& o,

R, @)

<k A

o \af =
w s T
i/

Vi s s"‘p
Stockholm
University

An Overview of the Problem
with PFAS

Ian T. Cousins

Department of Environmental Science,
Stockholm University, Sweden

Nordic Conference on PFAS Substitution, World Trade Center,
Stockholm, Sweden, 2 September 2024



&a?ﬁb
W W !;@é
W' g

/‘//7 * S\ﬁ/\

What are PFAS? fein

NERS/)
X

Q
OpyD

e Buck et al. (2011) - first class definition

— PFAS = “the highly fluorinated aliphatic substances
that contain 1 or more C atoms on which all the H
substituents ... have been replaced by F atoms, in such a
manner that they contain the perfluoroalkyl moiety
C.F>,+1—" (has to contain at least -CF;)

e OECD: broader definition

- “...the fluorinated substances that contain at least one fully
fluorinated methyl or methylene carbon atom...” i.e.
substances are PFAS that have at least one -CF,- or -CF;
moiety in their structure
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e Many thousands of structurally diverse PFAS in use in

society

— polymers & non-polymers; neutral, anionic, cationic &
zwitterionic; solids, liquids & gases; reactive & inert; soluble
& insoluble; volatile & involatile; mobile & immobile;
bioaccumulative & non-bioaccumulative; highly toxic and

relatively non-toxic

— We don't know properties, toxicities etc. for most of
them
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Volatile neutral PFAS Stockholm
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= Perfluoroalkanes (PFCs), perfluoroethers and perfluoroalkylamines
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CAS No. 358-21-4

CAS No. 355-04-4 CAS No. 335-27-3

= Certain hydrofluoro-carbons (HFCs), -ethers (HFEs) and -olefins (HFOs)

CAS No. 1547-26-8

CAS No. 15290-77-4 CAS No. 297730-93-9



Involatile anionic PFAS

e Per- and polyfluoroalkyl acids (PFAAs)
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Per- and polyfluoroalkylether acids
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Fluorinated polymers Stockholm

Fluoropolymers (e.g. PTFE) (F in the backbone)

— high molecular weight, stable, inert, insoluble, involatile,
immobile, do not cross biological membranes, low

leachables

e Side-chain fluorinated polymers (as used in textiles,

carpets, food packaging)
— non-fluorinated co-polymer backbone with fluorinated side

chains
CF
— leachable PFAS, stable? R cH,
(CHa)z (CHy),

O
]

¢
=0 =0 cl, o
. -[-CH-CHQHCH-CHQ%—FC-CH?} .
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And many more: pesticides
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Perflubron Enflurane Alpelisib Gemigliptin
CAS No. 423-55-2 CAS No. 13838-16-9 CAS No. 1217486-61-7 CAS No. 911637-19-9
E F G H
F CF;3 0 .
F —
¥ : ‘ . (l’ ‘ N
¥ , 0
; - e P RCE, CFR)R™ - | |
¥ CFs-CrFas-, n22 R, R, R" do not equal *H
CF
Perflexane Perflutren Fluoxetine (Prozac) Atorvastatin (Lipitor)
CAS No. 54910-89-3 CAS No. 134523-00-5

CAS No. 355-42-0 CAS No. 76-19-7
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— perfluoroalkyl carboxylic acids (PFCAs), C F, , -COOH Nemenclature including acronyms well covered by Buck et al. (zom1)

|— perfluoroalkane sulfonic acids (PFSAs), CoFansSO;H Momenclature including acronyms partially covered by Buck et al. (zom)
ic aci C lature includi t

|— perfluoroalkyl phosphonic acids (PFPAs],'.’_"FZI,‘H—POSH2 ommon nomenclature including acronyms exists

— Indicating that it is a synthesis pathway, instead of examples

|— perfluoroalkyl phosphinic acids (PFP1As), (C_F, . )(C, F, . }-POH
perfluoroalkyl acids (PFAAS; I Text Polymeric PFASS
— including perfluoroalkylether —— perfluoroalkylether carboxylic acids (PFECAs),e g C,F;"C,F,OCF,COCH
acids, PFEAAS) Note: This figure is intended to be comprehensive, but not exhaustive; in other words, there are
|— perfluoroalkylether sulfonic acids (PFESAs),e.g. CgF3CCF,CF,SOH ather groups of PFASs that are not captured in this figure.

