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What are per- and polyfluoroalkyl substances (PFAS)?

PFAS are a group of 12,000+1 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.”

Olatunde et al. (2020), Heliyon

Tail Head

Pennsylvania Department of Environmental Protection

1USEPA (2021). PFAS Master List of PFAS Substances (RETIRED). CompTox chemicals dashboard. https://comptox.epa.gov/dashboard/chemical-lists/PFASMASTER 

C-F bond = 466 kJ mol-1
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https://comptox.epa.gov/dashboard/chemical-lists/PFASMASTER


Sources of PFAS

John Wiegand, MIT Technology Review

PFAS are found in products we come in contact with everyday.

PFAS: Last Week Tonight with John Oliver (HBO) - YouTube

Progressive Charlestown 
ewg.org

SciTechDaily.com
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https://www.youtube.com/watch?v=9W74aeuqsiU


Sources of PFAS

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.

Physicians for Social Responsibility

Alexander Schimmeck

Walnut Valley Water District

Yahoo News

The Spokesman Review

Fox News
MLive
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Motivation to quantify and monitor PFAS

Exposure to certain levels of PFAS may result in the 

following1:

• 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.
Madison and Dane Country Public Health

1USEPA (2023, June 03). Our Current Understanding of the Human Health and Environmental Risks of PFAS. United States Environmental Protection Agency. https://www.epa.gov/pfas/our-

current-understanding-human-health-and-environmental-risks-pfas
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https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas


Sources of PFAS relevant to the ACTIVATE region

The United States East Coast has numerous suspected PFAS sources and instances of 

drinking water contamination.

Environmental Working Group

Interactive Map: Suspected industrial discharges of PFAS (ewg.org)
Interactive Map: PFAS Contamination Crisis: New Data Show 3,186 Sites in 50 States (ewg.org)
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https://www.ewg.org/interactive-maps/2021_suspected_industrial_discharges_of_pfas/map/
https://www.ewg.org/interactive-maps/pfas_contamination/map/


Atmospheric transport of PFAS

Airborne PFAS can come from three main sources.

1. Direct emission from point sources

Johansson et al. (2019), Env. Sci.

~Days – weeks*

2. Dust and sea spray aerosols emitted 

from soil and bodies of water 

contaminated with PFAS.

Borthakur et al. (2022), 

Current Opinion in Env. Sci. and Health

~Days – weeks*

toxicfreefuture.org

3. Degradation of 

volatile precursors

~Days – years*

Young and Mabury (2010), Reviews of 

Environmental Contamination and Toxicology

Grey shading = 

commercially produced

*Atmospheric lifetime 

of relevant PFAS
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Existing literature on airborne PFAS

Several works have quantified PFAS in particles and wet deposition… but not in cloud water.

Summarizes results from 37 

studies from 2001 - 2020.

1. Atmospheric aerosol particles 2. Wet deposition

Summarizes results from 11 

studies from 2010 - 2022.

1Chen et al. (2019), Water Research, 2Buck et al. (2012), Faust et al. (2023), Env. Sci.: 

Processes and Impacts, 4Schwidetzky et al. (2021), J. Phys. Chem. Letters, 
5Kwok et al. (2010), Env. Sci. & Technology, 6Taniyasu et al. (2013), Env. International, 
7D’Ambro et al. (2023), Sci. of the Total Env., 8Franco et al. (2011), Chemosphere

3. Cloud droplets? Here’s what we know:

• Shorter chain PFAS are water soluble.1

• PFAS reduce surface tension2 yet lower 

vapor pressure of water.3

• Lab studies show PFOA have ice 

nucleating ability.4

• PFAS concentrations in rainwater can vary 

with duration of the rain event.5,6

• Modeling studies have attempted to 

simulate nucleation and scavenging of 

PFAS-containing particles in clouds.7,8

Taniyasu et al. (2013)
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Methods
Cloud water samples from ACTIVATE 2020 and 2021 flights were analyzed for mass 

concentrations of water-soluble ions, elements, and PFAS.

Armin Sorooshian

1. Cloud water collected using the AC3. 2. IC system 

provided aqueous 

water-soluble ion 

mass 

concentrations.

IC = ion 

chromatography

Corning Inc.

Grace Betito

3. ICP-MS 

system provided 

aqueous water-

soluble elemental 

mass 

concentrations.

