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\What are nolyfluoroalkyl substances (PFAS)?
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PFAS are a group of 12,000+! man-made chemicals containing carbon-fluorine bonds that do not
degrade easily in the environment or in living tissues, earning them the nickname “forever chemicals.”

Tail Head
- = -1
C-F bond = 466 kJ mol ' I S
Family Tree of Perfluoralkyl and T / T \ //'D T / T\ﬁ '|= / T\ﬂ' y
Polyfluoralkyl Substances F—C——C—C Ff ¢l e ls o fF—ed-cls N/
AVFA AN AV
M F F /nO F F /n©

PFHxS
PFOA | () PerMuorovalkyl carboxylate (b) perfMluorvalkyl sulfonate (¢) perfuoroalkyl sullfonamide

PFOS
PFNA

Polyﬂuoro- PFDA \ / \
/ n Z

alkyls F F H F F
Pemuoro- ] ‘ | // | |
alkyls F t‘: T C \ c C
F \ F F \ F
(d) Polyfluoroalkyl carboxvlate  (e) Polyfluoroalkyl sulfonates (f) Polyfluoroalkyl carboxylate

Olatunde et al. (2020), Heliyon

—I

O—w—0
'n—n—'n

-
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PFAS can also be found in drinking water, fruits, vegetables, meat, lakes, rivers, and soil due to their
resistance to degradation and tendency to accumulate in the environment.
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Exposure to certain levels of PFAS may result in the
following?:

Decreased fertility
Increased high blood pressure for pregnant women
Developmental abnormalities in children
 low birth weight
 accelerated puberty
 bone variations,
 behavioral changes
Increased risk of prostate, kidney, and testicular
cancer
Reduced immune system functioning
Reduced response to vaccines
Interference with the body’s natural hormones
Increased cholesterol and/or obesity.
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drinking water contamination.
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fociarc) Alrborne PFAS can come from three main sources. Grey shading =

/ commercially produced
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L‘CT"’L‘TE Several works have quantified PFAS 1n particles and wet deposition... but not in cloud water.

1. Atmospheric aerosol particles 2. Wet deposition 3. Cloud droplets? Here’s what we know:
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&=n7sid) Cloud water samples from ACTIVATE 2020 and 2021 flights were analyzed for mass
concentrations of water-soluble ions, elements, and PFAS.

1. Cloud water collected using the AC3.
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ACT“"‘“ Agueous mass concentrations of ions, elements, and PFAS were e converted to air- -equivalent using the
mean total water content (TWC; FCDP + 2D-S) for periods when TWC > 0.02 g m-3 for each sample.
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 PFBA, PFPeA, PFHxA, and PFHpA detected in 13, 57, 57, and 60 samples (out of 62), respectively.
« PFBA mass concentrations typically higher than C. — C, PFAS, consistent with past works.!?

« Mass concentrations for C, — C, PFAS are an order of magnitude lower than those reported in aerosol particles over China,
India, Japan, and South Korea? as well as Toronto, Canada! and Northwest Europe®.

 Values for PFHpA are an order of magnitude higher than those reported in PM, . over North Carolina, U.S.>

LAhrens et al. (2012), Env. Sci. & Technol., 2Taniyasu et al. (2013), Env. International, 3Lin et al. (2020), Env. Sci. & Technol., “Barber et al. (2007), Journal of Environmental Monitoring, 5Zhou et al. (2021), Env. Sci.: Processes Impacts




« C,—C, PFAS correlated
with As, V, and Cr,
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and sea salt.>®

Cri—0.24 | 0.28* | 0.18
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Colored boxes show Spearman rho values, white boxes show number of samples con3|dered for each correlation.
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IStahl et al. (2020), ACP, 2Dadashazar et al. (2019), Sci. of the Tot. Env., 3Ma et al. (2019), Atmos. Env., *Hilario et al. (2021), GRL, 5Sha et al. (2022), Env. Sci. & Technol., 8Johansson et al. (2019), Env. Science: Processes & Impacts
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« As, Cr,V, and C, — C, PFAS mass concentrations are mostly above their respective medians.