It is recommended that polyfluoroalkyl acids use the acronym PolyFAA to better distinguish from

[— perfl Ikyl dicarboxylic acids (PFdiCAs), HOOC-C _F, -COOH
perfluoroalkyl dicarboxylic acids (PFdiCAs). man perfluoroalkyl acids. Depending on the fluerination degree and location, polyflucroalkyl carboxylic

|— perfluoroalkane disulfonic acids (PFdiSAs), HOS-C F, -50.H acids may either be highly persistent themselves, or act as precursors to other PFAAs such as
PFdiCAs, under natural conditions
*— perfluoroalkane sulfinic acids (PFSIAs), C, F,, . SO,H Strictly speaking, these substances are not fluorotelomers, as they are not derived from the
telomerization process. Despite this, they are termed here “n:1 fluorotelomer-based” substances for
s vl acid polyfluoroalkyl carbexylic acids (PFCAs or PolyFCAS), e.g. H-C,F, -COOH, n>1 readability. Future work may consider to identify more proper terminclogy for this group of PFASs.
po yﬂuorog ky acids Depending on the type of linkages between fluorinated side chain(s) and aromatic ring(s), some
(Polyrans; including polyfluoroalkylether carboxylic acids (PFECAs), e.g CF;0C;FgCHFCF,CO0H side-chain fluorinated aromatics may act as precursors to PFAAs or PFEAAs.

polyfluoroalkylether acids, )
Depending on the molecule structure, one may belong to PFAAs, PolyFAAs, PFAA precursors, or

PolyFEAAs) lyfluoroalkylether sulfonic acids (PFESAs), e.g. CICF,,OCF,CF,50.H
polyfl ey ( he g CICeF,0Ch,CF, 3 other groups that are not described here.
— n:1 fluorotelomer alcohols, C F, . .CH,OH n:1 fluorotel -based substances, C_F,_.,CH,-R side-chain fluorinated polymers
e g (meth)acrylate, urethane or
|— perfluoroalkanoyl fluorides (PACFs),C F, . .COF PACF-based substances,C_F, . CO,-R oxetane polymers, silicones
PFASs — |— perfluoroalkyl iodides (PFAIs),C F, I —~ n:2 fluorotelomer-based substances,C F, . .CH CH_R non-polymers
|— perfluoroalkane sulfonyl fluorides (PASFs), C, Fansy50-F —— PASF-based substances,C F,  50,-R R = NH, NHCH,CH,OH, etc.

|— perfluoroalkylether non-polymers, e g. C"F9 CZF4 CZF" CF,-CH,OH, CAS No. 317817-24-6

— PFAA precursors —&— perfluoroalkylether side-chain fluerinated pelymers

perfluoroalkene derivatives,e.g

m>3) " [(CF,),CF],C=C(CF,)OCH,50,Na). CAS No. 70829-87-7

[— perfluoroalkenes (C F,

I— semifluorinated alkanes (SFAs),C F, -C H

4 Cm' 2mH

hydrofluorocarbons (HFCs,e.g.C F, . .-C_ H, ),
hydrofluoroolefins (HFOs, e.g.C, F, . ,-CH=CH,) that have a perfluoroalkyl chain

hydroflucroethers (HFEs, e.g.C,F C H

e Tm zm+|)'

41

|— perfluoroalkyl (e.g.C_F, . .C(O)C_F, .)and semi-fluorinated ketones (e.g.C_F, . C(O)C_H, )

“— perfluoroalkyl alcohols (C,F,, , OH),eg.(C F3}3C-OH, CAS No.2378-02-1

— fluoropolymers (FPs) polytetrafluoroethylene (PTFE)

|— perfluoropolyethers (PFPEs), e g HOCH_ O-(C, F, O] -CH OH polyvinylidene fluoride (PVDF)

|— side-chain fluorinated aromatics’*", e g.C F, , -aromatic rings fluorinated ethylene propylene (FEP)
— other PFASs —— perfluoroalkanes (C F,, ..) perfluoroalkoxyl polymer (PFA)

|— perfluoroalkyl-tert-amines {CnFZM‘)sN Other FPs

oc_F, ..

wFaniOCmFama

|— perfluoroalkylethers (e g C

— others



So how many PFAS are there? It
depends on how you count...

