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Questions

Does It work?
Can | use It?

Are the local community exposed?
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L |t| g at| onNn —Cclass aCtl on ’? Firefighting Chemicals Are Contaminating the

Water of 16.5 Million People

How much is it going to cost to clean it up?

Understanding the Chemistry = Understanding the Liability
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PFAS News 2015 / 2016
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Hoosick Falls Water Contamination

ic Hrehghtmg Recently, members of the Hoosick Falls community have contacted

dU.S. the U.S. Environmental Protection Agency (EPA) with concerns
and questions about whether they should drink, bathe in, or cook
with their water, which has been found to January 14, 2016 +6:00 pen
contain perfluorooctancic acd (PFOA).

Hoosick Falls Central School
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Ethical business

Toxic chemicals in outdoor productsof ~ Lhese Chemicals in Pizza Boxes and Carpeting
leading brands, Greenpeace study finds  Last Forever

fothing wase out P
pmenta; More than 200 scientists around the world document the threats of perfluorinated

compounds and call for more government control.

Detections of PFAS in drinking water has caused spiraling regulatory concern




@INDEPENDENT News Voices Culture Lifestyle Tech Sport Daily Edition

Six million Americans drinking water
containing unsafe levels of unregulated

chemicals, study finds

In one Delaware town, the levels of one such chemical in the water supply were 25 times higher
than the EPA deems safe

PFASs in US Public Water Supplies

Tim

Walker t | @timwalker t 2:57 €
it Justin Australia World Business Sport Science Arts Analysis Fact

& Print | 62 Email K3 Facebook B Twitter B More

Oakey residents begin class action against
Defence Department over toxic firefighting foam

By Elly Bradfield, Kirrin McKechnie and Nick Wiggins

USEPA UMCR 3, May 2016

https://www.epa.gov/ground-water-and-drinking-water/drinking-water-health-advisories-pfoa-and-pfos

Detected in ~ 2% of large public water supplies




KEM!

Swedish Chemicals Agency

Chemical Analysis of Selected Fire-fighting

Foams on the Swedish Market 2014

Tentatively identified PFAS as a main ingredient 1s 6:2 FTSAS
(fluorctelomermercaptoalkylamido sulfonate).
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A ARCADIS

Persistent Organic Pollutants

Stockholm Convention Definition:

» Qrganic chemical substances

- Remain intact for exceptionally long periods of time (many years);
- Become widely distributed throughout the environment

- Accumulate Iin the fatty tissue of living organisms including humans, and are
found at higher concentrations at higher levels in the food chain; and

* Are toxic to both humans and wildlife
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A ARCADIS

Persistent Organic Pollutants

If chemical are “PBT", they can be restricted under European REACH:

* Persistent:

- Half lives > 40 days in freshwater, >120 days in soll
* Bioaccumulative:

« Bioconcentration factor/bioaccumulation factor in fish >2000
* ToxXic

« Human: Chronic toxicity, carcinogenic/mutagenic/reprotoxic
» Ecological: No effect concentration (NOEC) <0.01 mg/L
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A ARCADIS

Persistent Organic Pollutants

Alternative to PBT is vPvB under REACH

* very Persistent:

- Half lives > 60 days in freshwater, >180 days in soll
* very Bioaccumulative

* Bioconcentration factor or bioaccumulation factor in fish >5000

* Requirement for toxicity no longer necessary to restrict the
chemical

* Also Persistent Mobile and Toxic (PMT) suggested as more n
realistic assessment to manage risk to receptors from man made
chemicals
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Microbial Metabolism
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Carbon—fluorine bond

From Wikipedia, the free encyclopedia

The carbon-—fluorine bond is a polar covalent bond between carbon and fluorine that is a component of all organcfluorine compounds. It is

the third strongest single bond in organic chemistry—behind the Si-F single bond and the O-F single bond, and relatively short—due to its 6 + 6
partial ionic character. The bond also strengthens and shortens as more fluorines are added to the same carbon on a chemical compound. -
As such, fluoroalkanes like tetrafluoromethane (carbon tetrafluoride) are some of the most unreactive organic compounds.
I
Contents [hide] I

Electronegativity and bond strength ; - ;
The partial charges in the polarized &7

Bond length carbon-fluorine bond
Beond strength effect of geminal bonds

Gauche effect
Spectroscopy
See also

b IR P & o R SR SR U Y

References

Electronegativity and bond strength [edit]

The high electronegativity of flucrine (4.0 for F vs. 2.5 for carbon) gives the carbon—fluorine bond a significant polarity/dipole moment. The electron density is concentrated around the
fluorine, leaving the carbon relatively electron poor. This introduces ionic character to the bond through partial charges (C%*—F%7). The partial charges on the fluorine and carbon are

s . - - . - . T T T T s " - - . P w41 . -
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Poor Reversibility of Exposure (Conceptual)

Poorly reversible exposure of a
chemical can occur two ways:

 The chemical has slow
elimination kinetics in
organisms (bioaccumulative)

or

* Due to environmental
recalcitrance, exposure is
steady (extreme persistence)

(Cousins et al. Environ. Int. 2016

Serum conc. (ngdml)

Treatment
10 technology
— implemented
- | — _ | . . . , .
1] 5 10 15 20 25 30 35 40 45
Tirme [years)
woendPROS (scenario 1)  ——PPOS (scenario 2] oo PFHxA (Scenario 1]  ——FPFHxA |Scenario 2)
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Environmental Conseqguences
Long Term Ultra-Persistence vs Short Term Effects

A New Ranking From U.S. News & World Repol

RANKINGS STATES DATAEXPLORER VIDEOS NEWS

Spilled Milk From Tanker in lowa Causes Fish Kill Worries

The lowa Department of Natural Resources says in a news release that the crash of a tanker hauling milk east of Fontanelle Sunday

evening caused a spill.

