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e Brief introduction to PFAS, and PFAS in the atmosphere
e Theory: why are PFAS enriched on sea spray aerosols?
e |Laboratory chamber experiments

e Field evidence for sea spray aerosol transport of PFAS

— Air sampling
- Surface media and deposition samples

- Groundwater data

e Conclusions

e Implications
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Brief introduction to PFAS
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Perfluorooctanoic acid - PFOA F EF EFEFF
Perfluorooctane sulfonate - PFOS
Tail Head

PFOA and PFOS are persistent, bioaccumulative and toxic

Listed on Stockholm Convention..



Properties versus chain length

(8) o)  PDA F FF
(10) PIEEI;A PFDoA
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More hydrophobic/bioaccumulative/less mobile

More surface active
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Volatile and Semi-Volatile Precursors

D cH, D CH.
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Perfluoroalkyl
sulfonamido ethanols

Perfluoroalkyl sulfonamides

Fluorotelomer alcohols
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e >4 PFAS (PFOS, PFHXS, PFOS, PFNA) < 2 ng/L

e These 4 PFAS no longer used (apart from PFOA in Asia)

o All still present in the environment and will cycle in the hydrosphere
indefinitely

C . - _ B Fluoropolymer plant Guideline close to

1000.00 1 PFAS in rain Urban b 1 t
— ambient rainwater

B Remote levels

100.00 4 }
10.00 5 ‘ |

Danish drinking water guideline
1.00 4

Sum 4 PFAS (ng L™1)

o PFAS af te breken /W
\ fr\\l\ﬂ““ e o
Forever cnemlcals are raining down ay

0.10 4
’l.\( mnlnlun regnvatenet en hilsorisk o €2 “ Ovef the world
2 > "b,'

0.01 -
o (K
o P A -“"tem

& 2.0 a~ \w‘ 0@*(: . n

~o\° 6‘ <~‘ & ‘“‘,m\ct‘;\,v\“ """‘“mt x!am sl

" G an s

T
Tan
‘Qo,,w ea;, s

An PFAS
ﬂ""rb:, 9‘”—13,‘, “e‘s F‘s e\ s ﬁ\n\“g fwo nd el’mk PFAS Z'“

a overal ter wereld in 5\5

e aet
a2, WAV Hoy, safe js 7% ' bijna
OO e 1O rinj jarwater ‘w(ev
e“w qu E @ @ % eye"”a,::"’\;:,u v\": o "‘ F«—T“"‘ w0 w‘:;\“m g
chemicals’ Fag iy p-- ~ e s,

| Perspective | reve S ean
pollution: F‘? d safelevels ;o ws >~k ‘At s Unsafe To |
in rain nwater € e 3 ntarctica
i 5

e ao s
e [N fomd - e
FOA 34 o~ A 0 g "““\ ‘«m

) e vt 1 4\‘,.-\ ,m

Outside the Safe Operating Space of a New Planetary Boundary for S TROA X pmien feama T
Per- and Polyfluoroalkyl Substances (PFAS) e

Ian T. Cousins,* Jana H. Johansson, Matthew E. Salter, Bo Sha, and Martin Scheringer
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PFAS time trends in atmosphere stable
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Atmospheric Environment 172 (2018) 65-73
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Assessing temporal trends and source regions of per- and polyfluoroalkyl
substances (PFASs) in air under the Arctic Monitoring and Assessment Grinte
Programme (AMAP)

Fiona Wong®", Mahiba Shoeib”, Athanasios Katsoyiannis”, Sabine Eckhardt®, Andreas Stohl®,

Pernilla Bohlin-Nizzetto®, Henrik Li?, Phil Fellin®, Yushan Su™®, Hayley Hung™*
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Sea spray aerosol: theory
Stockholm

University

SSA production by Long-range atmospheric
wave breaking and transport of sub-micron SSA
air entrainment

Super-micron SSA

Sub-micron SSA _
highly enriched less enriched
in PFAAs in PFAAS

SML enriched LN %0 % ¢ Vad ¢
in PFAAs : e .

