
Introduction to fluorinated 
POPs (PFOS, PFOA, PFHxS
and other PFAS) related to 

polymers and plastics 

Ian T. Cousins

Department of Environmental Science, 

Stockholm University, Sweden

April 25th, 2023

IPCP Webinar Series: POPs in plastic and 

monitoring approaches



Outline

• Introduction and overview of different PFAS and 

different types of fluorinated polymers

• Fluoropolymers

• Side-chain fluorinated polymers
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containers
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PFAS Universe
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https://pfas-1.itrcweb.org/2-2-chemistry-terminology-and-acronyms/



Non-polymeric PFAS

4

Perfluorooctanoic acid 
(PFOA)

Perfluorooctane 
sulfonic acid (PFOS)

C3 dimer salt 
(“GenX”)

Legacy Replacements

Perfluorobutane
sulfonic acid (PFBS)

PFAS listed in the Stockholm Convention 
• PFOS, its salt and PFOSF
• PFOA and related compounds
• PFHxS and related compounds

Long-chain perfluoroalkyl
carboxylic acids (C9-C21 PFCAs) 
are being evaluated in POPRC for
their POP properties and possible 
listing in the Convention. 



Polymeric PFAS

• Fluorinated polymers = all 

polymers for which one or 

more of the monomer 

units contains F, in the 

backbone and/or in side 

chains (Buck et al., 2011), 

including

fluoropolymers perfluoropolyethers side-chain fluorinated polymers



The Importance of Fluoropolymers

https://www.science.org/doi/abs/10.1126/science.abg9065

320 000 tonnes in 2018

https://www.agcce.com/fluoroplastics/; 
https://hal.archives-ouvertes.fr/hal-02926117/document

https://www.science.org/doi/abs/10.1126/science.abg9065
https://www.agcce.com/fluoroplastics/
https://hal.archives-ouvertes.fr/hal-02926117/document


Properties and uses of fluoropolymers
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Wietlisbach S. (2020). Fluorochemicals Outlook. Fluorine Forum 2020.



Uses of fluoropolymers in Europe
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Industrial sectors Uses Sales in 
2015 [t]

Transport Seals and rings; fuel management systems 18 500

Chemical & power Polyolefin processing; anti-dripping agents; gaskets, vessel liners, 
valve and pipe liners, tubing, coatings, cable coatings, filters

16 500

Cookware Non-stick cookware 3 500

Electronics Semiconductor manufacturing (process surfaces, wafer carriers, 
tubing, valves, pumps, and fittings), wire and cable insulation, 
connectors, optical fibers

3 500

Food & pharma durable processing equipment covering 3 000

Textiles & 
architecture

Coated fabrics and films for buildings and roofs, clothing, etc. 3 000

Medical applications Cardiovascular grafts, heart patches, ligament replacement, 
catheters, guide wires, filters and pumps

1 500

Renewable energy Front/backside films in solar applications, PEM fuell cells, lithium-
ion battery

500

Others Copier roller 2 000

https://fluoropolymers.plasticseurope.org/application/files/7816/1167/4026/Fi

nal_SEA_Fluoropolymers_summary2017_3.pdf

https://fluoropolymers.plasticseurope.org/application/files/7816/1167/4026/Final_SEA_Fluoropolymers_summary2017_3.pdf


Uses of PFAS
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More than 200 
uses identified for 
more than 1400 
PFAS

Polymers 
dominate use



Fluoropolymer additives to non-

fluorinated plastics

• PTFE added as anti-dripping agent (“flame 

retardant synergistic agent”) and anti-wear 

agent

• Polymer processing additives added (50-1000 

ppm added) to improve moulding/extrusion of 

non-fluorinated polymers

• If you measure F in non-fluorinated plastics don’t 

be surprised
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Global Production/Consumption 

Volumes

https://www.agcce.com/fluoroplastics/; 

https://hal.archives-ouvertes.fr/hal-02926117/document

Fluoroelastomers (FKM + FFKM) 
in 2018/2019: ca. 35 kt 

FFK = Fluorinated Kautschuk Material
FFKM = Fully Fluorinated Kautschuk Material

Kautschuk = rubber in German

https://www.agcce.com/fluoroplastics/
https://hal.archives-ouvertes.fr/hal-02926117/document


Global Consumption

https://www.agcce.com/fluoroplastics/

Country / 
region

Consumption
in 2018 [kt]

China 120.1

USA 69.0

Western Europe 50.9

Japan 18.2

Others 62.1

Total 320.3

Source: Fluoropolymers, IHS Markit

https://www.agcce.com/fluoroplastics/


Production trends
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Relevance of fluoropolymers to 

Stockholm Convention?