June 20, 2017, at 4:08 p.m. fYyos= -

* Milk may cause a short term fish kill by diminishing
dissolved oxygen

« Ultra-persistent ingredients can cause long term
pollution potentially affecting future generations



Potential PFAS Exposure Pathways
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PFAS PROPERTIES

Parameter PFOS (Giesy, 2010; OECD, PFOA (EFSA,
2002) 2008)

CAS number 1763-23-1 335-67-1

Chemical formula C,H,;COOH

Molar weight 538,23 g/mol 414,07 g/mol

Boiling point n.a. 189-192 °C




What are Poly and Perfluorinated
Alkyl Substances (PFAS)

(PFCAs)
Perfluoroalkyl Acids
(PFAAS]
Perfluoroalkane
Perfluormated

Perfluoroalkyl
Carboxylic Acids

Sulfonic Acids
(PFSAs)

Perfluoroalkane
Sulfonamides
{FASAs)

Fluorotelomer
Alcohols (FTOHs) /o)
/

S
NS,
N-alkylated R O A o// o
- Fluorooctane
Po’yf luorinated Ssulfonamides PFOA
(FOSAs) R FR FR F O
F
N-alkylated
fluorooctane F OH
i FF FF FF F

sulfonamidoethanols
(FOSEs)

SR

R FR FR FR F
F

PFAS include PFOS, PFOA and approx.
3,000 fluorinated compounds
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Perfluorinated compounds (PFCs) 2 ARCADIS i

Perfluoroalkyl Sulfonatest

. C1 Methane =
* Perfluorinated Compounds gis:s* :=:
(PFCs) generally are the C2 Ethane 19 prrxs "
Perfluoroalkyl acids (PFAAs) C3 Propane ﬁ PFHpS =l
o i : 0 PFOS n=8
PFAAs include: C4 Butane PENS * =D
«  Perfluoralkyl carboxylates C5 Pentane PFDS n=10
(PFCAs) e.g. PFOA C6 Hexane Perfluoroalkyl Carboxylatest
« Perfluoroalkyl sulfonates (PFSAS) PFBA n=4
e.g. PFOS C7 Heptane PFPeA n=>5
- Perfluoroalkyl phosphinic acids C8 Octane PFHxXA n=6
(PFPiS); perfluoroalkyl E |6 PFHpA n=17
phosphonic acids (PFPAs) C9 Nonane || Il . PFOA n=8
. F1C1TC—0O prnA n=9
 There are many PFAAs with C10 Decane ||= PFDA n=10
differing chain lengths, PFOS n PEUdA n=11
and PFOA have 8 carbons (C8) - C11 Unodecane PFDoA n=12
octanoates C12 Dodecane PFTrA n=13
C13 Tridecane FRER = 2%
C14 Tetradecane  fiSumiss fao famimions g Govmduna fom s
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS
Will J. Backe,” Thomas C. Day,” and Jennifer A. Field**

PFAAs totally resist biodegradation & biotransformation so are extremely persistent

Property of Arcadis, all rights reserved



PFDA
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Long Chain vs. Short Chain A ARCADIS &z

PFDoA PFDoS

PFPS
é«...{-.,//
b
PFEA e x’ oy
LA PRPIA
PFBA v
PFOS
PFPeA
Long Chain
PFCAs Short Chain PESAS
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Physio-chemical Properties

PFDoA PFDOS

O
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Aqueous Solubility Note: - Extrapolated trend data
as not all values known for all
PFAS
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Detectable with Commercial Analytical Techniques

PEHXA PFHxS

C4 and higher compounds detectable by commercial techniques

C3 and below currently undetectable

Property of Arcadis, all rights reserved
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Perfluorinated Compounds in Consumer Desan & Consutancy
Products @ARC/ADIS

built assets

600

0.06
_ 500 4 e Range — 0.05 w— Range
: : : ey & Mean £ an
Historical focus has mainly been on 2 401 x Medan O 004 .
PFOA and PFOS, but PFAS- £ %0 5 oo
containing products contain a g% £ ooz
mixture of differing chain length 0 l | O 001 - | l
[ N | | | %
PFAAs 0 —x—x—* R kX ol % X ox o x ¥ L oz 3
5 6 7 8 9 10 M 12 5 6 8 9 10 11 12
In this study C5 to C12 rrof Garbon Number PFCA Carbon Number
perfluorinated carboxylates (PFCA) _ _
are detected in PFOA (C8) Treated Home Textiles Non-stick cookware
containing consumer products
Similar diversity of PFAA chain o000 600
lengths may be expected in other o 40001 e < —Rane
PFAS-containing products and 2 3000 - X Medan 2 400 x_Median
PFAS-contaminated areas 2 000 . £ 300
€ € 200 |
© 1000 | © 0l I 1
04— X X—X— XX X—X—] 0 ——x—?(—l—>.<—><—><—>l<—>l<—
5 6 7 8 9 10 11 12 5 6 7 8 g 10 11 12
PFCA Carbon Number PFCA Carbon Number
Food contact paper Pre-Treated Carpet

Data from Guo et al. 2009, U.S. EPA; Polyfluorinated
substances and perfluorinated sulfonates were not measured
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Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals

German Environment Agency (UBA), Germany

Concerns on short-chain PFASs — High mobility Regulation needs support from research:
Short-chain PFASs under REACH

» Short-chain PFASs can occur in raw

water and can therefore be found in | | - Umwelt
drinking water ¥y Bundesamt

* Short-chain PFASs cannot be eliminated
from water with the commonly applied
measures (e. g. Lundgren et al. 2014)

Potential exposure of humans via Examples:
drinking water * 18% of 85 Spanish tapwater samples

(Gellrich et al., 2013)

* 23% of 26 German tapwater samples
(Llorca et al., 2012)

* 86% of 7 tapwater samples from six EU
Countries (Ullah et al., 2011)

* 49% of 26 waterworks along the river
Rhine (Wilhelm et al., 2010)

See also presentation from
Michael Neumann on
persistent, mobile and toxic
(PMT) substances under
REACH




Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals

German Environment Agency (UBA), Germany

Concerns on short-chain PFASs — Enrichment in plants Regulation needs support from research:
Short-chain PFASs under REACH

» Plant uptake shown by several studies e.g. for wheat, maize, grass and vegetables
Umwelt

* Enrichment in edible parts of plants Bundesamt

» Benchmarking with PFOA: PFHxA higher uptake and higher transfer to edible parts
of plants