Jet drops

Film drops
(larger particles)

(smaller particles)

Rising bubbles
scavenge PFAAs .
present in seawater Time =




Chamber experiments < s,

Heated sample line ol
P [SJto.ckho.lt':m
niversi
Particle free ’
sweep air

Flutter
valve

RH/T sensor PFAAs spiked to

solution of artificial sea
salt (35 psu).

Impactor
13 stages

Aerosol and water
analysed for PFAAs
(UPLC-MS/MS)
and sea salt content
Temperature controlled chamber (ion chromatography).
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Similar application to cleanup of Stockholm
wastewater - SAFF

Contents lists available at ScienceDirect

Chemosphere

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

Chemosphere

Efficient removal of perfluorooctane sulfonate from aqueous
film-forming foam solution by aeration-foam collection

Pingping Meng °, Shubo Deng * °, Ayiguli Maimaiti °, Bin Wang “, Jun Huang °,
Yujue Wang ?, lan T. Cousins °, Gang Yu ?

2 State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, POPs Research Center, Tsinghua University, Beijing,

100084, China

® Department of Environmental Science and Analytical Chemistry (ACES), Stockholm University, SE-106 91, Stockholm, Sweden

B

HIGHLIGHTS

GRAPHICAL ABSTRACT

« PFOS removal reached 96% after 2h
with an aeration flow rate of 75 mL/
min.

« PFOS enrichment factor exceeded
8400 with the assistance of APG.

« High ionic strength accelerated the
PFOS removal by aeration-foam
collection.

« Aeration-foam collection is suitable
for PFOS recovery from AFFF
wastewater.

University

We don’t want to generate
foam in our chambers

We want to generate sea spray
aerosols in the same way as in
the oceans

SAFF = Surface Active
Foam Fractionation

11



High levels of PFAS in sea foams in Denmark worldwide A
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Still no answers from sampling of PFAS-laden foam

E.g. Thyborgn:
1 700 000 ng/L
>4 PFAS

PFAS in zeewater en zeeschui
EINDRAPPORT

>~ vito

Compared to
9 ng/L 24 PFAS in

seawater

BRIEFS

PFAS-contaminated foam found at Caswell
Beach, Oak Island

S 0000%€  ppasidanskt havsskum for-
giftade betande kor

Enriched
190 000 times in foam

Foto: Johan Nilsson/TT

PFAS aangetroffen in zeeschuim in Knokke ° PEAS i va gskum kan vara ett hot

en De Haan, Agentschap Zorg en
Gezondheid: "Beperk het contact" mot danska surfare



EF relative to Na™ [-]

Measured aerosol enrichment factors Sl
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More chamber experiments

e Enrichment insensitive to changes in
PFAS water concentration (0.3 - 150

ng/L)

e Higher enrichment when dissolved
organic matter added to artificial
seawater (enrichments exceed 100,000

times)

e Enrichment increases with increasing jet
flow, especially in submicron particles

— Increased SSA emission under stormy
conditions
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This is an open access article published under a Creative Commons Attribution (CC-5
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.
A
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Influence of Water Concentrations of Perfluoroalkyl Acids (PFAAs)
on Their Size-Resolved Enrichment in Nascent Sea Spray Aerosols

Bo Sha,* Jana H. Johansson, Jonathan P. Benskin, Ian T. Cousins, and Matthew E. Salter
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Saence&Technology

Enrichment of Perfluoroalkyl Acids on Sea Spray Aerosol in
Laboratory Experiments: The Role of Dissolved Organic Matter, Air
Entrainment Rate and Inorganic lon Composition

Bo 511;1,"3'"L Eliana Ungen:l\ril:h,l Matthew E. Salter, Ian T. Cousins, and Jana H. Johansson
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Chamber experiments in the field !