>7 million on PubChem database

— many only listed in patents
ca. 14 000 in US EPA list
ca. 10 000 in PFAS Restriction Proposal

1 670 with identified uses
— Gluge et al. (2020) plus PFAS Restriction Proposal

531 are REACH registered (>1 tonne/a)

Stockholm
University



Global Production of PFAS

Application ar
Cooling
Textile & leather
Electrical & electronic equipment
Cleaning products
Pesticides
Food packaging
Oil & gas industry
Pharmaceuticals & medical devices
Automotive
Fire-fighting

Industrial manufacturing

0
&9 m—>- Hydrofluoric acid (HF)
0

4’0 + S‘ﬁ
Stockholm
University

tonnes/year (DY 100,000s t/ 10,0005 t/a up t0 10005 t/a . Unknown
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Fig. 1. Non-exhaustive summary of PFAS manufacturing, from production to consumer use.
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Uses of PFAS?
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More than 200
uses identified
for more than
1400 PFAS
Polymers
dominate uses

W Non-polymers
B Polymers

Substances in

Preparations In Nordic countries (SPIN) database)
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e Major characteristics of perfluoroalkyl moieties:
- high thermal and chemical stability due to the strength
of C-F bond
- hydrophobic and oleophobic nature

e Especially useful as:

— Fluorosurfactants

e can lower the surface tension of water to 16 mN/m
(half that compared to hydrocarbon surfactants)

- Surface protectors

e very low surface energies compared to hydrocarbon-
based or silicone polymers, simultaneous water and

oil/stain repellence



PFAS uses and alternatives database

e Database divided per use
category of PFAS

e For each use category:

— List of applications of PFAS
along with the technical
function, end use function
and service function

— List of PFAS substances
identified as being used for
each application

— List of identified potential
alternatives to PFAS for
each application

Uses

Sub-uses

Applications

— Functions

— End-uses

— Services

PFAS
1

Stockholm
University

L 72 »
Fluorinated gases Food contact material
Propellants = ]
Foam blowing [~ -~ .
agents 9 Packaging
Refrigeration
and heat pumps Cockware
Industrial Industrial food and
refrigeration feed production
equipment
Domestic and
. commercial heat I—
Domestic umps Consumer
refrigeration pump cookware
Heat transferring Heat transferring Corrosion Waterproofing
agent agent inhibitar agent
Remove heat Provide heat Resistant to Water, oil and
from a space to a space harsh chemicals grease
repellency
Preservation of Increase " .
goods in cool temperature in Facilitate cleaning
temperature a building
(e.g. food in

refrigerator, freezers)

Alternatives

Facilitate cleaning

Improve
durability

Prevent food
from sticking
during cooking
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Published in 2015

Signed by 250 scientists from 38 countries

Production and use of PFAS should be limited

But are all PFAS problematic?

— they have diverse properties, right?
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e All PFAS are very persistent (vP) (EU REACH)

- they are either non-degradable or transform into stable
terminal transformation products

- they are all extremely P with no environmental
degradation observed, due to C-F bonds

e Continual release of high P chemicals results in
increasing levels and increasing probabilities of known
and unknown effects. Exposure poorly reversible



Problems with high persistence

® 2009 PFOS in

! Discovery of problem
—— e — e m s ———— Stockholm Convention
Production Ongoing use Ongoing presence '
and use in some countries  in the environment ! 2017 PFOA in
2001 Stockholm Convention
Giesy & Kannan
L @ PFAS restriction in EU
PFAS
! @ 1988 MARPOL . o
1972 International Convention for @ UN is considering
i i : global action
Carpenter and Smith the Prevention of Pollution from Ships -
®
Plastics
!
1974 @ 1987 2010
Molina &.Rowland Montreal Protocol End of use in developing countries
! @ 2004 @ 2028
1969 End of Stockholm Convention Environmentally sound
Jensen et al 5 management under
® PRSI Stockholm Convention
National bans
!
1962 2004
Silent Spring Stockholm Convention
4 National bans
| | | | | | | | |
| I ] | | | 1 1 I >

1990 2000 2010 2020 2030

1950 1960 1970 1980
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TFA the “poster child” for the %tr?i%lé?s?il{?
problem with high persistence