(Felitzeter et al. 2014, Krippner et al. 2015; Wen et al. 2014; Yoo et al. 2011)

Potential exposure of

humans via food

25
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A,

Perfluoroalkyl Acid Distribution in Various Plant Compartments of
Edible Crops Grown in Biosolids-Amended soils

Andrea C. Blaine,” Courtney . Rich,” Erin M. Sedlacko,” Lakhwinder S. Hundal,* Kuldip Kumar,”
Christopher Lau.§ Marc Al Mi]Is,# Kimberly M. Hnrris," and Christopher P. Higgins1'*
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Figure 2. Concentrations of PFAAs in greenhouse radish (a), celery (b), tomato (¢), and pea (d) grown in industrially impacted soil. Values for
tomato fruit are from a previous study.” Bars represent means and standard errors of five determinations. Values less than the LOQ are denoted by <;
LOQs for respective matrix and analyte are listed in SI Table S4 and Table S5.
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Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals

German Environment Agency (UBA), Germany

Concerns on short-chain PFASs — Exposure of organisms :
Regulation needs support from research:

Short-chain PFASs under REACH

= REACH criterion for bioaccumulation based on the bioconcentration factor is not
fulfilled (Martin et al. 2003) Umwelt

» Half-lives in organisms including humans range from a few hours to a few days (e. g. Bundesamt
Chengelis et al., 2009; Gannon et al., 2011; Numata et al., 2014; Russell et al. 2013)

* Binding to proteins (Bischel et al. 2011)
* Occurrence in humans (e. g. Lee and Mabury 2011)

= Unclear whether short-chain PFASs bioaccumulate

Sufficient exposure durations for
provoking adverse effects in

organism

Tomasz Trojanowski/Fotolia.com 27
Property of Arcadis, all rights reserved



Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals
German Environment Agency (UBA), Germany

Concerns on short-chain PFASs Regulation needs support from research:
Short-chain PFASs under REACH

" Persistent in the environment

Umwelt

" High mobility: Potential exposure of humans via drinking water Bundesamt

" Enrichment in plants: Potential exposure of humans via food
- Permanent and non-reversible exposure of organisms
" Exposure of organisms: Sufficient for provoking adverse effects in organism
What will happen in the long-term? Predictions needed!
- Background concentrations

- Effects on human health

Knowledge on uses and emissions needed

28



Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals
German Environment Agency (UBA), Germany

Regulation needs support from research:

Concerns on short-chain PFASs — Rastatt case in Germany Short-chain PFASs under REACH

* PFASs-polluted fertilizer Monitoring stations showing PFASs contamination

* 400 ha contaminated LR A el lB,mwdelt
g gl undesamt
agricultural area ? soil G Lot fezheim
e ‘ R Kupoen-
Baden -.‘-'
* Occurrence of short- and long- Wirttembecg | igelhein, oo & ST M Gaggenay
% ] "s eberstein
chain PFASs in soil and 2o
FRANKREICH i Baden-
groundwater 8o | B8R Sincheim  Baden <
holen .58 2

*  Enrichment of short-chain

Rheinmunster

Baden-Wirltembery

Lardireisgrenze

Stz
T

PFASs in plants

* Contaminated drinking water

Quedes Landhren RastattT A Z-Kaeshe

* 2 closed water works

* Agricultural production stop in
highly contaminated areas

* Remediation seems not
possible (technologies, costs,
responsibilities)

Source: Marc Rathman) fotolia.de
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Lena Vierke, Claudia Staude, Eva Fetter, Stephan Brendel, Annegret Biegel-Engler
Section IV 2.3 — Chemicals
German Environment Agency (UBA), Germany

Concerns on short-chain PFASs — Overview

Short-chain PFASs

Regulation needs support from research:

Short-chain PFASs under REACH
Persistent Representatives of European

Authorities agreed: properties are
of concern

(UBA-Workshop in October 2016)

* Based on read-across from long-chain PFASs
* Long-range transport and findings in remote
areas

Umwelt

Bundesamt

Mobility and exposure of organisms BUT non-classical combination of

* Potential to contaminate drinking water concerns so far not covered by

resources REACH
* Difficult to be removed from water
« Binding to proteins — regulatory activities under
* Non-negligible half-lives in organisms development
* Enrichment in plants - more scientific knowledge

Toxic would be helpful to

T —— eliminate data gaps http://reach-info.de/dokumente/short-

* Toxicity to humans to be assessed chain_workshop_summary.pdf

http://reach-info.de/dokumente/short-chain workshop summary.pdf

30
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Bayerisches Landesamt flr
Umwelt

Leitlinien zur vorlaufigen Bewertung
von PFC-Verunreinigungen in Wasser
und Boden

Stand: April 2017

57

Vorlaufiger

Stoff Schwellenwert | Summenbedingung
(SW) in pg/l

FPerfluornonansaure

PFNA 0,06

Perfluoroktansulfonsaure 01

PFOS '

Perfluoroktansaure

PFOA 0,1 :

Perfluorhexansulfonsiure 0.1 > (Chl SWp) = ;

PFHxS ' 1 \

FPerfluorhexansaure 50

PFHxA '

Perfluorbutansulfonsaure 50

PFBS '

Perfluorbutansaure

PFBA 10,0

Perfluordekansaure 0.1

PFDA '

H4-Polyfluoroktansulfonsaure 01

H4PFOS '

Perfluoroktansulfonamid 01

PFOSA ' J

Perfluorheptansulfonsaure 03 C

PFHpS '

Perfluorheptansaure 03

PFHpA '

Ferfluorpentansaure 30

PFPeA




Polyfluorinated Compounds -Precursors

Thousands of polyfluorinated precursors to PFAAs have
been commercially synthesized for bulk products

The common feature of the precursors is that they will
biotransform to make PFAA's as persistent “dead end”
daughter products

PFAS do not biodegrade i.e. mineralise
Some precursors are fluorotelomers

Some are cationic (positively charged) or zwitterionic
(mixed charges) —this influences their fate and transpor
in the environment

Cationic / zwitterionic PFAS tend to be less mobile than
anionic PFAAs and so can potentially be retained longer
in “source zones”