Stockholm
University

The 29th Atlantic Meridional
Transect (AMT) cruise
Oct 13th — Nov 25th, 2019

e Distribution of PFAAs in the
Atlantic Ocean

* Field-based EFs at conditions
representative for the global
oceans
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M\Enﬂb [=]Cl0] SCIENCE ADVANCES | RESEARCH ARTICLE
cccccccccccccccccc
Horizontal and Vertical Distribution of Perfluoroalkyl Acids (PFAAs) .. .
in the Water Column of the Atlantic Ocean Constraining global transport of perfluoroalkyl acids on
Fleni K. Savidou, Bo Sha, Matthew E. Salte, lan T. Cousins, and Jana H. Johansson sea spray aerosol using field measurements
.Cile This: Environ. Sci. Technol. Lett. 2023, 10, 418-424 I:I nnnnnnnnnn Bo Sha", Jana H.Johanssoni, Matthew E. Sallaru, Sara M. Blichner', lanT. Cousins'
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Seawater measurements
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Horizontal and Vertical Distribution of Perfluoroalkyl Acids (PFAAs)
in the Water Column of the Atlantic Ocean
Eleni K. Savvidou,* Bo Sha, Matthew E. Salter, lan T. Cousins, and Jana H. Johansson

Read Online

Cite This: Environ. Sci. Technol. Lett. 2023, 10, 418-424
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SSA EFs for PFAS

& o,
2umlgs =
B S
ZE0N
Stockholm
Seawater Peristaltic nflow University
supply pump
I »| Air pump [—>
RHfana X #1 |l[#2 ][ #3] aFFs
sqnsor Heated p
sampling Dverflo
- line
Particle free
@ .. sweep air Air
DLPI R - generator
g ‘ %
3 PR = Maintain
8 SRR A water level
: - » Waste
enso SCIENCE ADVANCES | RESEARCH ARTICLE
¢ Vacuum

pump

ATMOSPHERIC SCIENCE

Constraining global transport of perfluoroalkyl acids on
sea spray aerosol using field measurements

Bo Sha'*, Jana H. Johansson? Matthew E. Salter", Sara M. Blichner", lanT. Cousins’
Waste Peristaltic Outflow
pump
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SSA EFs for PFAS

e Field-derived EFs > 100,000,
depending on chain length

e Very similar to in the lab

e Quite constant in experiments

— Changes in seawater properties
(e.g. ionic content and organic

matter) did not affect the
enrichment much

Stockholm
University

SCIENCE ADVANCES | RESEARCH ARTICLE

ATMOSPHERIC SCIENCE

Constraining global transport of perfluoroalkyl acids on
sea spray aerosol using field measurements

Bo Sha‘*, Jana H. Johanssonz, Matthew E. Salter1'3, Sara M. Blichner', lanT. Cousins' 1 8



7‘@)\

s,

R ;

NERS/
Opy0°®

N

N

Global modelling

Norwegian Earth System Model version 2 (NorESM2) Stockholm
University

» Global ocean emissions
« 53 (40 - 62) tonnes of PFOA
« 33 (28 - 35) tonnes of PFOS

« Comparable to other sources of PFOA to air
150°W  120°W  90°W  60°W  30°W 0° 30°E  60°E  90°E 120°E  150°E & much greater than a” Other Sources Of

0 300 600 900 1200

PFOA emission flux via SSA (ng m ? year ') P FO S

« Coastal areas impacted most by SSA

SCIENCE ADVANCES | RESEARCH ARTICLE

ATMOSPHERIC SCIENCE

Constraining global transport of perfluoroalkyl acids on
sea spray aerosol using field measurements 19

1

150°W 1200w 90°W  60°W  30°W 0° 30°E 60°E 90°E  120°E  150°E

-900 -600 -300 0 250 500 750

Bo Sha’*_. JanaH. Johanssonz, Matthew E. Salter1'3, Sara M. Blichner'_. lanT. Cousins

PEOA net danaaitian fiiv (na m2 vaar\



Field evidence for SSA transport of PFAS? A

If SSA is an important PFAA
source, correlations between
SSA tracer ion concentration
(Na*) and PFAA concentration
should be observed in aerosol
samples collected from coastal
areas.

