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Annex A. Formulation and uses

A.1. Formulation, import and export

This study focuses on the use of PFASs in firefighting foams. The available data on the use of
PFASs in firefighting foams as well as the sales and uses of these foams in the EU are described
in detail in the following section.

In personal communication, Eurofeu indicated that the formulation of PFAS-based firefighting
foams in the EU is similar to the sales. Hence, the quantity of PFAS-based firefighting foams
formulated in the EU is expected to be in a similar order of magnitude as the sales presented
below (14 000 to 20 000 tonnes per year), while import and export are expected to represent
25% of that.

In their comment on the PFHXA restriction Annex XV dossier (FFFC, 2020), the Firefighting
Foam Coalition (FFFC) indicated that there are approximately 20-25 formulators of class B
firefighting foams in the EU, selling products all over the world, in particular Africa, Asia and
the Middle East. Their sales of foam and foam equipment worldwide are estimated in the
range of €120-150 million annually with foam agent sales accounting for about €60-70 million
of that total and with 20 to 25% resulting from exports to non-EEA countries. According to
FFFC, currently about 85-95% of their class B foam sales are fluorinated foams, whereas
Eurofeu’s data shows a proportion of 68% for PFAS-containing foams and 32% fluorine-free
foams.

In absence of more specific information, it is assumed that the exports in the EEA equal the
imports and represent 25% of the tonnage (and associated economic value) of foam
concentrates placed on the market in the EU. Taking the sales figures from Eurofeu, this
would mean that exports and imports would range between 3 500 and 5 000 tonnes per year,
equivalent to a range of €10.5 million to €15 million per year (taking an average price of foam
concentrate of €3 000/t)1.

According to Eurofeu (Eurofeu, 2021d), several EU foam formulators maintain production
facilities outside the EU. Therefore, a ban on the formulation with subsequent effects on
exports of PFAS-based foams could affect companies differently. However, no specific
numbers have been provided by Eurofeu.

According to Eurofeu, the major formulators are ANGUS (Eau et Feu, National Foam, Angus),
Johnson Controls (TYCO, SABO Foam), Perimeter Solutions (Auxquimica, Solberg), STHAMER,
BioEx, Incendin (Orchidee, Riihl, Uniteq), Fomtech, VS Focum, ProFoam, OneSeven, F500, 3F
(UK), and Oiltechnic (toll formulator).

By desktop research 27 individual companies have been identified. It needs to be noted that
the market is dominated by corporate groups, which are the result of several mergers over
the last decades. The following bigger corporate groups have been identified (individual
companies in brackets):

1. Johnson Controls (Chemguard, SABO Foam, ANSUL, Tyco Fire Products LP)

2. Angus International Safety Group (Angus Fire, Eau et Feu, Kerr Fire, National
Foam, Oil Technics (Aberdeen Foam))

3. Perimeter Solutions LP (AUXQUIMIA, FIRE TROL, PHOS-CHEK, SOLBERG)

! This is also in line with the figures estimated by FFFC: €60 Mio to €65 Mio of foam concentrate sales
from the EU (EEA market and export) with around 90% being PFAS foams and 25% of them exported,
considering 3 000€/ton would lead to 4 500 to 4 875 tonnes/year exported.
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4. Incendin/GIMV (Orchidee Europe, UNITEQ, Rihl Feuerldschmittel GmbH)

Interviewed foam formulators indicated that to their knowledge all foam formulators have
both fluorine free and PFAS-based foams in their portfolio (Angus-Interview, 2021); (Eurofeu,
2021b); (FFFC-Interview, 2021).

However, by desktop research a formulator from Germany, Febbex, has been identified that
only sells fluorine free foams. Another formulator, Viking from Denmark, has been found to
only sell PFAS-based foam. In October 2020, Viking Lifesaving Equipment reached a global
partnership agreement with Dr. Sthamer from Germany. Perimeter Solutions plans a
voluntary transition of their entire portfolio to fluorine-free foam technology.

A.2. Uses

A.2.1. Introduction

An estimation of the tonnages of fluorine-based and fluorine-free firefighting foams
formulated and placed on the market in the EU has been performed. The different functions
(e.g. film-forming, surfactants, solvents) provided by different components of firefighting
foams and the type of fires for which their use is recommended is also discussed. In addition,
an overview of market data (and functions provided) for fluorine-free alternatives is also
given, to support the analysis of alternatives and socio-economic impacts.

A.2.2. Tonnages of fluorosurfactants used in firefighting foams production

According to data provided by Eurofeu, five foam formulators - representing approximately
60-70 % of the EU market - purchase approximately 335 tonnes of fluorosurfactants per
annum in the EU (data collected in 2018). These data include seven specific known fluoro-
compounds and three unknown fluoro-compounds (see Table A.1). They are used to produce
firefighting foam concentrates or liquid ready for use agents (pre-fill for fixed firefighting
systems and/or portable extinguishers). An average concentration of fluorosurfactants in the
foams of around 2-3% was indicated by various stakeholder responses to the consultation
(Wood et al., 2020).

It should be noted that the identity of the substances with the largest tonnages was not
specified in these data as the data were confidential. Based on the approximate share of the
market reflected in these data, it is estimated that the total tonnage of fluorosurfactants used
in firefighting foams in the EU is approximately 480-560 tonnes per year?. This is consistent
with the total tonnage of PFAS-based firefighting foams estimated further below.