Environmental fate and transport will be complex as
PFAS comprise multiple chain lengths and charges

Property of Arcadis, all rights reserved
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Biodegradation of N-Ethyl Perfluorooctane Sulfonamido Ethanol N
EtFOSE) and EtFOSE-Based Phosphate Diester (SAmPAP Diester) in @ esign & Consultancy
Marine Seciments ° ‘ ’ ARCADIS i

Jonathan P. Benskin,*'* Michael G. Ikonomou,* Frank A. P. C. Gobas,' Timothy H. Begley,"

Million B. Woudneh,” and John R. Cosgrove CBFU\S//O
7w 0
SAMPAP diester * V\O\P/ )
F a s
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Precursors Biotransform to PFAAs In VIvo

Environ. Sci. Technt

]
Elucidating the Pathways of Poly-

and Perfluorinated Acid Formation in
Rainh Trout PFOS or PreFOS? Are perfluorooctane sulfonate precursors (PreFOS)
dinbow Irou important determinants of human and environmental perfluorooctane

. ) sulfonate (PFOS) exposure?
CRAIG M. BUTT,' DEREK C.G. MUIR,*

AND SCOTT A. MABURY*"' Jonathan W. Martin,** Brian J. Asher,”? Sanjay Beesoon,” Jonathan P. Benskin® and Matthew S. Ross”
Department of Chemistry, University of Toronto, 80 St. George
Street, Toronto, Ontario M55 3HG, Canada, and Environment
Canada, Water Science & Technology Directorate,

867 Lakeshore Road, Burlington, Ontario L7R 4A6, Canada
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Chemosphere 73 (2008) 1617-1624

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

Estimating the contribution of precursor compounds in consumer exposure to PFOS
and PFOA

Robin Vestergren?, lan T. Cousins**, David Trudel ®, Matthias Wormuth ®, Martin Scheringer

? Department of Applied Environmental Science (ITM), Stockholm University, Frescativigen 50, SE- 10691 Stockholm, Sweden
PETH Zurich, Institute for Chemical and Bioengineering, Wolfgang-Pauli-Street 10, 8093 Zurich, Switzerland

_ o 1 | . Several authors have
emphasized that there may be additional sources of human expo-
sure to these chemicals from precursor compounds including flu-
orotelomer alcohols (FTOHs), perfluoroalkyl sulfonamides
(PFO5As ) and amidoalcohols ( PFOSEs ) that are metabolized to form

PFOA and PFOS, respectively (Hagen et al.,, 1981; Seacat et al.,

2003; Tomy et al., 2004 Xu et al., 2004 Martin et al., 2005; Fasano
et al., 2006; Xu et al., 2006; Nabb et al., 2007).
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Diversity of PFAS Characterised in AFFF
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Zwitterionic, Cationic, and Anionic Fluorinated Chemicals in Aqueous

Film Forming Foam Formulations and Groundwater from U.S.

Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS

will J. Bac.l-ua,'r Thomas C. LTI;“,)',‘r and Jennifer A. Field®*

7153 Gilbert Hall, Department of Chemistry, Oregon State University, Corvallis, Oregon 973314003, United States

#1007 Agricultural and Life Science Building, D of Molecular and Envi 1 Toxicology, Oregon State University,
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AFFF
Composition

Precursors —— ~

Older ECF foams
contain precursors
to PFAA’s of
varying chain

lengths and PFOS

Zwitterionic, Cationic, and Anionic Fluorinated Chemicals in Aqueous
Film Forming Foam Formulations and Groundwater from U.S.
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS

(1089 ) ( 1993a ) ( 1993b) 1998 ) 2001
mg/L mg/L mg/L mg/L mg/L
PFBSaAm® 9 12020 180 140 110
PFPeSaAm® 8 140+ 1.8 180 140 110
PFHxSaAm® 189 660 + 8.1 850 743 690
PFHpSaAm ND 12 +0.40 15 30 24
PFOSaAm 9.9 62+1.1 75 67 37
PFBSaAMA® ND 140+3.1 120 110 150
PFPeSaAmA”® 4 200+ 6.3 170 140 130
PFHXSaAmA® ND 930+ 13 850 850 960
PFHpSaAmA ND 17 +0.16 17 34 44
PFOSaAmA® ND 72 £0.81 58 53 65
PFBS 380 220:2.0 160 210 250
PFPesS 210 12015 80 90 120
PFHXS 1700 910+ 14 760 850 900
PFHpS 410 120420 120 a3 140
PFOS 15000 8000 9300 6700 7900
PFNS 160 53 +0.97 56 9 27
PFDS 102 51+0.34 52 11 27
PFBA 37 24+0.48 35 31 38
PFPeA 47 36+0.14 52 43 48
PFHXA 170 99+ 1.1 110 a9 170
PFHPA 54 25+0.28 22 26 37
PFOA 150 83+13 93 86 170
PFNA ND ND ND ND ND
PFDA ND ND ND ND ND
PFUdA ND ND ND ND ND
PFDOA ND ND ND ND ND
PFTrA ND ND ND ND ND
PFTeA ND ND ND ND ND
PFS/PFA? 30 J 35 J [ 34 ) 28 ) 20 J
% Precursors 1.2 19.5 18.8 21.9 19.1
% PFOS 805 661 69.6 635 650
% Shorter Chain PFAAs 18.3 14.4 11.5 14.7 15.9
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AF F F 2005 2010 2002 2003 2009 NR®

Composition mg/L mg/L  mg/L mg/L mg/L mg/L
4:2 FtTAOS® 26 ND 25 ND ND ND
6:2 FtTAOS 6,100 11,000 4,900 ND ND ND
8:2 FtTAoS® 1,100 24 170 ND ND ND
4:2 FtS ND ND ND ND ND ND
100% Precursors 6:2 FtS ND ND ND 2 ND 53
8:2 FtS ND ND ND 19 ND 56
6:2 FITHN®  ND ND 2,200 ND ND ND
More recent foams 6:2FtSaB  ND ND ND 4,600 ND 4,300
contain fluorotelomers 8:2 FtsaB®  ND ND ND 540 ND 1,800
which are precursors 10:2 FtSaB'  ND ND ND 450 ND 830
to PFAA's of varying 12:2 FtSaB®  ND ND ND 210 ND 430
chain lengths but no 6:2 FtSaAm  ND ND ND 2,100 ND 3,400
PFOS or PFOA 8:2 FtSaAm®  ND ND ND 450 ND 720
S:1:2FtB ND ND ND ND 2,000 ND
7:1:2FtB ND ND ND ND 4,700 ND
9:1:2FtB  ND ND ND ND 1,900 ND
5:3 FtB ND ND ND ND 530 ND
7:3 FtB ND ND ND ND 610 ND
9:3 FtB ND ND ND ND 430 ND