Sampling sites

« Andgya - A remote sampling
site located in the Arctic
circle. Close to open water
(<100 m).

 Birkenes - Located close to
populated coastal area in
Norway. Far from open water
(~20 km).

Andoya

Birkenes
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Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Pernilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter 20
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Aerosol sampling at in Norway

« Sampling
» Coordinated by colleagues at NILU

Bulk aerosol sampling using quartz fiber filters (QFFs)

48 hours, ~1500 m3 per sample

From 2018.04 to 2020.07

57 filters from Andeya, 58 filters from Birkenes
« Analysis

« A punch was taken from the filter for Na* and Mg2*
analysis

* The rest of the filter was analyzed for PFAAs using LC-
MS/MS

« C5-C12 PFCAs
e C4,C6 and C8 PFSAs

w w 12,
]

Stockholm
University

®=13 mm
O For Na* and
Mg?* analysis
Extracted in 3
mL MQ water

For PFAA analysis
®=150 mm Extracted in 3x15mL
methanol
Concentrated to 300uL
Analyzed using LCMS

CLUBEY

Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Pernilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter
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Results — PFAAs

« 2PFCAs median (min — max)
« Andgya: 0.46 (0.045 - 3.4) pg m3

« Birkenes: 0.22 (0.012 - 2.0) pg m3
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« ZPFSAs median (min - max)
« Andgya: 0.033 (<0.005 - 0.16) pg m3
« Birkenes: 0.045 (0.007 - 0.46) pg m-3

Andeyal.
I PFCAs l PFSAs l
C6-PFHXA C7-PFHpA C8-PFOA C9-PFNA C10-PFDA C11-PFURDA C12-PFDoDA C6-PFHxS C8-PFOS
49% 10% 4% 67% 91% 93% 98% 93% 100%  97% 93% 97% 58% 53% 7% 79% 98%  100%
1.000 o Norway
b
Birkenes'l-

PFAA concentration in air (pg m™)

0.001

1y

Deo

2MDL

B3 Andoya =5 Birkenes

Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Pemilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter
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100%, o7% 98% 0%

Na+ concentration median (min — max)
« Andgya: 0.37 (0.02-3.2) ug m3
« Birkenes: 0.23 (<0.009-1.7) pg m3

100

0.10 I I I Andoya-%

Andgya is more influenced by SSA than

001

Concentration in air (ug m)

Birkenes (higher Na* concentration at | v e\

Andgya p<0.01) = Andoya 8 Birkenes T
Andoya ‘o Birkenes o

Good correlation between Na* and Mg2* M opmeemrenss g | ymoerelle - o2

et
w

concentration (r>0.99, p<0.001)

Fet
19

Na*/Mg?* ratio close to the ratio in
seawater (0.119)

Mg?* concentration in pg m?
s
,

Fom,

g
s

0 1 2 3 0 1 2 3
Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Pernilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter

Na' concentration in pug m-
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Results - Correlations between PFAAs and Na* 3
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« Andgya Andogad,

« Significant correlations (p<0.05) between PFAAs and Na* were observed for
both PFCAs and PFSAs i

2 Norway
« Among the PFCAs, PFOA and PFNA have the strongest correlation with Na*
Birkenes Y,
Co-PFHxA C7-PFHpA C8-PFOA C9-PFNA C10-PFDA C11-PFUnDA C12-PFDoDA C6-PFHxS C8-PFOS
y:—1.2+1.68-x/’ y=-1.1+0.966- x y:—0.56+1.06-)<,” y=-056+0972.x y=-0.7+0.887-x, y=-12+0682.x y=-1+0554.x y=-2+0.788-x y=-12+0.868 x
; r =0.498* r=0.706*"* r=0.774", / r=0.75" r= 0.696*"*x’,,’ r=0.63*" r=0.597"* r=0786""" r=0.698"*"
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o
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Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Pemilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter
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Results — Correlations between PFAAs and Na+ <«
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« Birkenes
« Correlations with Na* were observed for PFOA, PFNA, PFHXS and PFOS (p<0.001) o
. - Norway
« Correlations were weaker than the Andgya samples
. Birkenes{,
« Less input from SSA (located farther away from coast than Andgya)
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Sea Spray Aerosol (SSA) as a Source of Perfluoroalkyl Acids (PFAAs)
to the Atmosphere: Field Evidence from Long-Term Air Monitoring