2 According to Eurofeu, the data is expected to cover 60-70% of the EU market. The total market has been estimated by dividing 335
tonnes by 70% (lower end of range) and by 60% (upper end of range), respectively.
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Table A.1. Tonnage of fluorosurfactants purchased for the production of firefighting

foams by formulators participating in the 2018 Eurofeu survey

Fluoro-compound

CAS number

Tonnes per
year

Share of the total
market

1-Propanaminium,N-(carboxymethyl)-
N,N-dimethyl-3-
[[(3131414151516161717181818_
tridecafluorooctyl)sulfonylJamino]-,inner
salt

34455-29-3

21.1

6%

1-Propanaminium, 3-amino-N-
(carboxymethyl)-N,N-dimethyl-N-
[[(gamma-omega-perfluoro-C6-C16-
alkylthio]acetyl] derives., inner salts

80475-32-7

17.2

5%

2-methyl-2 - [(1-0x0-3 -
[(3131414151516161717181818-
tridecafluorooctyl) thio] propyl) amino] -
1-propanesulfonic acid, sodium salt

62880-93-7

0.5

<1%

2-hydroxy-N,N,N-trimethyl-3-
[(3,3,4,4,55,6,6,7,7,8,8,8-
tridecafluorooctyl)thio]-1-
Propanaminium, chloride (1:1)

88992-45-4

0.2

<1%

2-Propenamide, telomer with 4-
[(3,3,4,4,55,6,6,7,7,8,8,8-
tridecafluorooctyl)thio]-1-butanethiol )

unknown

0.2

<1%

2-Propenoic acid, telomer with 2-
propenamide and 4-
[(3131414151516161717181818_
tridecafluorooctyl)thio]-1-butanethiol,
sodium salt

unknown

0.3

<1%

2-Propenamide, telomer with
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-
octanethiol

76830-12-1

0.9

<1%

unknown C-6 fluorinated substances

unknown

17.1

5%

unknown 1

unknown

138.6

41%

unknown 2

unknown

138.6

41%

Total (2018 Eurofeu survey)

335

Total EU market (extrapolated)

480-560 [1]

Source: (Wood et al., 2020), based on data provided to the authors by Eurofeu.

Notes:

Substances marked as unknown have not been revealed by the individual formulators to preserve commercially

sensitive information.

[1] According to Eurofeu, the data is expected to cover 60-70% of the EU market. The total market has been
estimated by dividing 335 tonnes by 70% (lower end of range) and by 60% (upper end of range), respectively.

Results were rounded to two significant figures.
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A.2.3. PFAS-based firefighting foams
A.2.3.1. Sales of firefighting foams by user sector

Eurofeu also provided figures on the yearly sales of PFAS-based firefighting foams to various
user sectors in Europe, based on a 3-year average (2016-2018). Six Eurofeu member
companies? have provided data. In total, they sell 13 669 tonnes of PFAS-based firefighting
foams per year. Of these, an estimated 8 200 tonnes are employed in fixed systems and
5 500 tonnes in mobile systems*. The split of the volume by sector is detailed in Figure A.1
below. This shows that chemical/petrochemical is by far the largest user sector (59%), but
municipal fire brigades, marine applications, airports and defence applications also account
for significant volumes®. Ready for use products only account for a very small share of the
volume of PFAS-based foams according to this data. The main category are fire extinguishers
and some stakeholders have suggested that the number of fire extinguishers using PFAS-
based foams could be significant. An estimate is provided in the following sub-section.

Military Readyforuse
6% products
Airports 1%

9%

Marine
applications
12%

Chemical/
petrochemical

0,
Municipalfire 59%

brigades
13%

Figure A.1. Split of the volume of PFAS-based firefighting foams by sector
Source: (Wood et al., 2020) based on data provided to the authors by Eurofeu.

Eurofeu estimate that the data they provided based on an internal survey covers roughly 70%

3 Dr. STHAMER Hamburg, Auxquimia (Perimeter Solutions), Solberg Scandinavia, Dafo Fomtec, Orchidee, Johnson
Controls (aka Tyco)

4 The number of companies that provided a response on whether the foams are used in fixed or mobile
systems is lower than those that provided a response for the sectoral overview, therefore in the original
data the total tonnage of the former is lower than the latter. To fill this gap, the tonnages for both fixed
and mobile systems have been inflated so that their total matches the total in the sectoral split. The
original values were 5 010 tonnes for fixed systems and 3 350 tonnes for mobile systems (total 8 360
tonnes).

5 According to personal communication with Eurofeu, there is some uncertainty in the data available to
foam manufacturers about the precise distinction between user sectors. This is because although certain
products may be marketed primarily for a specific user sector, it is not always known to whom the
products are ultimately sold through traders and vending companies, and what they ultimately use it
for (particularly for large users active across several sectors). Generally, “chemical/petrochemical” is
expected to include offshore oil and gas platforms (in addition to refineries and other facilities storing,
processing or transporting flammable liquids), while "marine applications” refers to the shipping industry
(Eurofeu indicated that there is not always a clear distinction between land-based systems/uses in
harbours and sea going vessels and that generally, a harbour use would in most cases be considered as
non-marine). However, due to the above uncertainty some of the tonnage for marine applications may
also reflect use in offshore oil and gas platforms as well as use in harbours.
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of the EU market. It is therefore estimated that the total annual EU use of PFAS-based
firefighting foams could be in the order of 20 thousand tonnes®.

Eurofeu’s data on sales per sector of use does not specify which proportion of the foam volume
sold to the chemical/petrochemical sector would be for Seveso establishment as this piece of
information is not available to Eurofeu. In absence of specific information, for the emissions
and cost calculations, the Dossier Submitter assumes that 98% of the volume sold to the
chemical/petrochemical sector would be for Seveso establishments and the remaining 2% for
other sites not covered by the Seveso Directive (offshore oil/gas/chemical facilities and minor
users such as power plants, glass manufacturers, waste treatment facilities, food processing
industry, metal processing, etc.). These proportions have been considered plausible by
Eurofeu.

A.2.3.2. Estimate of use in fire extinguishers

The initial analysis of use performed by Wood et al. (2020) identified three different sources
for the number of fire extinguishers using PFAS-based firefighting foam that are in service in
the EU, ranging from 15 million (Eurofeu, 2019a) to 90 million (extrapolation from German
data).