Zwitterionic, Cationic, and Anlonic Fluorinated Chemicals in Agueous
Film Forming Foam Formulations and Groundwater from US,
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS

Property of Arcadis, all rights reserved
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Analysis by LCMSMS via EPA Method 537 or similar

* US EPA Method 537: Analysis for selected PFAS in drinking water

« 12 PFAAs and 2 Precursors;
— PFHxA, PFHpA, PFOA, PENA, PFDA, PFUA, PFDoA, PFTrA, PFTeA

— PFBS, PFHxS, PFOS
— N-EtFOSAA, N-MeFOSAA

* Method 537 has been adapted with more analytes to other media

« Up to 39 individual analytes (laboratory dependent)
« Groundwater with PFAS LODs ranging as low as 0.09 ng/L

* Availability of standards and other factors limit the number of PFAS that can be
measured with a single method

« Thousands of precursors and their transient metabolites makes synthesis of a
comprehensive set of standards unrealistic

Conventional analysis will not reflect total PFAS mass

Property of Arcadis, all rights reserved



Advanced Analytical Techniques 2 ARCADIS | G
Expanding analytical tool box to assess total PFAS

« Total oxidizable precursor (TOP) Assay
— Initial LC-MS/MS analysis with re-analysis following oxidative digest
— Detection limits to ~ 2 ng/L (ppt)
— Commercially available in UK, Australia, under development in US

« Particle-induced gamma emission (PIGE) Spectroscopy

— Isolates organofluorine compounds on solid phase extraction,
measures total fluorine

— Detection limits to ~ 15 ug/L ( ppb) F
— Commercially available in US

 Adsorbable organofluorine (AOF)

— Isolates organofluorine compounds with activated carbon and {, i
measures F by combustion ion chromatography '\ .
— Detection limits to ~ 1 ug/L (ppb) F vl-*:mw /
— Commercially available in Germany, Australia N o ’“"'L)_L"
. Time of Flight MS (LCQTOF) MS T
— ldentifies multiple precursors via mass ions capture and accurate mass 41
estimation (to 0.0001 of a Dalton) to give empirical formulae (e.g.
C1OF2103N2H4)

Property of Arcadis, all rights reserved



TOP Assay Applied to AFFF Formulations: Many

formulations appear PFAS-free until precursors are

revealed by TOP Assay

N
o

=
o1

o1

Concentration, g/L
[N
o

© Arcadis 2016

AFFF Formulations, Pre-TOPA

ECF, FT1, FT2, FT3, FT4
2001 2005 2002 2009 2003

FT = Fluorotelomer-based AFFF
ECF = Electrochemical Fluorination- based AFFF

mPFOS
m PFHpS
B PFHXS
mPFBS
m PENA

PFOA
m PFHpA

PFHXA
mPFPA
m PFBA

Concentration, g/L

AFFF Formulations, Post-TOPA

=i==
H B = B
ECF, FT1, FT 2, FT 3, FT 4,

2001 2005 2002 2009 2003

mPFOS
m PFHpS
m PFHXS
mPFBS
m PFNA

PFOA
m PFHpPA

PFHXA
m PFPA
m PFBA



Total Oxidizeable Precursor Assay (TOP)
Oxidation of Precursors to PFAAs with OHe

PFSA

Precursors

PFCA

Precursors

PFPA

Precursors

[

-

\_

Dilute
Sample
pH >12

)

85 °C 8 CTvei)

NaOH + K,S,04
e

OH-
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OH-

+ shorter PFAA

OH-

products

F
~ )'\ Y
- _ F 8 P
o Hg ©OH

Heat

27 N\ 250,

- H>11
OH k/ 5042- + OH -

S,0g

Approach described in Houtz
and Sedlak, ES&T, 2012
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Digest AFFF precursors and measure the  ARCADIS | ks

bD

hidden mass: TOP Assay

Microbes slowly make simpler PFAA's (e.g. \\\0 AWARDS

PFOS / PFOA) from PFAS (PFAA \\( 2016

precursors) over 20+ years ,,4,\1\ WINNER
. . C.r O o)

Need to determine precursor concentrations o d_ /(V

as they will form PFAAs 4 “"\—-\

Too many PFAS compounds and precursors M

—S0 very expensive analysis Q  Subsurface 20+ 9 —

_ _ _ CqFy;—S—NH Yearslater . /|LO- ; . /
Oxidative digest convert PFAA precursors to I sF1s Symblo
PFAA's ceF,,—lsl—o- c.,ﬁs\/\ﬁ Proudly AUSTRALIAN
Indirectly measure precursors as a result of 8 i:;_°'
the increased PFAAS formed Persistence of Perfluoroalkyl Acid Precursors in AFFF-Impacted TeSfAmeriCO

Groundwater and Soil
1 t Chyi i § - 1§ ’ ok
Erika F. Houtz, Lhnstopher P. Higgins,” Jennifer A. Field,” and David L. Sedlak’* THE LEADER IN ENVIRONMENTAL TESTING

Analytical tools fail to measure the hidden PFAS precursor mass, the TOP assay solves this

Property of Arcadis, all rights reserved



Environmental fate
and effects of poly-
and perfluoroalkyl

substances (PFAS)

Analysis

Prepared for the Concawe Soil and Groundwater Taskforce (STF/33):

JW.N. Smith (Chair)

B. Beuthe

M. Dunk . p—

S. Demeure sl & et~ WA =)
| —— | |

J M_M. Carmona -.I_“--f.f'l:l;-}t J J'x."“.'"'-.‘;"_l I'l_lll-'l '-E-'I \dd

A. Medve L . ETIET b :

M.J. Spence (Science Executive)

NICOLE

Prepared by ARCADIS:

T. Pancras e
(5. Schrauwen

T. Held

K. Baker

|. Ross

H. Slenders

While a range of standard methods are available for the analysis of PFSAs and
PFCAs, the quantitative analysis of other PFAS substances is often difficult due to a
lack of appropriate reference materials. To address this difficulty, analytical
techniques have been developed whereby PFAS are quantitatively oxidized to
fluoride (adsorbable organic fluorinated compounds (AOF) method), or a mixture of
PFSAs and PFCAs (total oxidisable precursor (TOP) method). The TOP method is
most sensitive, with a detection limit around 0,002 g/l range, vs 1 pg/l for AOF.