* NAAPS simulates sulfate as the only particle type contributing to AOD over the Upper Midwest and Northeast where
FLEXPART back trajectories come from.

« C,—C,PFAS in cloud water appear to be associated with combustion particles originating from these regions, consistent
with past works.!?

» PFAS can readily adsorb to organic matter and soot particles when they are protonated (i.e., at low pH).?

1Dreyer et al. (2015), Chemosphere, 2Maclnnis et al. (2019), Env. Sci. & Technol. NAAPS = Navy Aerosol AnaIySiS Prediction SyStem, AQOD = aerosol Optical depth



L.ACase studies: dust influence

Dust influence — 28 June 2021 (RF 90)
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PM, 5 dust column
mass density (kg m2)

 High mass concentrations observed for dust tracers and C; — C, PFAS.

« MERRA-2 shows African dust over Caribbean and Atlantic from June 19 — 28, 2021 where FLEXPART back trajectories
come from.

» PFAS appear to be associated with African dust particles.

» There are currently no studies discussing PFAS in African dust plumes, yet past works have found PFAS to adsorb to the
surface of dust particles and be transported long distances.*?

LIsmail et al. (2023), Toxics, 2Maclnnis et al. (2019), Env. Sci. & Technol.
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High mass concentrations
observed for sea salt tracers and
C; — C, PFAS.

PILS Na* also high where the
sample was obtained.

FLEXPART back trajectories
show sampled air mass originated
over the Atlantic where MERRA-
2 PM, ; sea salt column density
values are high.

Many past works have found sea
spray aerosols to contain and
transport PFAS over long
distances.!?
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* This Is the first study quantifying PFAS mass concentrations in cloud water.
* PFBA, PFPeA, PFHXA, and PFHpA are present at detectable levels.
* PFAS are most correlated with tracers for combustion and dust.

» Case studies show elevated PFAS associated with the following:
« Combustion particles from the Upper Midwest and Northeastern U.S.
« African dust
« Marine air with relatively high sea salt mass concentrations

* These results have the following implications:
« Demonstrate cloud droplets play a role in how PFAS are distributed globally.
« Show PFAS in rainwater can come from both cloud droplets and below-cloud scavenging.

 Provide validation data for past and future modeling studies simulating airborne PEAS life

cycles and their influence on cloud droplet thermodynamics) Questions?
evalouedwards@arizona.edu
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2. Degradation of volatile precursors (e.g., fluorotelomer alcohols [FTOHSs])

At least 20 days

R FR FR FR F

F FR FR FRER F O

F
OH 3

FFFFFFFF
8:2 FTOH

FFFFFFFF

8:2 FTAL

F

F FR FE F O

FFFFF FF F
PFOA

OH

F FR FFE FR F O

F

FFFFFFFF
8:2 FTCA

R FR FR FH OH

F.

F

CHs
FFFFF FF F

7:2sFTOH

l

F FR FE F O

CHa
FFFFF FF F

7:2 FT ketone

F

Y
F FR FE F O

OH
FFF FF FF H

2H-PFOA

R FRFRF F O

e SIS,
/

FFFFFFFF g
8:2 FTUCA

l

RFRFRF H O

F FR FR F OH O

F
W"“ T FWOH

F FFFF FF F H
7:3 U acid

i

F FR FR F 0

F

FFFFF FF F
7:3 acid

Y
RFR FR F

FMOH
FFFFFF ¢
PFHA

OH

F FF FF FF F
3-0OH-7:3 acid

.