• Salts of PFCAs (e.g. ammonium salts of PFOA 

and PFNA) were used as “processing aids” in the 

polymerization of certain types of fluoropolymers 

historically

– Large releases of PFOA and PFNA to environment from 
fluoropolymer manufacturing

– not all fluoropolymer manufacturing requires 
polymerization aids (emulsion polymerization does but 
not suspension polymerization)

– residuals of PFOA and PFNA (and other PFAS) in 
fluoropolymer products 

• PFOS or PFHxS were not used in fluoropolymer 

manufacture

– But very relevant to side-chain fluorinated polymers
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Types of PTFE 
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• Fine powders and aqueous dispersions (small particle sizes) are 
made by emulsion polymerization and thus require surfactant 
processing aids

• Granular resins (coarser particles) can be made by suspension 
polymerization and do not require surfactant processing aids



PFCA emissions from 

fluoropolymer manufacturing
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79% Fluoropolymer Manufacture

5% PFOA Manufacture

4% PFNA Manufacture

4% POSF Products

3% Fluoropolymer Dispersion - PFOA

3% Fluoropolymer Dispersion - PFNA

1% POSF Degradation

1% Fluorotelomer Degradation

0.2% POSF AFFF

0.1% Fluorotelomer Products

% of total historical (1950-2004) global PFCA emissions



Estimated PFCA emissions by 

carbon chain length
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• PFOA 
dominates 
global historical 
emissions of 
PFCAs from 
PTFE 
manufacturing

• PFNA emissions 
from PVDF 
manufacturing 
also high



Pollution resulting from use of PFCAs 

in fluoropolymer manufacturing
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PFOA – e.g., W Virginia
(C8 study)

PFNA – e.g., New Jersey
(NJ suing Solvay)

Mostly phased out under US EPA 2010/15 Stewardship Program

PFOA still used as a processing aid in China; 
high PFOA emissions in Chinese/Asian rivers 
(Wang et al., 2016)



Substitute PFAS processing aids
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a) Ammonium salt of hexafluoropropylene oxide dimer 
acid (HFPO-DA, CAS 62037-80-3, or GenX, Chemours) 
detected in the environments of North Carolina and the 
Netherlands.

b) Functionalized PFPE reported in Wang et al. 2013 (CAS 
329238-24-6, Solvay) now observed in Bormida River 
(Italy) and New Jersey (Washington et al., 2020).  

Note: the e = ethyl group can range 
from 0 - 2 units and p = propyl group 
can range from 1 – 4 units with the ethyl 
group most likely being closest to the 
chlorine.  Additionally, the chlorine can 
be on the terminal carbon as shown or 
on the C2 position as CF3CF(Cl)CF2-O. 



More substitute PFAS processing aids
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d) Ammonium 4,8-dioxa-3H-
perfluorononanoate (CAS 958445-44-8) 
(ADONA, 3M) detected in the Rhine River 
and serum samples.

c) Perfluoro{acetic acid, 2-[(5-methoxy-1,3-dioxolan-
4-yl)oxy]}, ammonium salt (CAS No 1190931-27-1) 
(cC604, Solvay) now observed in ground- and surface 
water in the Veneto region (Italy). 
https://echa.europa.eu/substance-information/-
/substanceinfo/100.207.411

e) ammonium difluoro[1,1,2,2-tetrafluoro-
2- (pentafluoroethoxy)ethoxy]acetate 
(CAS 908020-52-0) (EEA, Asahi Glass) 
detected in water and air near Thornton 
Cleveleys, Lancashire.

https://echa.europa.eu/substance-information/-/substanceinfo/100.207.411


Non-fluorinated processing aids
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Non-fluorinated processing aids
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Courtesy of Jaime Sales 
from Chemservice



Emission reductions
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Abatement techniques achieve 99% 
recovery of surfactant



It’s not just about processing aids!

• Many ultrashort-chain fluorinated by-products are 

highly volatile, difficult to capture, and have high 

GHG potential

• Detection of oligomers in stack emission samples 

(McCord et al, 2019)

• PVDF production (Decatur, AL): series of 

polyfluoroalkyl carboxylic acids with + CF2CH2 

(Newton, 2017)

• Chemours (NC) confirmed > 250 novel, potentially 

unique PFAS in their effluents

– Using non-fluorinated processing aids results in higher 

emissions of fluorinated byproducts
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Fluoropolymer manufacturers’ 

position

• Concern regarding how the broad PFAS 

regulations will affect business

• Believe that fluoropolymers should be considered 

as a separate family with regard to regulation 

using the following claims:

– they meet the OECD “Polymer of Low Concern” 

(PLC) Criteria

– Many industrial uses are essential for health and 

safety and critical to the functioning of society 

– Industry have made significant efforts to address 

lifecycle concerns
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The fluoropolymer lifecycle
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The use phase

• OECD PLC criteria focus on use phase

– Industry research shows that 18 different modern 

fluoropolymer products meet the PLC criteria

– Stable, non-bioaccumulative, non-toxic, low leachables

(<1 ppm, residuals removed), etc.

– PFOA/PFNA largely phased out so zero residuals in 

modern products, historically 1 to >10 ppm residuals

• Some products may not meet the PLC criteria, e.g. 

Chinese imported fluoropolymer products? 

