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Overview

▪ Characteristics and Invention of PFAS
▪ Focus on ultrashort PFAS – C1-C3
▪ Fate & Transport of ultrashort PFAS and 

their precursors
▪ Chemical Analysis
▪ Anthropogenic Background 
▪ Refrigerant use leading to ultrashort 

PFAS in rain
▪ Safer Alternatives
▪ Exposure to Ultrashorts
▪ Ultrashort PFAS Toxicology
▪ Summary

https://ipen.org/sites/default/files/documents/the_global_pfa

s_problem-v1_5_final_18_april.pdf

https://www.lemonde.fr/en/les-decodeurs/article/2023/02/23/forever-pollution-explore-the-map-of-europe-s-
pfas-contamination_6016905_8.html
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PFAS Invention 
▪ Moissan reported on perfluorocarbon synthesis in 1890 

▪ The first perfluoroalkyl acid, trifluoracetic acid (TFA) first 
synthesized in 1922 by Belgian chemist Frederic Swarts at the 
University of Ghent (chromic acid oxidation of n-trifluoromethyl aniline)

▪ Trifluoroacetic acid was the strongest organic acid known at 
that time and described as being resistant to chemical attack

▪ Industrial scale synthesis of PFAS >100 tonnes p.a. during 
1930’s as azo dyes used in military applications.

▪ >250,000 synthetic organofluorine compounds reported in 
1983

▪ Evidence for PFAS biological recalcitrance since before 1950

▪ Multihalogenated carbons analogous structurally to persistent 
component of DDT, which caused formation of EPA in 1970 
after Rachel Carson & Silent Spring in 1962  

Frederic Swarts

(1866-1940)
First PFAA 
synthesized 1920

http://www.ugentmemorialis.be/catalog/000000205

Roy J. 

Plunkett
(1910-1994)
Discovery of 
PTFE 1938

TFA precursors 

- azo dyes



Per- & Polyfluoroalkyl Substances 

Polyfluoroalkyl
- precursors

Perfluoroalkyl

Long Chain 
PFOS PFDA
PFOA PFNA
PFHxS PFTDA

Short Chain 
PFBS PFPeA
PBA PFPeS
PFHxA PFHpA

Cyclics
PFECHS

Ethers
GenX
F53B
EE-NH4

Fluorotelomers

Sulphonamides

Polyfluoroalkyl 
ethers

Ultra Short 
Chains 
TFA PFPrA

Side Chain 
Fluoropolymers

Transformation

Poly- 
Per-

Biological treatment or 
chemical oxidants 
promote transformation
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Per-
(Terminal 
products)

Wooden shaft, like non-fluorinated section of 
molecule, is degraded so rots away in ground 
/ in vivo

Perfluoroalkly acid formed from 
precursor persists indefinitely as 
“chemical rocks”,  like stone 
arrowheads that last forever in the 
environment 

8:2 FTAoS

PFOA

Persistent perfluorinated Non-fluorinated - Biologically/Chemically removed

Biotransformation / 
Chemical Oxidation Stone arrowhead, like 

perfluorinated section of 
molecule, persists forever

Poly-
(Precursors)

Stone arrowhead
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Per- & Polyfluoroalkyl Substances 
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Precursors

Long Chain 
PFAAs

Short Chain PFAAs

Perfluoroalkyl 
Ethers

Ultra Short Chain PFAAs

Broad Spectrum PFAS

Cyclic
PFAAs
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PFAA Chain Lengths
Perfluorocarboxylates (PFCAs)

Ultrashort

C1-C3

Short

C4-C7

Long

>C8

Perfluoroethanoic acid (PFEA)

Perfluoropropanoic acid (PFPrA)

Perfluoropentanoic acid (PFPeA)

Perfluorobutanoic acid (PFBA)C4

C5
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C3

C2

C14

Perfluorohexanoic acid (PFHxA)

Perfluoroheptanoic acid (PFHpA)

Perfluorooctanoic acid (PFOA)

Perfluorononanoic acid (PFNA)

Perfluorotetradecanoic acid 
(PFTeDA)
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Ultrashort Chain PFAS
▪ Ultrashort Chain PFAS: C1-C3 perfluoroalkyl chain length

▪ Over 1 million precursors to TFA

▪ Fluorinated refrigerants (TFA precursors) estimated to contribute 
a global deposition rate of 155,000 tons of TFA in rain /year, with 
25-100 ng/L in rain (Boutonnet et al., 1999)

▪ In Norway TFA found in 219 of 247 groundwater wells up to 2.4 
ppb (μg/L)

▪ In German tap water up to 20 ppb (μg/L), river water up to 120 
ppb (μg/L)