During the 2022 consultation on the Annex XV report, the number of PFAS-containing fire
extinguishers used across the EU was reported as 40-50 million units, but closer to 40 million
(comments #3544, #3553, #3557, #3579, #3621). Thus, it was indicated that the adjusted
number of relevant extinguishers is significantly higher that the number that was initially
estimated by Eurofeu and taken into consideration by the Dossier Submitter.

However, based on the received submissions to the 2022 consultation, it remains unclear
whether an increase of the estimated number of PFAS-containing fire extinguishers present
in the EU concurrently also implies that the total annual tonnage of PFAS-containing
firefighting foam sold across all sectors would be higher than initially reported or whether the
share attributable to the various sectors is different than initially reported, or both.

The analysis of the baseline use and market for PFAS-containing firefighting foam was based
on information submitted by Eurofeu and individual firefighting foam manufacturers
suggesting that annually between 14 000 and 20 000 tonnes of PFAS foam are sold across
the EU and that the share of foam attributable to ready-to-use applications is 1% (Wood et
al., 2020). At the time of preparation of the Wood (2020) study, Eurofeu estimated that
approximately 15 million PFAS-containing fire extinguishers are present in the EU.
Contradictory information, that was already available at the time at which this study was
prepared, suggested that the number of extinguishers could be significantly higher (e.g. 90
million based on an extrapolation of German data). However, the reliability of the Eurofeu
estimate was considered likely to be higher by the authors of the study. The Dossier Submitter
agrees that the number extrapolated from German data is not sufficiently reliable because it
is expected that the use of PFAS-containing foam extinguishers is comparatively higher in
countries like Germany and France than in countries in the south and east of the EU. This is
because non-foam alternatives such as powder extinguishers are available for use on class-B
fires and seem to be less expensive than foam extinguishers.

Going beyond the comparison of contradictory information on the humber of PFAS-containing
fire extinguishers in the EU, Wood et al. (2020) also found that derivations performed with
the (at that time) best estimate of 15 million extinguishers resulted in a higher annual tonnage
of PFAS-containing foam concentrate sold in extinguishers (bottom-up derivation) than the
value derived from the information about the total annual tonnage of PFAS-containing foam
sold in the EU across all sectors combined with the reported market share of ready-for-use
applications (top-down derivation).

6 Calculated as 13 669 tonnes divided by 70% and rounded to the closest thousand tonne.
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Table 1: Derivation of the annual tonnage based on previous information

Based on the total Based on the number of
annual tonnage sold extinguishers present in
across all sectors and the EU (15 million) and

the market share assumptions about

extinguisher
characteristics

Tonnes per year 140-200 360-675

In response to the uncertainty about the correct derivation approach for the annual PFAS-
containing foam volume applicable to this particular sector, Wood et al. (2020) noted that not
all foam extinguishers represent ready-to-use products and also that the difference of a few
hundred tonnes of foam per year would have a negligible impact on the accuracy in light of
the magnitude of ten-thousands of tonnes sold across the EU per year (rounded to
thousands).

The Dossier Submitter notes that the uncertainty about the derivation method (top-down vs.
bottom-up) and underlying data persists despite the additional information submissions to
the 2022 consultation on the Annex XV report. Nevertheless, the Dossier Submitter makes
the effort to use the newly received information for an assessment of whether the outcome
of the cost assessment would change in a notable manner when based on higher assumptions
about the number of relevant fire extinguishers present in the EU.

Repeating the calculations by Wood et al. (2020) for the bottom-up derivation of the annual
tonnage of PFAS-containing foam concentrate sold in this sector, but using the assumption of
40 million extinguishers, yields a result of 960 to 1 800 tonnes per year.

Table 2: Derivation of the annual tonnage based on new information

Based on the total Based on the number of
annual tonnage sold extinguishers present in the
across all sectors and EU (40 million) and

the market share assumptions about

extinguisher characteristics

Tonnes per year 140-200 960-1 800

Although the value of 960 to 1 800 tonnes of PFAS-containing foam concentrate sold in fire
extinguishers each year potentially overestimates the true amount, the Dossier Submitter
considers that the robustness of resulting conclusions about the cost of the restriction is
strengthened by this approach. The outcome of the revised cost assessment for the ready-
to-use sector is reported in detail in Annex E.4.3.10, but not reflected in all tables throughout
the Background Document because the impact on the overall conclusions of the restriction
report was shown to be negligible.

The Dossier Submitter assumes that 100% of foams sold are released during their service life
in the baseline scenario, whereas stakeholders indicate that only 1-5% of extinguishers are
actually used (#3621). This information about the use rate is considered to justify the Dossier
Submitter’s decision to keep the emission assessment unchanged and to focus the robustness
check on the cost assessment.

A.2.3.3. Other information on tonnages from the consultation during the
development of the proposal
The following additional information on tonnages was provided in the consultation:

e Additional firefighting foam formulators (not covered by Eurofeu’s internal
survey) provided figures for three different products they manufacture where the
PFAS Carboxymethyldimethyl-3-[[(3,3,4,4,5,5,6,6,7,7,8,8,8-
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tridecafluorooctyl)sulphonyllamino]propylammonium hydroxide (CAS number
34455-29-3) and 6:2 FTS are used (i.e. all three products use both substances
combined). The three products are employed in different sectors:

o The first is used by the respondents’ customers in airport and marine
applications. Of this foam, 700 000 litres are formulated /imported and 200 000
litres are sold in the EU every year.

o The second is used in oil and gas, marine, chemistry and municipal firefighting
applications. 450 000 litres of this product are formulated /imported in the EU
and 250 000 litres are sold every year in the EU.

o The third product is used in the oil and gas and marine sectors. 250 000 litres
of this foam are formulated /imported and 100 000 litres are sold every year
in the EU.