Total Oxidizable Precursor (TOP) Assay
Fire Training Area

Soil Composite Groundwater Composite

10,000 130 m PFNA (C9)
m PFNA (C9) —
D m PFOA (C8)
. m PFOA (C8) =
4 5 75% = PFHpA
"‘g 7,500 m PFHpA (C7) '-% 100 increase _ I(:,CFTI_)I .
- mPFHxA (C6) & ooy
kS 2 O I(DFF-zA (C5)
£ 5,000 240% m PFPA (C5) 3
§ increase = PFBA (C4) 50 m PFBA (C4)
c
S m PFOS (C8) = PFOS (C8)
2,500
m PFHpS (C7) . (F’gg)lxs
0
PFBS (C4
0 = PFHXS (C6) Groundwater Groundwater (C4)
Composite = Composite
Soil Composite Soil Composite PFBS (C4) Pre-TOP Post-TOP
Pre-TOP Assay Post-TOP Assay Assay
(Average of Assay (Average of (Average of
Duplicate Data) (Average of Duplicate Duplicate
Duplicate Data) Data) Data)

EPA Method 537 Underestimates the PFAS Mass
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Evidence of Remediation-Induced Alteration of Subsurface Poly- and
Perfluoroalkyl Substance Distribution at a Former Firefighter
Training Area

Meghan E. McGuire,” Charles Schaefer,* Trenton Richards, ~ Will I Backe,¥¥ Jennifer A. Field,*
Erika Houtz,"”ni David L. Sedlak," Jennifer L. Guelfo,” Assaf Wunsch,” and Christopher P. Higgins*

Buirp
-

Property of Arcadis, all rights reserved

a7



PFOS similar distribution to total PFAA-precursors

34000 pglkq

18500 pg/kg

= [‘ 75 pglL

- 9500 pglkg 85 pg/L

E 5000 pglkg | 5Spg/L

— - I 45 pg/L
Oft 150 ft 300 ft 450ft = 10 ugikg

35 pg/L
25 pglL
15 pgit
Sugll

Euy =

Evidence of Remediation-Induced Alteration of Subsurface Poly- and
Perfluoroalkyl Substance Distribution at a Former Firefighter
Training Area

Meghan E. McGuire,” Charles Schaefer,’ Trenton Richards, ~ Will J. Backe,*" Jennifer A. Field,*
Erika Houtz,"™ David L. Sedlak," Jennifer L. Guelfo,” Assaf Wunsch,” and Christopher P. Hig\uins"’:‘?
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PFOA and PFO
S .

A-precursor distribution

FNE

Evidence of Remediation-Induced Alteration of Subsurface Poly- and
Perfluoroalkyl Substance Distribution at a Former Firefighter
Training Area

Meghan E. McGuire,” Charles Schaefer,’ Trenton Richards, = Will J Backe,*" Jennifer A. Field*
Erika Houtz L. Sedlak" Jennifer L. Assaf Wunsch,” and Chri . Higgins*

Property of Arcadis, all rights reserved

49



pubs.acs.org/est Design & Consultancy
for natural and
built assets

Evidence of Remediation-Induced Alteration of Subsurface Poly- and
Perfluoroalkyl Substance Distribution at a Former Firefighter
Training Area

Meghan E. McGuire, ¥ Charles Schaefer,¥ Trenton Rnlnrds ~ Wwill l Backe, ¥ Jennifer A. Field,*
Erika Houtz,"" David L. Sedlak," Jennifer L. Guelfo,” Assaf Wunsch, and C hristopher P. Higgins*"

Possible explanations for the eastern source
area:

 There is a secondary source to the east but
surficial soils have been replaced

* Prior aerobic bioremediation in western
source / plume targeting hydrocarbons, in the
existing source enabled biotransformation of
PFAA precursors

Conclusions

«  Simply looking for PFCAs and not employing
the TOP assay would obscure the actual
potential for PFCA contamination

50
Property of Arcadis, all rights reserved



Aerobic Biotransformation Funnel —Precursors converted to PFAAS

BIOSOLIDS
LAND APPLICATION

LANDFILL All Polyfluorinated/
FIRE TRAINING FﬁA(JUT'ES. PEAA Precursor
FIRE STATIONS; C dsi
REFINERIES; DEFENCE SITES; -y ompounasin
LARGE RAIL YARDS; MANUFACTURERS OF Commerce
COMMERCIAL AND DERIVATIVE PRODUCTS:
PRIVATE AIRPORTS CARPETS; CLOTHING; ETC
0 '\\v
( \
/ Hundreds of Common
Intermediate
Transformation
Products
. v
Biodegradation of PFAS is 4
not observed, PFAA precursors
biotransform to produce PFAASs
as dead end daughter products .
that exhibit extreme persistence Approxmately 25
PFSAs, PFCAs, PFPASs
- collectively termed
PFAAs

25 COMMON PERFLUORINATED
COMPOUNDS
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Conceptual Site Model




PFAS Source Zones, a CSM . S
2 ARCADIS s
1o

N~ Source Zone - Hidden Cationic and Zwitterionic Precursors

Less mobile as bound via ion exchange to negatively charged fine grain soils Direction of groundwater flow
(e.g. silts & clays). Precursor biotransformation is limited by the anaerobic redox
conditions created by the co-occuring hydrocarbons. ﬁ
Anionic precursor biotransformation
increases as aerobic conditions develop
Hydrocarbon NAPL Short hydrocarbon plume v / \

