= Columns (analytes) are arrows. —_| (30% of variance captured)

PFBS

PFAS-1, Section 10.5 Source Identification. Illustration of generalized Principal Components Analysis biplot.




Advanced multivariate statistics:

Clustering Analysis (CA)

Groups samples based on similarity/dissimilarity (i.e.,

chemical profile similarity) Dendrogram of hierarchical
A cluster structure

= Not all clusters are sources. They may also

reflect:
Site-specific fate-and-transport processes

Sample
Similarity

Background/ambient

A mixture of sources found at similar proportions in large
groups of samples

v

3 2

Cluster

PFAS-1, Section 10.5 Source Identification. Illustration of generalized clustering.

NMENTAL RESEARCH
OF THE STATES




Advanced multivariate statistics: Factor

Analysis (FA) and receptor models

Blind Source Separation Factor/EM 1

= Estimate number of factors/end members
Factor/EM 2

= Estimate profiles for each factor/end
member

= Estimate contribution of each factor/end
member to each sample

Factor/EM contribution strength

= Not all end members are sources — some
may be weathering or transformation Factor/EM3
patterns, etc.

S

ED Il
= TS B
ENVIRONMENTAL R

PFAS-1, Section 10.5 Source Identification. Illustration of generalized factor analysis.




Advanced multivariate statistics: Limitations

No method, including multivariate statistics, is a silver

bullet

= Factor analysis and clustering typically require user to

specify number of factors or clusters.

= Iterative process to find a realistic solution.
= Practitioner must interpret results (clusters or factors

don't inherently "mean” anything).

PFAS-1, Section 10.5 Source Identification. Illustration of generalized clustering. PFAS-1, Figure 10-4 PCA scores plot of the analysis of a PFAS data set.

51 ADONA PFBA PF
HEPODA P
32 NFDHA PFHpA
FFMBA FFOA
s3 PFMPA PFNA
NEtFOSAA PFDA
NEtFOSE PFUNA
NV2FOSAA PFDoA
NMeFOSE 2 FFTrDA
NEtFOSA / PFTeA
NileFOSA PFHOA
102FTS PFODA
8.2FTS PFBS
6.2FTS PFPeS

4'2'——}5%3 S FHpS
°Zeps PENS probT P

PFH:S

ppt

81

25
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wliill
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s2

W III
5
. II--

Source: M. Benotti, NewFields. Used with permission. Bar Chart figures adapted from PFAS-1 Figure 10-2. Source M. Benotti, NewFields. Used with permission.

ENVIRONMENTAL RESEARCH
INSTITUTE OF THE STATES

Bar charts and radar charts figure source: Michael Bock, Verdantas. Used with permission.
PFAS molecule diagrams. Christopher Olivares, UC Irvine. Used with permission.
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Advanced multivariate statistics: Limitations

Site conditions often produce many non-source signatures:
Diffuse (ambient) signatures or stable mixtures found in large numbers of samples
Patterns due to environmental fractionation or differential transport
Chemical (i.e., precursor) transformations

AIways use multlple lines of evidence
Other lab analyses
Spatial / temporal trends O
Site-specific history and analytical records
etc.

g\\V

A1C Kyle Gese, Public
domain, via Wikimedia
Commons.

E R I S PFAS-1, Section 10.5 Source Identification. Illustration of generalized clustering.

ENVIRONMENTAL RESEARCH
: ~ INSTITUTE OF THE STATES
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https://commons.wikimedia.org/wiki/File:U.S._Air_Force_firefighters_suppress_fires_during_a_training_exercise_on_a_concrete_pad_known_as_a_burn_pad_at_Spangdahlem_Air_Base,_Germany,_Jan._8,_2014_140108-F-OP138-152.jpg

Environmental Factors affecting PFAS Forensics

Sites typically contain mixtures of PFAS that exhibit wide
range of physical and chemical properties

« PFAS transported from source zones are redistributed
downgradient

Groundwater transport depends on:
« Soil characteristics (OM, pH, minerology, etc)

» PFAS characteristics (chain length, functional groups, molecular structure,

etc.)




PFAS Forensics Examples

Examples of fingerprinting studies for source identification include:

HRGCMS was used to assign
the identity of 14 major
compounds that accounts for
a majority of the detectable
PFAS in contemporary AFFF.

(Ruyle et al 2021)

PFAS profiles have been
developed for different
sources, including various
AFFF formulations.

(Dasu et al 2022)




Review and Wrap Up IEEsteand Transport

* Small-scale processes

s Movement in and between
environmental media

e Differential transport of PFAS

: : : species (environmental .
Site Characterization fr%cﬁonéﬁon) Forensics

« Concerns for different e Precursor fransformation
source types
* Hydrogeological setfing sources

e Sampling and Analysis e Techniques for distinguishing
e Data interpretation and between multiple or

visualization overlapping sources

* PFAS fingerprinting
e |dentification of unknown

Conceptual
Site Model

|
/

ol
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ITRC PFAS Resources

PFAS Introductory Training

= Clu-In Archive: https://www.clu-
in. conf/itrc/PFAS-Introductor

Other video resources

= Available through links on:
https://pfas-1.itrcweb.or

= Quick Explainer Videos
= Longer PFAS Training Modules
= Archived Roundtable Sessions



https://pfas-1.itrcweb.org/
https://www.clu-in.org/conf/itrc/PFAS-Introductory/
https://www.clu-in.org/conf/itrc/PFAS-Introductory/
https://pfas-1.itrcweb.org/

Questions

BIOSOLIDS,
SOIL
HUMAN HEALTH LEACHING, &

S P — SOURCE ID, SITE
ECOLOGICAL ;

May 20 2025

TOXICITY, AesApecnlily  CHARACTERIZATION,

REGULATIONS FATE & TRANSPORT

March 25 2025 .April .24 2025
1:00-3:00 PM 1:00-3:00 PM ET
ET
SAMPLING &
ANALYSSSW PFAS TREATMENT

ANALYSIS, AIR “Beyond the Basics TECHNOLOGIES

Feedback Form & Certificate: OCCURRENCE TRAINING June 3 2025

. . February 25 2025 1:00-3:00 PM ET
www.clu-in.org/conf/itrc 1:00-3:00 PM ET

2025

ERIS

bV
ENVIRONMENTAL RESEARCH
INSTITUTE OF THE STATES
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https://pfas-1.itrcweb.org/
https://www.clu-in.org/conf/itrc/PFAS-BTB-FT/
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