o These volumes are additional to the Eurofeu data presented above. The three
foams in sum account for 550 000 litres of annual sales in the EU. Assuming a
density of approximately 1kg/L, this would be equivalent to about 550 tonnes
of foam that can be added to the Eurofeu total (but would already be included
in the EU total extrapolated from Eurofeu data). However, given that the exact
sector split is not known, they have not been added to the sector breakdown.

e One respondent operating in the field of industrial safety, in particular dedicated
to technical support and training, stated that they formulate 5 000 litres per year
of a foam containing a C6 fluorine compound, which is used only for training
purposes. As above, this is additional to the Eurofeu data, but has not directly
been added because the tonnage or density is not known,

e One respondent operating in the oil and gas sector provided figures for four
firefighting foams they purchase; two of these contain poly(1,1,2,2-tetrafluoro-
1,2-ethanediyl),alpha fluoro-omega-2-(3-
((caboxylatomethyl)dimetylammonoi)propylaminosulfonyl)ethyl, whereas the
other two contain different PFASs that have not been specified:

o The two products containing poly(1,1,2,2-tetrafluoro-1,2-ethanediyl),alpha
fluoro-omega-2-(3-
((caboxylatomethyl)dimetylammonoi)propylaminosulfonyl)ethyl are used in
the offshore oilrig and refinery sectors for spills?, accidents and function tests
in process plant fires and trainings. They purchase less than 5 tonnes per year
of each of these foams and employ less than 5 tonnes in each instance of use.

o The third product is used in the offshore oil and refinery sectors in cases of
spills, accidents and function tests in alcohol fires. Similar to the previous, less
than 5 tonnes are bought every year and less than 5 tonnes are employed in
each instance of use.

o A volume between 30 tonnes and 70 tonnes of a fourth product is purchased
every year by the respondent, but no other details have been provided
regarding the use of this foam.

e One respondent operating in industrial safety for the oil refineries, chemicals and
petrochemicals sectors provided figures for one foam based on the C6 fluorine
compound, which is used for training exercises on large hydrocarbon fires. They
purchase 5 tonnes per year of this product and typically employ it 100 days a

7 AFFF are in some cases also used as prevention in spills that have not (yet) caught fire. See for
instance: https://www.nrl.navy.mil/accomplishments/materials/aqueous-film-foam
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year.

e Another respondent operating in the oil refineries, chemicals and petrochemicals
sectors provided figures for one product they purchase, which can be used for
almost all class B fires. They purchase between 20 and 60 tonnes per year of this
foam and in 75% of cases fires are extinguished with less than 400 litres of foam
concentrate.

Respondents quoted prices for PFAS-based firefighting foams in the range from €2 to €30 per
litre of concentrates. For those PFAS-based firefighting foams for which data on tonnage and
price is available, the weighted average price is around €3 per litre, but note that these
products reflect only a small share of the total market, so this estimate is uncertain. Some
consultation responses suggest that, generally speaking, foams providing a higher
performance often contain a higher concentration of PFASs which is associated with a higher
cost.
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A.2.3.4. Number of sites using firefighting foams

No detailed data on the number of sites using firefighting foams (PFAS-based or fluorine-free)
was available. However, to estimate the order of magnitude of user sites, the total number
of sites in some of the main user sectors can be considered:

Oil/chemicals/petrochemicals: There are around 12 000 establishments covered
under the EU’s Seveso III Directive (European Commission, 2021). One of the
main accident scenarios linked to most Seveso-regulated substances is related to
fires. According to the Commission’s report, among the activities used to
categorise Seveso establishments, four account for almost 45% of
establishments:

(1) General chemicals production and distribution (1 850 establishments
representing 15.1%);

(2) Power generation, supply and distribution (1 606 establishments
representing 13.2%);

(3) Fuel storage (1 190 establishments representing 9.8%); and
(4) Wholesale and retail (930 establishments representing 7.6%).

According to Eurofeu, around 1 166 tank terminal facilities operate in the
EU (EUROFEU, 2020c).

In the cost calculations, 10 000 of these Seveso establishments are assumed to
be affected by the restriction.

‘Other industries’: In the absence of specific information, 1 000 sites are assumed
for other industries (offshore oil/gas/chemical facilities and minor users such as
power plants, glass manufacturers, waste treatment facilities, food processing
industry, metal processing, etc.).

‘Marine applications’: Europe’s maritime traffic is responsible for some 15 000
seagoing vessels?®.

Airports: There are 401 commercial airports in the EU-28°, many of which will
have multiple firefighting foam storages/use equipment.

Municipal fire brigades: There are over 50 000 public fire brigades in the EU,
excluding those covering airports and private brigades covering industrial risks?°,

Defence: In the European Economic Area, there are about 239 military airbases.

Based on the above, there are likely to be several tens of thousands of facilities using (or at
least possessing) firefighting foams. In addition, there are likely many other sites possessing
fire extinguishers using firefighting foams.

8 In early 2019, the total world fleet stood at 95 402 ships. Europe accounted for 16% of container port traffic (as
a proxy for the share of global vessels relevant to Europe). Source: UNCTAD Review of Maritime Transport 2019.
Available at https://unctad.org/en/PublicationsLibrary/rmt2019 en.pdf. In terms of ports, over 1 200 commercial
seaports operate in the EU (European Commission (2013): Europe's Seaports 2030: Challenges Ahead. Available
at: https://ec.europa.eu/commission/presscorner/detail/en/MEMO 13 448). However, seaports are generally not

considered as part of the marine applications in the present report.
9 Eurostat: Number of commercial airports (with more than 15 000 passenger units per year) [avia_if _arp], Data

for 2017.

10 FEU statistics, https://www.f-e-u.org/career2.php
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A.2.3.5. Conclusions of the market analysis for PFAS-based firefighting
foams

In conclusion, based on information provided by Eurofeu and additional formulators, it has
been estimated that at least 14 000 tonnes, but probably around 20 000 tonnes of PFAS-
based firefighting foams are sold in the EU annually. The main application is the oil/chemical
and petrochemical industry, which employs 59% of these foams. This is followed by municipal
fire brigades, marine applications, airports and the defence sector. The foams are used in fire
incidents, spills, tests and training exercises.