F FR F O

OH
FFFFF F

PFHxA

Wikipedia



G ARRR R\ N\ \
{ACTIVATEY)

30
2
o)
=
c
O
©
c
0,
O
c
Q
O
Day 231 24t 29t 30t [ 19t 19t 11t 121
3|Oth 3|1St 2|Oth 1|2th 1|3th
Month Oct Jul Oct Jan
Year 2006 2007 2007 2008
Location Tsukuba Tsukuba Kawaguchi | Kawaguchi
Precipitation | 554 96 | 374 201 | 7.4 96 57 45

[mm]

Kwok et al. (2010)




—
o
LHFPO-DA N
» S ——— o
= L6:2FTSA N
S S — —
= LN-EtFOSA -
c N ——. a
g - N-MeFOSA =
ey . e A ————
» s LFOSA c
u Q. = — —
= _H_ L PFHXDA -
o
= s L PFTeDA
- \ LPFTrDA =
= . e———— . —
= z -PFDoDA 5
= . — L]
= - LPFUNDA <
n e ————%
s = LPFDA
-~ e S——_
A & LPFNA
A N T e— e
A - L PFHpA
= 5 L PFHXA
o e e —C
51 Y L PFPeA
= = e
5 [ LPFBA
T o .
= _H_ L6:2FTUCA
e —_ e —...
.m LPFBS -
> -6:2CI-PFESA 2
e ——————————
= LPFOS =
bbb C
m L PFHxXS
= ______——
R o o o o o o o o o o o
-~ 4ﬂ|v (<] @ ~ © [te} < o« N -
2 (%) SSV-4d Jo @ouepUNGE BAtEIRY
33382 e.38elneile 3uf. o Zenf
A R A LI E R A S S
» 2222232332888 XX FR2225X2333348333 XK KX
| =]

(a) Hierarchical cluster analysis

Lin et al. (2020)