10000000 - 1
1000000 - TFA . .
10 3 9 concentrations in
2 2 . -
10000016 ‘ ; different media
10000 A - before 2010 (in
27 4 3
000 | 8 11 : green) and after
PR I i 2010 (in red).
100 -
10 -
1. @)

L D S S S W w oo = = g T e~ =~
§ £ 82 § o & & ¢ © o E £ 5 B T § F 5 @
;momammmmmhmgm T ©O0o o = F
W o 0o o z z ® z £ © 2 E E 5 © © © -
sECS i E i T2 e
s L = & s 2 5 2 8 s < 3 & =T 3 F’-/\
8 g 3 3 38 ¥ = 8 - E 5 2 3 ~
a = L o = 3%3 S O &
4 a 2 I A o
o 0 |
| @
2
\ A ] = F
I Y <
ng/L ng/gqyy pg/m?

TFA - trifluoroacetic acid
uMAX pre-2010 = MAX post-2010 @MEAN pre-2010 @ MEAN post-2010



Sources of TFA?

Many “precursors”
— refrigerants, pesticides, pharmaceuticals and other industrial

chemicals

— HFO-1234-yf, used as refrigerant, is a notable precursor

— emissions of HFO-1234-yf projected to increase by factor of
7 between 2020 and 2050

Destructive treatments of PFAS can also be a source of
TFA (e.g. oxidation, incineration, electrolysis).

Emissions hotspots include AFFF-contaminated sites,
landfills and fluorochemical production facilities.

Stockholm
University
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Are all PFAS of concern? %%’iilé?é’iltr{)

e Understand the toxicity (T) of about 4 PFAS well i.e.
PFOS, PFHXS, PFOA, PFNA

— l.e. increased cholesterol, reduced vaccination efficiency
In children, reduced duration of breastfeeding, kidney and
testicular cancer, decreased liver function, type 2 diabetes,
osteoporosis, reduced birthweight, etc., etc.

— less focus on ecotoxicology, but increasing

e PFAS with longer perfluoroalkyl chains are
bioaccumulative (B)

e Some replacement PFAS are mobile (M) and toxic (T)
(e.g. HFPO-DA/GenX)



Q)\

s,
)

R

NERS/

2,
/1//7 -‘}-S\ﬁ

Not all PFAS are bioaccumulative tsj‘i%’i‘i}é?é’il{?
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Long-chain perfluoroalkyl acids are bioaccumulative

S W, 0\ ,OH
Oy OH O OH Oy OH o OH Se

F F
PFPrA F %
(3  PFBA e
(4) PFPeA
(5)  pFHxA .
(6)" PFHpA
(7)
PFDA
(10) Pl:_ﬂ’;A PFDoA
(12)
( ’

Not Bioaccumulative Bioaccumulative



Bioaccumulation in humans Stockholm
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PFAS accumulation in humans

PFOA and PFOS in human
serum

On average, serum concentrations of PFOA and
PFOS in general populations from the US and
European countries appear to be below 10 ng/mL
(CDC & EFSA).

However, people living in areas with point sources
and those who work with PFAS, have blood
concentrations 100s to 1000s times higher than
concentrations of those in the general population.

Exposure from food, drinking water, dust and consumer products

Significant fraction of organofluorine in human blood which is unexplained!



Mobility (M): a new regulatory paradigm fein

e Protects drinking water sources

e If chemicals vP and vM, or P and M and T then
considered inherent hazards
— New hazard class for CLP regulation, 20 April 2023.

e M in soil and water assessed by sorption to organic
matter

— organic carbon-water partition coefficient: K¢
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Are fluoropolymers a problem?

e Fluoropolymers (e.g. PTFE)

— high molecular weight, stable, inert, insoluble, involatile,
Immobile, do not cross biological membranes, low leachables

e Emissions during lifecycle
— emissions of known and unknown PFAS during manufacturing

— emissions of low molecular weight PFAS during incineration



Conclusions

e High persistence underlying driver of Nordic and global
PFAS problems
— driver for ubiquitous, long-lasting presence

e Continuous release will lead to accumulation somewhere
in the environment until some known or unknown effect

threshold is exceeded

e Solutions are:
— Use of PFAS limited to so-called “essential uses”

— Safe and Sustainable by Design (SSbD) principles to
design/use less persistent and safer alternatives
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