There are likely several tens or potentially hundreds of thousands of facilities using (or at
least possessing) firefighting foams, not counting those only using fire extinguishers. Prices
for PFAS-based firefighting foams range from €2 to €30 per litre for concentrates, with the
average estimated at around €3 per litre (subject to significant uncertainty).

A.2.3.6. Functions provided in the foams and types of fires the foams are
used for

According to the consultation, the PFAS-based firefighting foams find application in a broad
range of sectors, such as aviation, marine, oil and gas, offshore oil, refineries, chemicals and
railways??.

The main function of the PFASs contained in the foam is to act as a surfactant, i.e. to form a
film over the burning liquid surface in order to prevent flammable gases from being released
from it. Different types of PFAS-containing firefighting foams are available on the market,
mainly: “Aqueous Film Forming Foam” (AFFF) which form an aqueous film on the surface
of the flammable liquid by the foam solution as it drains from the foam blanket; “Alcohol
Resistant-Aqueous Film Forming Foam” (AR-AFFF) which are resistant to polar solvent and
alcohol liquids; fluoroprotein foam concentrates and film forming fluoro-protein (FFFP)2. AFFF
foams generate an aqueous film, i.e. a thin layer of water floating on top of the lighter non-
water miscible liquid!3, which is a key feature provided by fluorosurfactants. The stable foam
blanket formed enables the sealing of the flammable liquid surface, impeding the release of
flammable gasses with the ambient air. PFAS surfactants in the firefighting foams also prevent
the emulsification of the hydrocarbon liquid with the foam, even for water-miscible
hydrocarbon liquids such as alcohols, avoiding therefore the risk of fuel pick-up, which would
alter the foam structure and make it flammable. AFFF have been considered very effective
and also very forgiving with respect to application, proportioning and foam expansion. They
allow the use of specific techniques such as sub-surface injection in non-water miscible
flammable liquids, application at very low expansion ratios (e.g. delivered by sprinklers,
hollow-jet nozzles, non-aspirated hand lines and monitors) or forceful applications. Overall,
AFFF made firefighting foams are easy to use at a very high level of reliability and performance
(Eurofeu, 2019a).

These features are particularly relevant that enable applications in industrial fires - for
example tank fires, where large quantities of flammable liquid are stored. They are used for
training purposes and in a variety of fire incidents, from small fires to the above-mentioned

11 A respondent responsible for railway maintenance stated that PFAS-based foams are used in railways;
the use of firefighting foams is particularly relevant for fire-protection in railway tunnels. The reason is
that railways can carry various chemicals and other dangerous goods and, if they catch fire in tunnels,
it is particularly critical and fires can be much more difficult to extinguish.

12 https://www.chemguard.com/about-us/documents-library/foam-info/general.htm

3 Water has a higher specific gravity compared to most hydrocarbon liquids, hence sinks if applied onto
them.
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large tank fires, and can be applied both with mobile and stationary equipment.

According to Eurofeu (Eurofeu, 2019a), AFFF are still amongst the first-choice agents for
scenarios where the foam needs to be applied over certain distance (vertical and/or
horizontal) onto liquid fuel having a certain depth (like large tank farms of flammable liquids).
On fires of shallow fuel spills, emulsification does not play a major role in overall fire
performance of the foam agent because there is not enough fuel depth for the foam to sink
in. These fires (e.g. damaged cars or even road tankers) likely may not require an AFFF.
Similarly, still according to Eurofeu, municipal firefighting, fires of solid combustibles (so
called “Class A-fires”) and fires of melting fuels (solid materials becoming liquid due to heat,
such as plastics, fats and waxes) do not require AFFF, the latter fire risks being able to be
addressed with modern high-performing fluorine-free foam agents.

A.2.4. Fluorine-free alternatives
A.2.4.1. Sales of firefighting foams by user sector

Consultation with Eurofeu provided figures on the yearly consumption of fluorine-free
firefighting foams in various sectors in Europe, based on a 3-year average (2016-2018),
highlighting a total use of 6 553 tonnes per year. Of these 6 553 tonnes, 2 134 are utilised in
fixed systems and 4 418 in mobile systems'4. The split by sector is detailed in Figure A.2
below. Notably, it varies considerably from that of PFAS-based foams, with a much larger
share used by municipal fire brigades but a much smaller share in the chemical/petrochemical
sectors.

Military Readyforuse
2% products
1%

Airports
8%

Marine
applications
16% Municipalfire
brigades
44%

Chemical/
petrochemical
29%

Figure A.2. Yearly use of fluorine-free firefighting foams by sector.
Source: (Wood et al., 2020). Data provided to the authors by Eurofeu.

Notes: The majority of the ‘ready for use products’ are fire extinguishers. However, not all foam fire
extinguishers use ready-for-use foams.

4 The number of companies that provided a response on whether the foams are used in fixed or mobile
systems is lower than those that provided a response for the sectoral overview, therefore in the original
data the total tonnage of the former is lower than the latter. To fill this gap, the tonnages for both fixed
and mobile systems have been inflated so that their total matches the total in the sectoral split. The
original values are 1 259 tonnes for fixed systems and 2 605 tonnes for mobile systems (total 3 864
tonnes).
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Eurofeu estimate that the data they provided based on an internal survey covers roughly 70%
of the EU market. It is therefore estimated that the total EU use of fluorine-free firefighting
foams could be in the order of 9 000 tonnes.

A.2.4.2. Other information on tonnages from the consultation during the
development of the proposal

The following information on tonnages was provided in the consultation. Information on which
chemical group of alternatives (based on the grouping established in the substance
identification, see Annex B.1) is also listed.