ST = g * Fva-0dan va-0. * Fva-odan
33 [ = _ bR FVS34d10 219 4 VaeR 2o _ )8, FVS3dd-io z:9
i Fvdnidz'e 3 TR FvaN1dze
il=im is *H e & CValdz e iz FVSLdZ:8
21 = FVSLIZi9 8 Fvsidz:9 g2 FVS13Z:9
3 3 it *8 rvvsodaN | 5% : ‘wvsoaaN || 5% FVVSO4iaN
# - 1 12| rvsogian | | £° CVEOaN 3 FVSOiaN
<3 2 A * b FvSodowN [\ Cveodemn  [IF FVSOIoW-N
333 g [ Fvso3 Fve04 Fvsod
[$¥] s *01va%04d [VG904d Fv3204d
111 £ be——  |vaxnid Lvaxaad Fvaxiid
H b Fvgelid CVdoLaq = Fvaoldd
3 [ FvaiLid e @ Fvaildd
33 - = ~ *H FvaoGid FvaoGd 2 Fvdeddd
fik ~ = 5 = Fvaunid Cvauaid £ Fvaundd
ClEllE s i, &= & Wi | %
- € [ 3 F K
| 8 c Sy Fvodd § vasd s Fvo3d
1 gHHH @ g r— FvdHad 3 vidd * [VeHdd
it - & £ — FvxHid = FVXH3d £ [Yenid
[1¥] L] [ < i *H Fvedid s [Vodid 3 Fvedid
i & A . — | . rv8dd ° e 1 rvedd
[l [ HEe < § F= FS03d £ L3034 @ FSQ3d
3 5 £ *4 FSdH3d = FSdH4d 3 [SeHd
et (LB HHHL - 8 : o g | s £
sLAHTTHEL TH Lo § [ 5 L
£ 1 1L [ ] 2 1 FSiddd a 30 3 FSiddd
. | : e .
3 M i = e g 2 . s 8 = 3 3
= || - H
= Wmm 1 m o (/d) uonenuU0d SSVAL (ugdd) uonenuadu0d SSVAd
S §
=
L * b Fva-oddu * Fva-0daH
=) .m ] * b rysHan e - -] [ysadaioze
S i § [l e e [l — sm— fa
2 £ = it *P4 " fevsodian | 3% * 4 Fyvsodian
= ] ] B vsodiaN | = b HVSO3i3N
@ 3 < o * b VSOJOW-N ag * FVYSOJ9WN
© S * FvS04 ¥ Fvs03
=9 umw ° - * FVYQ904d FvQ204d
g i = * FvaxHid * vax o)
3] *ho VQ@9Ldd b Fvaeldd =
s N = *F— VQilid & * vQiLlid
O fs3 * Fvgodid W * Hvaogid & i Fvaodid
£33 o _ * Fvaunid £ ¥ Fvgunid b Fvaunad
~ Eib = IS va4d " 1 Fvadd £ o] Fva4d
< KB - ] - VN3d g FVN3d = ke FVN3d
= £ | Fvo3d £ =] vO3d £ [ Fvoid
@ a * FvdHdd o H FvdHad a H. FvdHdd
£ £ VXH3d A FvXHid s FyxXHd
S z *h vodid € * Fvodid 2 Fved3id
B o . rvasd 5 % Hvesd g 2 S0 . _.fyadd
r o, =] @ FH FSQdd 2 ] FS03d g Py B
L% - g * b FSdfiSa S *h FSdR3d ) *#————— |SdHid
[ B |3 T,ee HEE 2 A 3 RISl -
L i2co, =S (& *4 FSidsd = *h FSiddd - P Sididd
RG] T r r A . ST e <l
[ T 2 : = - 2 53
i ..Mo\.v = (ugad) uopeNUIINI SSVAL (/) uoprnuadw0 SSVAL (/dd) HonenuIIU0d SSVAL
5 =
L i,
o ] lva-o *4 Fva-0daH — Fva-od
i = [Vee 20 *1 fvsaddio zo B T N 2 P
Fe [y FVONLiz’a *H vonidz:e ok 1L o B [vanidzss
[ a7 i CValds e A *7 LvSLaz:8 i *F— FVSL14Z°8
o - -1 FvS13Z:9 ge * 4 FVSL13Z'9 8 = FVSL14Z:9
by = it tvvsosian | i% ®bysodan | 5% — FVVSOII-N
[ %% E Fvsodian | 3 * FVSOHIIN —_— FVSOAIIN
- 5% < e [VeodomN [ *1 FVSOIoWN  [IF - FvSOdom-N
= ke pos . Fvsod * il fvsod g ... FYBOS
] [ lote 2 V3%04d *¥F [vas04d ¥4 1v3504d
g we & s o R o e
-_ [ = Fvaiidd ..n”. FvQildd —— fvaiid
= O -1 = [ [VGoaad FvaoGid - i FvQoGdd
5 RO - (] — Fvaunid H— Fvaunid ) Fyaunid
2 [ = i F—i Fvaad = Fvadd b * Fvadd
E=} Oh = 3 F— Fvndd S FYN3d | s FvN3d
s M 4% < -t Fvodd W P [vodd £ Vo4
o] [ % b1 g — Fvdiidy 3 N FvdHdd = e Fvdfidd
s W = £ — Fyxidd = FVXHId 3 — FVXHid
: % 8 T e |2 o - A
S e o £y [S03d 5 = F$03d £ ey FS03d
= b agte = ] o F3dida ] *1 FSdHidd g * FSdidd
3 fo% & |8 [Sead ] P -y 3 *he Seid”
@) L .m«mw ) 3 re—i 3 > *1 FSiddd o FSiddd
= A - T g S A i T g
T T T = o
- o - - ~ ©
(u/3d) §v.4d Jo SuonEsuRUS) s < (w/ad) BopENU0I SSVdd (W/3d) UODEAUOI SSV.Ad (u/d) openudu03 SSV.Ad




Statistic Units PFBA PFPeA PFHXxA PFHpA
N samples 13 57 57 60
Median 0.11 0.03 0.03 0.03
Mean 0.13 0.04 0.04 0.05
Std. 3 0.07 0.03 0.05 0.08
Deviation g m

Minimum 0.02 0.004 0.003 0.003
Maximum 0.25 0.15 0.24 0.43
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* What are per- and polyfluoroalkyl substances (PFAS)?
 Sources of PFAS

« Motivation to quantify and monitor PFAS in the environment
 Current understanding of airborne PFAS

* Methods

* PFAS In ACTIVATE cloud water samples

 Sources/particle types associated with PFAS

» Case studies

 Conclusions and discussion
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