Hidden anionic mobile PFAA
precursors

(]
I

" °F Anionic PFAA
°  dead end
ers C‘8
I
I

c\-s-o

erfluoroalkyl chain PFAS
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(1989 ) ( 1993a ) ( 1993b) ( 1998 ) 2001
AFFF mg/L mg/L mg/L mg/L mg/L
PFBSaAm*® 9 120+2.0 180 140 110
CompOSition PFPeSaAm® 8 140+18 180 140 110
PFHxSaAm® 189 660 + 8.1 850 743 690
PFHpSaAm ND 12 +0.40 15 30 24
PFOSaAm 9.9 62+ 1.1 75 67 37
OIder_ECF f(_)ams PFBSaAmA® ND 140 +3.1 120 110 150
contain relatively PFPeSaAmA® 4 200 + 6.3 170 140 130
mobile anionic PFOS PFHxSaAmA® ND 930 +13 850 850 960
- " S PFHpSaAmA ND 17 +0.16 17 34 44
In ?‘ddl.tlon cationic / PFOSaAmA® ND 72 +0.81 58 53 65
zwitterionic precursors PFBS 380 22020 160 210 250
to PFAAs which to PFPeS 210 120+15 80 90 120
which will be less PFHxS 1700 910 + 14 760 850 900
) . PFHPS 410 120+2.0 120 93 140
mOb”_e and potentially PFOS 15000 8000 9300 6700 7900
remain in the source PENS 160 53 +0.97 56 9 27
area longer. PFDS 102 | |51:034 52 11 27
PFBA 37 24 +0.48 35 31 38
PFPeA 47 36+ 0.14 52 43 48
. . PFHxA 170 99+ 1.1 110 99 170
Biotransformation PFHPA 54 25+0.28 22 26 37
induces Charge PFOA 150 83+1.3 93 86 170
switching, such that ﬁi‘;i xg :g :g :E :B
less mobile precursors PEUAA ND ND ND ND ND
create more mobile PFDOA ND ND ND ND ND
PEAAS PFTrA ND ND ND ND ND
PFTeA ND ND ND ND ND
PFS/PFA® (30 J 35 ] (U3 J U 28) 20
o S st i S T 12 82 97 106 60
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS % Anionic 98.8 80.5 81.2 78.1 80.9
Wi Rk Thna C. D Jomer A. Pk % Zwitterionic 0.0 12 91 112 1.1
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2005 2010 2002~ 2003 2009 NR®
mg/L mg/L mg/L mg/L mg/L mg/L
AFFF 4:2 FtTAoS® | 26 ND 25 ND ND ND
L 6:2 FtTAoS | 6,100 11,000 | 4,900 ND ND ND
Composmon 8:2 FtTAoS® | 1,100 24 170 ND ND ND
More recent 4:2 FtS ND ND ND ND ND ND
fluorotelomer foams 6:2 FtS ND ND ND 42 ND 53
contain only precursors 82FtS | ND ND ND 19 ND 56
Wh.'Ch. can b_e mixiures of 6:2 FtTHN* | ND ND 2,200 ND ND ND
anionic, cationic and
Zwitterionic species so 6:2 FtSaEiI ND ND ND 4,600 ND 4,800
will potentially have 8:2 FtSaB d ND ND ND 540 ND 1,800
highly variabie fate and 10:2 FtSaBd ND ND ND 450 ND 830
transport characteristics 12:2 FtSaB’ | ND ND ND 210 ND 430
depending on the 6:2 FtSaAmE ND ND ND 2,100 ND 3,400
formulation. 8:2 FtSaAm®| ND ND ND 450 ND 720
5:1:2FtB | ND ND ND ND 2,000 ND
7:1:22FtB | ND ND ND ND 4,700 ND
Biotransformation of less 9:1:2FtB | ND ND ND ND 1,900 ND
mobile precursors 5:3 FtB ND ND ND ND 530 ND
induces charge switching 73FtB | ND ND ND ND 610 ND
to more mobile PFAA'’s. 9:3 FtB ND ND ND ND 430 ND
L J L J L J \. J — —
% Cationic 0.0 0.0 30.2 30.3 0.0 34.1
% Anionic 100.0 100.0 69.8 0.7 0.0 0.9
% Zwitterionic 0.0 0.0 0.0 69.0 100.0 65.0

Zwitterionic, Cationic, and Anionic Fluorinated Chemicals in Aqueous
Film Forming Foam Formulations and Groundwater from U.S.
Military Bases by Nonaqueous Large-Volume Injection HPLC-MS/MS
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Geochemical and Hydrologic Factors Controlling Subsurface
Transport of Poly- and Perfluoroalkyl Substances, Cape Cod,

Massachusetts

Andrea K “if‘ul'eber,f Larry B. B;n‘l:)er,i Denis R. LeBlanc,ﬁ Elsie M. Sunderland,%'#

and Chad D. Vecitis*

ABSTRACT: Growing evidence that certain poly- and
perfluoroalkyl substances (PFASs) are associated with negative
human health effects prompted the U.S. Environmental
Protection Agency to issue lifetime drinking water health

A ARCADIS

Environ. S5q. Technol 2017, 51, 42694279
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advisories for perfluorooctanoic acid (PFOA) and perfluor-
ooctane sulfonate (PFOS) in 2016. Given that groundwater is
a major source of drinking water, the main objective of this
work was to investigate geochemical and hydrological
processes governing the subsurface transport of PFASs at a
former fire training area (FTA) on Cape Cod, Massachusetts,
where PFAS-containing aqueous hlm-forming foams were used
historically. A total of 148 groundwater samples and 4

sediment cores were collected al::-ng a lEDD—m-long down-

gradient transect originating near the FT'A and analyzed for

PFAS content. The results indicate that unsaturated zones at the FTA and at hydraulically downgradient former domestic
wastewater effluent infiltration beds both act as continuous PFAS sources to the groundwater despite 18 and 20 years of
inactivity, respectively. Historically different PFAS sources are evident from contrasting PFAS composition near the water table
below the FTA and wastewater-infiltration beds. Results from total oxidizable precursor assays conducted using groundwater
samples collected throughout the plume suggest that some perfluorcalkyl acid precursors at this site are transporting with