▪ Chinese blood 97% detection - median 8.5 μg/L

▪ Will not be retained by GAC and IX resins not designed to remove

Hale et al. Environ Sci Eur 34, 22 (2022)
Duan et al. (2020)Environ Int 134:105295

Refrigerant 
HFO R-1234yf

TFA

Atmospheric 
oxidation

Compound Acronym Chemical Formula Molecular 
Weight (g/mol)

Trifluoroacetic acid TFA CF3CO2H (C2) 114.023
Perfluoropropanoic acid PFPrA C2F5CO2H (C3) 164.031

Trifluoromethane sulfonic acid TFMS CF3SO3H (C1) 150.077
Perfluoroethane sulfonic acid PFEtS C2F5SO3H (C2) 200.085

Perfluoropropane sulfonic acid PFPrS C3F7SO3H (C3) 250.092



Ultra-Short Chains

• Trifluoroacetate (TFA)
• Perfluoropropanoate
• Trifluoromethanesulfonate
ubiquitous and present at:
98% of sum target PFAS concentrations

German drinking water health guidance 
value for TFA - 60 ppb
target value of 10 ppb
3 out of 43 samples exceeded 10 ppb
Danish drinking water standard 9 ppb
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https://www.umweltbundesamt.de/sites/default/files/medien/362/d
okumente/2020_10_20_uba_einordnung_tfa_leitwert.pdf
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TFA

Atmospheric 
oxidation

Refrigerant 
HFO R-1234yf

https://pubs.acs.org/doi/10.1021/acs.est.2c06715



Sources of TFA –TFA Precursors
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Hendricks, 1953

>100 ton quantities in 1930’s

Scheurer, 2017

Fluoxetine - Prozac

HFO R-1234yf

 

R-134a 



Refrigerants as TFA Sources in Rain
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Adlunger et al. UBA Background 11/2021: Reducing the input of chemicals into waters: trifluoroacetate (TFA) as a 

persistent and mobile substance with many sources

https://www.umweltbundesamt.de/en/press/pressinformation/trifluoroacet
ic-acid-from-fluorinated-refrigerants

https://www.umweltbundesamt.de/en/press/pressinformation/trifluoroacetic-acid-from-fluorinated-refrigerants
https://www.umweltbundesamt.de/en/press/pressinformation/trifluoroacetic-acid-from-fluorinated-refrigerants
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PFOA

PFOS
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Locations

PFAS Regulated by Proposed MCLs in US Rainfall

PFOA PFNA PFOS HFPO-DA

Follow up study (Kim et. al., 2022) found estimated SPFAS16,400 ppt in rain at Wooster, Ohio, as maximum detected  
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Select PFAS in US Rainfall
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Select PFAS in US Rainfall

Pike et al., 2021
PFHxS and PFBS not assessed
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Ambient Anthropogenic Background
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▪ PFAS are subject to 
▪ Long range transport – grasshopper 

effect
▪ Short range transport – wet/dry 

deposition

▪ PFAS background is found in:
▪ Surface Waters /Groundwater
▪ Soils / Sediments
▪ Sea Foams
▪ Rain
▪ Mineral waters, Beers, Ciders

▪ The are volatile PFAS that come back 
to earth in rain

▪ Landfills and WWTPs emit volatile 
PFAS – can be sources to surrounding 
area

▪ In US rain:
▪ 16.4 ppb PFAS
▪ 30 ppt PFOA
▪ 50 ppt PFOS
▪ 1200 ppt TFA



Chemical Analysis

Method Description Analyte Description

CAS 

Number MDL Units

Short-chain analyes by PFAS-SC 2,2,3,3-TFPA 756-09-2 0.121 ug/L

2,3,3,3-TFPA 359-49-9 0.0983 ug/L

PFES 354-88-1 0.0926 ug/L

PFPrA 422-64-0 0.141 ug/L

PFPrS 423-41-6 0.134 ug/L

Trifluoroacetic acid 76-05-1 0.416 ug/L

TFMS 1493-13-6 0.277 ug/L

▪ Chemical analysis commercially available 
with major laboratories

▪ Separate chemical analytical method 
required

▪ Methods include:
▪ Hydrophilic interaction liquid chromatography (HILIC)

▪ Ion Chromatography with Mass Spectrometry (IC-MS)
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Transformation pathway of HFC-134a and u-HFC-1234yf to TFA 

Behringer et al., 2021

Refrigerants: TFA Precursors
• Hydrofluorocarbons (HFCs), 

hydrochlorofluorocarbons (HCFCs), 
hydrofluoroolefins (HFOs), and 
hydrochlorofluoroolefins (HCFOs)