• Overheating of cookware leads to release of short-

chain PFCAs in the gas phase

– Only solution is to follow normal operating procedures
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End of Life –Waste Collection

28Courtesy of Jaime Sales from Chemservice



End of life - treatment of waste

29Courtesy of Jaime Sales from Chemservice



Emissions during 

incineration/thermal treatment

• Comprehensive review conducted by 

RIVM

• Concludes that PTFE will thermally break 

down (but mineralization uncertain) at 

operational temperatures (>850°C) into 

smaller fluorocarbon gases

– could be strong greenhouse gases?

– no evidence for POP PFAS releases

• International research ongoing to 

measure flue gases, fly ash, bottom ash, 

wastewater

• Metal recycling at lower temperatures
30



Side-chain fluorinated polymers (SCFPs)

• Defined as polymers with a non-fluorinated 

polymer backbone and with PFAS moieties on 

the side chain(s)

• A non-exhaustive list of 103 SCFPs and 42 

PFAS monomers in report by Zhanyun Wang

– acrylates, urethanes, oxetanes, ethoxylates, etc. 

– Often exact structures cannot be identified

• Used (<10,000 tonnes/y) in: 

– surface treatments (textiles, carpets, food 

contact paper and board)

– fluorosurfactants (e.g. in some firefighting 

foams, paints, laquers, varnishes, reprographic 

agents, adhesives, binding agents, printing inks, 

and glossing agents)
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Key aspects of the chemistry of SCFPs
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They have different 

non-fluorinated 

copolymers (A is an 

acrylate and D is an 

ethoxylate)

They can be 

flurotelomer(FT)-based 

or perfluoroalkane

sulfonyl-

fluoride(PASF)-based 

(A is FT-based and D is 

PASF-based)

The fully fluorinated 

carbon side chains can 

be of different lengths 

(typically 4, 6, 8 or 10 

carbons) 



Large historical use of perfluorooctane

sulfonyl fluoride-based SCFPs

33

Use of FOSE-polymers in food contact materials probably 

highly important historical human exposure pathway for PFOS 

and PFOA



Key aspects of the chemistry of SCFPs

• The fluorinated side-chains do not cleave easily 

under environmental conditions

– But the products contain impurities of perfluoroalkyl 

acids (PFAA) and PFAA precursors (at % levels) which 

leach out of the products

• PASF-based SCFPs with 8 fully fluorinated carbons 

contained PFOS, PFHxS and PFOA, and their 

precursors

• FT-based SCFPs with 8 fully fluorinated carbons 

contained PFOA, other PFCAs and their precursors 

• Modern PASF-based SCFPs have 4 fully fluorinated 

carbons and modern FT-based SCFPs have 6 fully 

fluorinated carbons 
34



Degradation of acrylate and urethane 

SCFPs
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Emissions of PFAAs and PFAA-

precursors

• During the application of commercial formulations and 

the processing of treated materials into articles

– 3M, 1999: 10–25% loss, in the case of fibre, textile and 

leather

• During the use and disposal of treated articles

• Target urethane SCFP compositions measured in lake 

sediment, soil samples, sludge from WWTPs and 

landfill leachates

– They act as long-term sources of PFAAs to the 

environment

• The lifecycle of modern SCFPs would lead to emissions 

of PFBS and PFHxA (and their precursors) primarily

– Negligible long-chain impurities (including POP PFAS) 36



Fluorinated high-density 

polyethylene (HDPE) containers

• Special category (not strictly fluorinated polymers)

– Direct fluorination of plastic with fluorine-inert gas 

mixture to replace hydrogens with a thin layer of 

fluorine on the plastic surface

• Leaching experiments showed that PFCAs 

(including PFOA, PFNA, PFDA, PFUnDA) can leach 

from containers into food 

• US EPA is currently investigating
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Conclusions - Fluoropolymers

• Fluoropolymers produced in relatively high quantities

– 320,000 tonnes in 2018 (industrial uses dominate)

• Industry pressure to separate them from other PFAS 

based on generalized claims of them being PLC

– claim that it is challenging to find alternatives for some 

industrial uses

• Concerns remain:

– Chinese emissions of PFOA, HFPO-TA

– Companies continue to emit PFAS processing aids in Europe, 
US, etc. 

• but emissions controlled more and more

• non-fluorinated processing aids being phased in

– lack of information on other PFAS emissions during 
manufacture

– end of life emissions?
38



Conclusions – SCFPs

• A wide range of SCFPs have been produced and used in 

many different applications (<10 000s tonnes/y)

• Many non-polymeric PFAS are present in SCFPs, 

sometimes up to % levels

• During the life cycle of SCFPs and related products, 

substantial amounts of SCFPs and associated non-

polymeric PFAS are released (including POP PFAS)

• Degradation of SCFPs to form non-polymeric PFAS, 

including PFCAs and/or PFSAs, occurs in the environment 

and biota

– SCFPs are acting as long-term significant sources to the global 
burden of non-polymeric PFAS

– including POP PFAS stored in soils/landfills
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Thank you for your attention!

Acknowledgement: Thanks to Rainer Lohmann, 

Zhanyun Wang, and Roland Weber for sharing slides, 

and to IPCP for inviting me!

40