PFAA Precursors
Groundwater Flow —>

PFAAs and Low DO

perfluorcalkyl acids.
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Sorption of Poly- and Perfluoroalkyl
Substances (PFASSs) relevant to
Aqueous Film Forming Foam (AFFF)- ,
impacted Groundwater by Biochars ~ Results: PFASs present in water supply
and Activated Carbon

1 R0000

Xin Xiao, Bridget A. Ulrich, Baoliang Chen, and ol 6 ETS | * PFASsonly observed in ESI-
Christopher P. Higgins ol OTEE|PEOS LC-QToF-MS analysis

chiggins@mines.edu |:nnuu:- . 30 PFASS Dbsewecj USIHQ
L] S HRMS library and/or

authentic standards

— 5 perfluorocarboxylates (C4-C8)

— & perfluorosulfonates (C3-C8)

— 2 fluorotelomer sulfonates (4:2 & 6:2)

June 21, 2017

COLORADO MINES 8
EARTH @ ENERGY & ENVIRONMENT

Intensiiy

HO000 -

SO =

20000 =

]

D2 4 6 E 10 11_14 16. 1§ 20 — 4 perfluoroalkyl sulfonamides (C3-C6)
Time (min) — 11 recently discovered polyfluorinated
PFOS: 33 pg/L PFASs

PFOA: 11 pg/iL — 2 PFOS-like derivatives

Other PFASSs are likely present in AFFF-
Impacted drinking water supplies

57
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Environment International 74 (2015) 160-169

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Estimating human exposure to PFOS isomers and PFCA homologues: The

relative importance of direct and indirect ( precursor) exposure
Wouter A. Gebbink *, Urs Berger, lan T. Cousins

Department of Applied Environmental Science ([TM ), Stockholm University, SE 10691 Stoc kholm, Sweden

WA, Gebbink et al / Emvironment International 74 (2015) 160-169
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Exposure pathways:
dust, air, diet, water

PFAA exposure Human uptake Precursor exposure

PFOS Biotransformation FOSA MeFOSAA MeFOSE

PEBA ‘ MeFOSA EtFOSAA  EtFOSE

PEHXA EtFOSA

::ig: Direct exposure | Indirect exposure

PEDODA FTOH diPAP
PFOS 42 42/42 8:2/82
PEBA Eiz 4i2fﬁi2 B:IEMU:IE
PEHXA 3.:2 E:EIE:E 10:2,510:2
PEOA 10:2 ﬁ.zfs.g 10:2/12:2
PEDA 12:2 6:2/10:2
PFDoDA

Fiz. 1. Schematic of direct and indirect ( precursor) exposure pathways for PFOS and PFCAs,
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Sorption of Poly- and Perfluoroalkyl Substances (PFASs) Relevant to
Aqueous Film-Forming Foam (AFFF)-Impacted Groundwater by
Biochars and Activated Carbon

Xin Xiao,"*¥ Bridget A. Ulrich,* Baoliz ang C hen,”*® and Christopher P. Higgins™*"*
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@ Know your environment. MAPPING A CONTAMINATION CRISIS
=/

Protect your health. . R . i
PFCs Pollute Tap Water for 15 Million People, Dozens of Industrial Sites

The known extent of the contamination of U.S. communities with PFCs — hughly fluorinated toxic chemicals, also
EARCH known as PFASs, [ that have been linked to cancer, thyroid disease, weakened immunity and other health problems
— continues to expand with no end n sight. New research from EWG and Northeastern Umiversity in Boston details
PFC pollution in tap water supplies for 15 million Americans in 27 states and from more than four dozen industrial
and military sources from Maine to California.

Home > Research > Mapping a Contamination Crisls

MAPP' ( i A : EWG and the Social Science Environmental Health Research Institute at Northeastern collaborated to produce
an interactive map that combines federal drinking water data and information on all publicly documented cases of

CO NT AM I N ATI O N PFAS pollution from manufacturing plants, military air bases, civilian airports and fire training sites.

CRISIS

PFCs Pollute Tap Water for 15
Million People, Dozens of
Industrial Sites
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DEVELOPMENT AND PRACTICALITY: PFAS TREATMENT
TECHNOLOGIES FOR SOILS

= Stabilization
£
Q- .
[ Ex Situ
S Thermal
2 AOP/
— ARP*
o
o
3 Soil
N = Washing
= Ball
£ Milling
O
u% *AOP/ARP: Advanced oxidation processes/advanced reduction Erocesses

Not Viable Range of Practicality Feasible
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DEVELOPMENT AND PRACTICALITY: PFAS TREATMENT
TECHNOLOGIES FOR GROUNDWATER

o - Activated
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g RO/NF* Carbon
+— lon
S Electrochemical
= Oxidation
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=
> Flocculation/
Qo Electrocoagulation
©
o i
Polymeric
S AOP/
N < _Injecting_ AC ACERREINE
c into Aquifers
Q Photolysis
lg y
o Enzymes *AOP/ARP: Advanced oxidation processes/advanced reduction processes
o *RO/INE: Reverse Osmosis/Nanofiltration >

Not Viable Range of Practicality Feasible
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built assets

PFAS do not biodegrade (mineralise) but biotransform to PFAAs as
dead-end daughter products

Regulations surrounding PFAS are evolving with lowering drinking
water standards and a focus on increased interest in additional
PFAAS

PFAA precursor mass and multiple PFAAs likely accompany PFOS &
PFOA in sources and plumes —depending on exact nature of source
material

Analysis of just PFAA’'s may significantly underrepresent the actual
PFAS mass

Technologies are evolving for ingenious remediation approaches
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“report

Environmental fate
and effects of Poly-
and Perfluoroalkyl

Substances (PFAS)

Download at:

https://www.concawe.eu/publicatio
ns/558/40/Environmental-fate-and-

effects-of-poly-and-perfluoroalkyl-
substances-PFAS-report-no-8-16
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