• Common refrigerants, fire 
extinguishing agents, and physical 
blowing agents

• Substitutes for ozone depleting 
chlorofluorocarbons (CFCs) and can 
transform to TFA via oxidation in the 
atmosphere

• Emissions of HFOs and HCFOs being 
substituted for HFCs and HCFCs that 
have a high global warming potential 
and HFO-1234yf is expected to be the 
primary compound used for 
refrigeration and air conditioning in 
the coming decades 
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https://ozone.unep.org/meetings/thirty-fifth-meeting-parties/side-events?arg_1=2023-10-25
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https://ozone.unep.org/meetings/thirty-fifth-meeting-parties/side-events?arg_1=2023-10-25



Plant Uptake
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• Plant uptake in wheat and sunflowers 
identified (Boutonnet at at., 1999)

• Recent publications show accumulation in 
roots and shoots of wheat

Science of the Total Environment 654 (2019) 19–27

RootsShoots



Exposure / Toxicology
• Food and drinking water contribution to exposure
• European Food Standards Agency (EFSA) concerned that 

‘trifluoroalkyl plant protection products’ expose humans to 
more TFA than drinking water

• Rat and Guinea Pig studies show liver effects (600-16,0000 
ppm) (Felter 2018)

• No-Observed-Adverse-Effect-Level (NOAEL) of sodium 
trifluoroacetate for maternal toxicity in rabbits 180 
mg/kg/day

• Current margins of exposure (MoE) reported for humans are 
100 (Dekanat)

• TFA concentrations (0.1% to 0.3%) linked to reproductive 
toxicity with potentially harmful human health effects 
(German Federal Office for Chemicals (BfC))

• Human toxicology – very little known
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• Europe
– Sum of 20 PFAAs <100 ppt (EU)
– Sum of ‘all PFAS’ <500 ppt (EU)
– Trifluoroacetic acid (TFA) <10 ppb / 60 ppb (Germany) & 

<9ppb (Denmark) / NL (RIVM) 2.2 ppb
– Sum of PFOS, PFHxS, PFNA, PFOA <2 ppt (Denmark)

• UK
– 47 PFAS <100 ppt individually

• Canada
– Sum of 29 PFAS <30ppt (proposed)

• California
– Broad spectrum approach for PFAS

with treatment based goals 
• US proposed MCLs

– PFOS / PFOA 4 ppt
– Hazard Index GenX (10) + PFBS (2000) + PFNA (10) + 

PFHxS (9)

International PFAS Regulations (Drinking water)
ppt = ng/L
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Miaz et al., 2020

Standard analytes

e.g. PFOS, PFOA
Total Fluorine Unknown PFAS

Regulatory concerns 

with increasing use of 

alternative PFAS

pooled serum from first-time mothers
24
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California Waterboards Non-Target Analysis of PFAS

https://www.youtube.com/watch?v=pGtg26tN4PM&t=12345s

Note: 
Ultrashorts PFAAs such as TFA 
not detected using AOF using 
USEPA 1621

https://www.youtube.com/watch?v=pGtg26tN4PM&t=12345s


PFAS Whole Class Restrictions 

https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=202120220AB178

The national authorities of Denmark, Germany, the Netherlands, Norway and 
Sweden have submitted a proposal to ECHA to restrict per- and polyfluoroalkyl 
substances (PFASs) under REACH, the European Union’s (EU) chemicals 
regulation. ECHA will publish the detailed proposal, one of the broadest in the 
EU’s history, on 7 February 2023.

Helsinki, 13 January 2023 – The restriction proposal comes after the five 
authorities found risks in the manufacture, placement on the market and use of 
PFASs that are not adequately controlled and need to be addressed throughout 
the EU and the European Economic Area.

https://echa.europa.eu/-/echa-receives-pfass-restriction-proposal-from-five-national-authorities

https://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?bill_id=202120220AB178
https://echa.europa.eu/-/echa-receives-pfass-restriction-proposal-from-five-national-authorities


Poll Question

▪ What chain length are 
ultrashorts?
▪ A C1-C3

▪ B C3-C6

▪ C C5-C9

▪ D C9-C11

27



Summary

▪ Greatest exposure to PFAS from ultra-shorts

▪ Toxicological understanding developing

▪ Are ultrashort precursors in essential uses

▪ Ultrashorts not retained by GAC, very 
poorly retained by IX resins

▪ Regulations evolving quickly in Europe

28

https://www.theguardian.com/environment/2024/may/
01/rapidly-rising-levels-of-tfa-forever-chemical-alarm-
experts
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