Bo Sha,* Jana H. Johansson, Peter Tunved, Penilla Bohlin-Nizzetto, lan T. Cousins,
and Matthew E. Salter



Data from Denmark: coastal aquifers

A

* eag oneg

Detected PFAS
& <5 km from North Sea coast
v <5 km from other coast
0 >5km from coast

Not detected PFAS

&
v
o

<5 km from North Sea coast
<5 km from other coast
>5 km from coast

I Nature and forest

5 km distance

a)

Nationwide (All) 4

Nationwide (F&M) 4

>5km to coast (F&M) 4

<5km to North Sea coast (F&N) 4

<5km to other Sea coast (F&N) 4

PFBA PFPeA PFHxA PFHpA PFOA PFHxS PFOS PFBS
L i L L L L L i

b)

PFBA PFPeA PFHxA PFHpA PFOA PFHxS PFOS PFBS

Mationwide (All) 4

Nationwide (F&MN) 4

>5km to coast (F&N) 4

<5km to North Sea coast (F&N) 4

<5km to other Sea coast (F&N) 4

Detection (%)
100

l:‘l‘5
50

25

0

Exceedance (%)
100

50
25
0

« Public waterworks in Hanstholm,
Skagen and Fang contaminated (2-
5 km from sea)

« Groundwater <5 km from coast
impacted by diffuse PFAS source

« Long-chain PFAAs dominate

2
>
o

o

‘& o

JERS/

S
Ol

N

’V/) + S‘ﬁ

Stockholm
University

~ ROYAL SOCIETY

Environmental Science OF CHEMISTRY
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Published on 03 October 2025
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Sea spray aerosols can be a source of PFAS
cre v e o e« POlUtION iN coOastal aquifers

2069 -

M) Check for updates
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Danish monitoring at coast

« Strong gradient in PFAS in groundwater, drainage
water and grass from the sea with distance inland
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More data from Fang
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Figur 1.1: Indhold af sum af 22 PFAS (ngil) som funktion af afstand il havet {m) for terreennaart grund-
vand. De rede prikker pa graf med grundvand er malinger foretaget af COW! i 2022 /5.
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Figur 1.2: Indhold af sum af 22 PFAS (ngfl) som funktion af afstand til havet (m) for overfladevand.
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Sea spray aerosols responsible for transport Sl
of PFAS inland?

Known that short-range transport
of sea salt causes metal corrosion

Large particles will be deposited
relatively quickly whereas fine
particles will be transported
hundreds of kilometers inland

SSA production by Long-range atmospheric
wave breaking and transport of sub-micron SSA
air entrainment

Sub-micron SSA Super-micron SSA
highly enriched less enriched
in PFAAs in PFAAs

Film drops Jet drops
Rising bubbles (smaller particles) (larger particles)
scavenge PFAAs

present in seawater

Particle

plume

_____
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« Multiple lines of evidence that the sea is a secondary source
of PFAAs to land

» PFAAs highly enriched in foams and sea spray aerosols

« Sea-inland gradient in PFAA concentrations in multiple media in
Denmark

« Unpublished data suggests similar in Halland, Belgium, Netherlands
« Correlations between concentrations of PFAAs and seawater tracer ions
in air

« Quantified impacts with models
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Implications

e Secondary source that cannot be stopped

— Continuous cycle (PFAS “boomerang” back to land)
— Can only wait until PFAS slowly dilute into deep oceans

e (Coastal drinking water sources impacted (< 5 km)

— Cleanup costs?
— Dune infiltration (Netherlands)

e (Coastal farming

— Move grazing animals?
Recommendations to avoid contact with contaminated sea foams

Learn the lesson about persistent synthetic chemicals!
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Thank you for your attention!
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