O

O

O

Additional firefighting foam formulators (not covered by Eurofeu’s internal
survey) stated that they formulate/import a total of 1 250 000 litres and sell
380 000 litres of PFAS-free foams (based on hydrocarbon surfactants) per year
in the EU. Assuming a density of approximately 1 kg/liter, this would be
equivalent to about 380 tonnes of foam that can be added to the Eurofeu total
(but would already be included in the EU total extrapolated from Eurofeu data).
However, given the exact sector split is not known, they have not been added to
the sector breakdown.

One respondent operating in fire protection for oil refineries/storage, chemicals,
petrochemicals and municipalities provided figures for three types of fluorine-free
foams (chemical groups of alternatives unknown) used for different purposes:

The first is used by the respondent for exercise and testing of fixed systems
(i.e. not for firefighting), about 12-20 times per year at 300-10 000 kg per use.
They purchase 15 000-30 000 kg of this foam per year.

The second is used by the respondent for testing of proportioning systems (i.e.
not for firefighting), typically 4-6 times per year, with 1 000-6 000 kg used in
each instance. They purchase 10 000 kg of this product per year.

The third was due to start testing in autumn 2019, therefore they did not yet
have any experience on real fires with this foam. It is expected that this product
will be used about 50 times per year, with 1-400 kg used in each instance.

One respondent operating in the field of industrial safety, particularly dedicated
to technical support and training, provided figures for two different fluorine-free
foams, both used for training purposes:

The first (a product shown to contain detergents according to the substance
identification task) is used by the respondent for hydrocarbon fires in the oil
and gas sector, with a typical frequency of 150 days per year. They purchase
4 000 kg of this product per year.

The second (chemical group of alternatives unknown) is used by the respondent
for alcohol fires, about 30 days a year. They purchase 1 000 kg of this foam
per year.

One respondent providing training in the safety sector gave figures for one type
of fluorine-free foam (a product shown to contain detergents according to the
substance identification task). This is used only for training purposes on fires of
different sizes and in various sectors, such as airports, oil and gas and marine.
They purchase 1 200 kg of this product a year and typically use it around 4 hours
per week, depending on the training activity.

One respondent active in the airport sector provided figures for one fluorine-free
foam (a product shown to contain hydrocarbon surfactants and detergents
according to the substance identification task), which is used for all aircraft
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applications and training activities. They purchase 3 600 litres of this foam a year.
Approximately 300 litres are used each month, with a typical use of 15 minutes
per month.

e Another respondent working in the airport sector stated that they purchase 5 000
litres per year of a fluorine-free foam (chemical group of alternatives unknown),
which is used only for training and system testing.

e Additional respondents have stated they use fluorine-free foams based on
hydrocarbon surfactants and detergents in aviation, offshore oil installations and
onshore terminals and refineries, without specifying quantities.

Respondents quoted prices for fluorine-free foams ranging from €0.7 to €10 per litre. For
those fluorine-free firefighting foams for which data on the tonnage and price is available, the
weighted average price is around €3 per litre, but note that these products reflect only a small
share of the total market, so this estimate is uncertain. Although the range is lower and the
average is similar to prices of PFAS-based foams (see above), some respondents suggested
that fluorine-free foams are around 50% more expensive than comparable foams containing
fluorine. However, fluorine-free foams are still predicted to have a growing presence on the
market, due to increasing regulations/controls on firefighting training and testing.

A.2.4.3. Conclusions of the market analysis for fluorine-free alternatives

Based on information provided by Eurofeu and additional formulators, it has been estimated
that at least some 7 000 tonnes, but probably around 9 000 tonnes of fluorine-free firefighting
foams are sold in the EU annually.

A breakdown by chemical group of alternatives (based on the grouping established in the
substance identification) is not available, but consultation responses suggest that the main
alternatives used are based on hydrocarbon surfactants and detergents.

The split by sector of use varies considerably from that of PFAS-based foams, with a much
larger share used by municipal fire brigades but a much smaller share in the
chemical/petrochemical sectors.

Prices for fluorine-free foams range from €0.7 to €10 per litre, with the average estimated
around €3 per litre (subject to significant uncertainty).

A.2.4.4. Functions provided in the foams and types of fires the foams are
used for

The fluorine-free firefighting foams considered in this analysis are specifically those that can
potentially be used as alternatives to the PFAS-based foams. As such, they are potentially
used in the same applications. The consultation responses specifically indicated that fluorine-
free alternatives are currently used for training, process fires, alcohol fires and fuel fires, as
well as for testing proportioning systems and are applied both with fixed and mobile
equipment. The areas of applications of the alternative products have been analysed in more
detail in the analysis of alternatives (see Annex E.2.).

The substance identification (Annex E.2) identified the following groups of substances that
PFAS-free firefighting foams are based on: hydrocarbons, siloxanes, protein foams, and
detergents. All of these groups largely mimic the function of fluoro-surfactants in the PFAS-
based firefighting foams. For instance hydrocarbon foams use hydrocarbon surfactants?!®,

1> See for example: https://www.fomtec.com/fluorine-free/category38.html or https://www.chemguard.com/about-
us/documents-library/documents/Martin2009ReebokEcoguardpresentation2010-10-11.pdf.
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siloxanes are also primarily used in firefighting foams to function as surfactants'® and
detergents are by definition surfactants.

A.3. Uses advised against by the registrants

The analysis in this Annex XV dossier is based on substances that have been identified as
being used in firefighting foams.

No review of registration dossiers for all of the potentially relevant PFAS substances has been
undertaken in terms of identifying any specific uses that are advised against by the
registrants.

16 See for example: https://www.nfpa.org/-/media/Files/News-and-Research/Resources/Research-
Foundation/Symposia/2016-SUPDET/2016-Papers/SUPDET2016Hetzer.ashx?la=en.
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Annex B. Information on hazard and risk

B.1. Identity of the substance(s) and physical and chemical
properties

An identification of the PFAS substances (including long- and short-chain, their salts and
precursors, intentionally used or as impurities) present in firefighting foams and any non-
PFAS fluorinated alternatives (if they exist) has been conducted. The constituents of the
fluorine-free firefighting foams is described under Annex E.2. on alternatives. Most of the
results have been reported in (Wood et al., 2020) and are described below.