ICP-MS = 

inductively coupled 

plasma mass 

spectrometry 
Miguel Hilario

Kira Zeider

5. Agilent 6470 QQQ LC-MS/MS provided

aqueous PFAS mass concentrations.
4. pH analysis

University 

at Buffalo

pH Meter
pH Probe

Miguel Hilario
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PFAS in ACTIVATE cloud water

Wikipedia

ChemSpider

ChemSpider

ChemSpider

Aqueous mass concentrations of ions, elements, and PFAS were 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.

• PFBA, PFPeA, PFHxA, and PFHpA detected in 13, 57, 57, and 60 samples (out of 62), respectively.

• PFBA mass concentrations typically higher than C5 – C7 PFAS, consistent with past works.1,2 

• Mass concentrations for C4 – C7 PFAS are an order of magnitude lower than those reported in aerosol particles over China, 

India, Japan, and South Korea3 as well as Toronto, Canada1 and Northwest Europe4.

• Values for PFHpA are an order of magnitude higher than those reported in PM2.5 over North Carolina, U.S.5

1Ahrens et al. (2012), Env. Sci. & Technol., 2Taniyasu et al. (2013), Env. International, 3Lin et al. (2020), Env. Sci. & Technol., 4Barber et al. (2007), Journal of Environmental Monitoring, 5Zhou et al. (2021), Env. Sci.: Processes Impacts

FCDP = fast cloud 

droplet probe

2D-S = two-

dimensional stereo 

probe
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Sources/particle types associated with PFAS

• C4 – C7 PFAS correlated 

with As, V, and Cr, 

suggesting combustion 

influence.1

• C5 – C7 PFAS correlated 

with dust Na+, dust Ca2+, 

Al, Mn, NO3
-, oxalate, and 

MSA, indicating 

association with dust 

particles.1,2,3,4

• Weak correlations between 

C4 – C7 PFAS and ssNa+, 

ssCa2+, and Cl- despite past 

works identifying 

relationships between PFAS 

and sea salt.5,6

Colored boxes show Spearman rho values, white boxes show number of samples considered for each correlation.

* = p < 0.05, ** = p < 0.01, *** = p < 0.001
1Stahl et al. (2020), ACP, 2Dadashazar et al. (2019), Sci. of the Tot. Env., 3Ma et al. (2019), Atmos. Env., 4Hilario et al. (2021), GRL, 5Sha et al. (2022), Env. Sci. & Technol., 6Johansson et al. (2019), Env. Science: Processes & Impacts
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Case studies: combustion influence

• As, Cr, V, and C4 – C7 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.

• C4 – C7 PFAS in cloud water appear to be associated with combustion particles originating from these regions, consistent 

with past works.1,2

• PFAS can readily adsorb to organic matter and soot particles when they are protonated (i.e., at low pH).1

1Dreyer et al. (2015), Chemosphere, 2MacInnis et al. (2019), Env. Sci. & Technol. NAAPS = Navy Aerosol Analysis Prediction System; AOD = aerosol optical depth
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Case studies: dust influence

• High mass concentrations observed for dust tracers and C5 – C7 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.1,2

1Ismail et al. (2023), Toxics, 2MacInnis et al. (2019), Env. Sci. & Technol.
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Case studies: sea salt influence

• High mass concentrations 

observed for sea salt tracers and 

C5 – C7 PFAS.

• PILS Na+ also high where the 

sample was obtained.

• FLEXPART back trajectories 

show sampled air mass originated 

over the Atlantic where MERRA-

2 PM2.5 sea salt column density 

values are high.

• Many past works have found sea 

spray aerosols to contain and 

transport PFAS over long 

distances.1,2

1Sha et al. (2022), Env. Sci. & Technol., 2Johansson et al. (2019), Environ. Sci.: Processes Impacts PILS = particle into liquid sampler
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Conclusions and discussion

• 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 PFAS life 

cycles and their influence on cloud droplet thermodynamics.

16

Questions?

evalouedwards@arizona.edu
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Atmospheric transport of PFAS

Johansson et al. (2019), Env. Sci.

2. Degradation of volatile precursors (e.g., fluorotelomer alcohols [FTOHs])
At least 20 days

Wikipedia

toxicfreefuture.org
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Kwok et al. (2010)
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Lin et al. (2020)

Lin et al. (2020)
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Statistic Units PFBA PFPeA PFHxA PFHpA

N samples 13 57 57 60

Median

pg m-3

0.11 0.03 0.03 0.03

Mean 0.13 0.04 0.04 0.05

Std. 

Deviation

0.07 0.03 0.05 0.08

Minimum 0.02 0.004 0.003 0.003

Maximum 0.25 0.15 0.24 0.43

PFAS in ACTIVATE cloud water20
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