The substance identification was based on desktop research covering:

e Literature research based on:
o Scientific peer reviewed literature (pubmed, google scholar);

o Reports or other publications by national and regional environmental
agencies; and

o Reports or other publications by NGOs.
e Information gathered in the framework of regulations:

o REACH (for example RMOAs, Annex XV restriction reports, RAC & SEAC
documents of PFAS substances);

o Stockholm convention (for example risk management evaluation, AoA
reports, technical paper on the identification and assessment of alternatives);
and

o Basel convention(technical guidelines).

e Safety Data Sheets ((M)SDS) and any other information of known
producers/associations;

e Environmental and human (bio-)monitoring data and case studies; and

o Expert knowledge (international experts).

In general, all the above documents were screened by using the following search terms: fire,
foam, fluor and/or alternative. More specifically, in case the documents covered the analysis
of alternatives (e.g. documents by REACH, Stockholm and NGOs) the documents were
screened using the search terms fire and foam. This strategy was also undertaken in the
screening of more general reports, for example those reports that cover PFASs in general.
These kinds of reports were mostly published by environmental agencies.

In cases where analytical measurements were reported (case studies, (bio-) monitoring and
scientific publications) it was made sure, that an unambiguous assignment to the usage of
firefighting foam could be made. Only in cases where this was possible, the respective data
was extracted.

A different strategy was elaborated for (M)SDS, in this case only the term “fluor” was used.

More detail about the specific search terms applied and the specific documents screened is
provided alongside the results in the following sub-sections.
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B.1.1. Name and other identifiers of the substance(s)

B.1.1.1. Substance identification - PFASs

Per- and polyfluoroalkyl substances (PFASs) are a class of synthetic compounds that have
attracted much public attention since the late 1990s and early 2000s, when the hazards and
ubiquitous occurrence in the environment of two PFASs, perfluorooctanoic acid (PFOA) and

perfluorooctane sulfonic acid (PFQOS),

started to be reported and recognized. Early

communications used many different terminologies for what nowadays are called PFASs (e.g.
per- and polyfluorinated chemicals, perfluorinated organics, perfluorochemical surfactants,

highly fluorinated compounds).

It is noted, that although the definition of PFASs historically encompasses both per- and
polyfluoroalkyl substances, the polyfluoroalkyl substances belong to the scope of PFASs only
when containing also at least one perfluorinated moiety (one fully fluorinated methyl or
methylene group) and hence can also be called perfluoroalkyl substances. Polyfluoroalkyl
substances which only contain partially fluorinated carbon atoms are not within the scope of
the restriction proposal. OECD (2021a,b) provide example structures of included and excluded

substances (see Figure B.1 below).

Examples of PFASs that already meet the definition by Buck et al. (2011)*
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* Blue moieties = fully fluorinated alkyl moieties that already meet the definition by
Buck et al. [2011); green moieties = fully fluorinated alkanediyl moieties that are
added under the new OECD definition; orange moieties = aromatic rings

Examples of PFASs that are added under the new OECD definition*
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Figure B.1. Extract of Figure 1 of Wang et al. (2021) illustrating examples of
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substances which belong or do not belong to the scope of the PFASs. See OECD
2021a for more details.

B.1.1.2. PFASs and other organofluorine substances in firefighting foams

To identify any potential non-PFAS fluorinated substances used in firefighting foams, a
literature research in PubMed and Google Scholar was undertaken, using the following search
terms:

(("substance" OR "chemical” OR “compound”)) AND ("fire fighting foam" OR firefighting "fire
fighting")

As of April 2019, the PubMed search returned 53 results. However, the relevant results
covered only poly- and perfluorinated compounds. The same result was found using Google
Scholar.

Safety data sheets (SDS)/supplier information, monitoring data, Environmental Protection
Agencies (EPAs), NGOs, case studies and legislation were also screened for information on
non-PFAS fluorinated substances (simultaneously with the screenings for information on the
substance identity of PFAS- and fluorine free-chemicals, discussed below).

No non-PFAS fluorinated substances that are used in firefighting foams were identified in this
way.

In conclusion, the analysis suggests that fluorinated non-PFAS alternatives in the area of
firefighting foams do not exist. This was confirmed in a personal communication with Zhanyun
Wang (ETH Ziirich), an international expert on PFAS chemicals. It was also discussed and not
disputed at the September 2019 stakeholders workshop organised by ECHA.

Generally, most information on PFASs in firefighting foams was found in the scientific
literature. This is partially due to the fact that SDS and other supplier information only indicate
general terms like “fluorinated surfactant” without naming a CAS number and/or referring to
proprietary information. EPAs mostly also cite scientific literature, so this information overlaps
with substances already identified in the review of the scientific literature. This is also true for
information from legislation (REACH, Stockholm, Basel Convention).

When searching PubMed and Google Scholar, the following search terms were used:

("fluorochemical*" OR "per- and polyfluoroalkyl” OR "perfluoroalkyl" OR "polyfluoralkyl" OR
"fluorinated” OR "PFAS") AND ("fire fighting” OR "airport" OR "fire")

As of April 2019, this search yielded 86 results. The thus identified publications were to a
large extent highly relevant, and the substance details were extracted into Excel sheets for
use in the following working steps.

An additional source of information is case studies and monitoring activities. However, these
are considered to be of less importance because only a very limited number of PFAS
substances was covered. Additionally, where environmental/human samples are considered,
for fluorinated foams, also environmental and biological degradation processes need to be
considered.

It was not possible to associate a CAS/EC number with most of the substances identified in
the scientific literature. A CAS/EC number was identified for 63 substances, while around 213
were only identified by substance name/structure. This lack of unequivocal identifiers may be
due to the fact that those substances were described for the first time by the respective author
or were perhaps polymeric substances that do not necessarily have CAS numbers. In general,
these numbers might also indicate that a lot of currently poorly known substances are used.

The following information relates only to those substances that were fully identified in terms
of CAS/EC, substance name and/or acronym.
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Based on the CAS-identified PFAS-substances that were/are used in firefighting foams the
following grouping is possible (the number of substances found is indicated in brackets):

e Unsubstituted long-chain PFASs (14),

e Unsubstituted short-chain PFASs (8),

e Substituted short- and long-chain PFASs (12),
e Fluorotelomers (22), and

e Others (7).

These PFAS groups are described in OECD (2021) and (Buck et al., 2011b). See also the
glossary for explanation of individual substance names. One author highlights that PFCAs
were primary components in early 3M AFFFs from 1965 up to 1986 (Barzen-Hanson and Field,
2015).

The following subsections provide the detailed list of substances found and the related
trademarks.
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B.1.1.2.1. PFSAs and PFCAs

Table B.1. PFSAs (identified by CAS) with =C6

ANNEX TO THE BACKGROUND DOCUMENT - PFAS IN FIREFIGHTING FOAMS

incl. CAS/EC identifier, the

designation, the acronym and the supplier and/or product name, from (Wood et al.,

2020)
CAS

355-46-

375-92-

1763-
23-1

68259-
12-1

335-77-

749786-
16-1

EC

206-
587-1

206-
800-8

217-
179-8

N/a

206-
401-9

N/a

Designation
(synonyms)

Perfluorohexane
sulfonic acid

perfluoroheptane
sulfonic acid

Perfluorooctanesulfo
nic acid

Perfluoronone
sulfonic acid

Perfluorodecanesulfo
nic acid

Perfluoroundecan
sulfonic acid

Acronym

PFHXS

PFHPS

PFOS

PFNS

PFDS

PFUNDS

Supplier and Product Name

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, na

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

Angus Fire, 2007; Hi Combat A ™
3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
3M 1999

3M 1992

3M 1993

3M 1998 (slightly different shares)
3M 1989

3M 1988

3M 1992
3M 1993
3M 1998 (slightly different shares)
3M 1989
3M 1988

3M AFFF ("PFSAs have been components of 3M AFFF
from the 1970s to 2001")

3M LightWater FC-203FC

3M, 2005; ATC-603 Light water ATC3

3M, 1999; FC-203FC Light water Brand AFFF

3M 1992

3M 1993

3M 1998 (slightly different shares)

3M 1988

3M 1989

Ansul Ansulite® AFFF

Angus Fire, na

Angus Fire, 2000 ; Niagara 1-3,

Angus Fire, 1997; Forexpan

Angus Fire, 2007; Hi Combat A ™

Hazard Control Technologies, Inc., 2003 F-50017
Dr. Sthamer STHMEX-AFFF 3%

3 M Lightwater
PFSAs have been components of 3M AFFF from the
1970s to 2001

3M

Ansul AFFF
Angus Fire, N/a
Fomtec MB 5

No product/supplier is mentioned; Publications are
based on environmental samples

17 According to Hazard Control Technologies, Inc., the samples of F-500 in the study at hand were

contaminated and pure F-500 is PFAS free.
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Table B.2. PFCAs (identified by CAS) with =C8 incl. CAS/EC identifier, the
designation, the acronym and the supplier and/or product name, from (Wood et al.,

2020)
CAS EC

335-67- 206-
1 397-9

375-95- 206-
1 801-3

335-76- 206-

2 400-3
2058- 218-
94-8 165-4

307-55- 206-
1 203-2

72629- 276-
94-8 745-2

376-06- N/a

Designation
(synonyms)

Perfluorooctanoic
acid

Perfluorononanoic
acid

Perfluorodecanoic
acid

Perfluoroundecanoic
acid

Perfluorododecanoic
acid

Perfluorotridecanoic
acid

Perfluorotetradecan

18 See footnote 17

Acronym

PFOA

PFNA

PFDA

PFUNDA

PFDoDA

PFTrDA

PFTeDA

Supplier and Product Name

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
3M 1999

3M 1992

3M 1993

3M 1998 (slightly different shares)
3M 1989

3M 1988

OneSeven B-AR

ARC Milj6

Towalex plus

Towalex 3x3

Towalex 3% super

Towalex 3% master

Sthamex AFFF-P 3%

FC-203FC Light Water 3M

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,

Angus Fire, 1997; Forexpan

OneSeven B-AR

ARC Milj6

Towalex 3x3

Towalex 3% master

Hazard Control Technologies, Inc., 2003 F-50018

Ansul AFFF Ansulite®

3M LightWater

3M FC-203FC Light Water
Fomtex Arc 3x3

Towalex plus

Towalex 3x3

Towalex 3% master

3M LightWater
3M LightWater FC-203FC
Ansul Ansulite®

ANSUL Ansulite 6 % AFFF (Formula 1559-22 ICAO-B)

Ansul AFFF Ansulite®
3M LightWater
Sthamex F-15
Towalex 3% master

PFCAs were primary components in early 3M AFFFs
from 1965 up to 1986

3M AFFFs from 1965 up to 1987
Ansul AFFF
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CAS EC Designation
(synonyms)

7 oic acid

16517- 240- Perfluorostearic acid

11-6 582-5

Acronym

PFODA

Supplier and Product Name

FC-203FC Light Water 3M

No product/supplier is mentioned; Publications are
based on environmental samples

Table B.3. PFSAs (identified by CAS) with <C6 incl. CAS/EC identifier, the
designation, the acronym and the supplier and/or product name, from (Wood et al.,

2020)

CAS EC Designation
(synonyms)

354-88-1 N/a Perfluoroethane
sulfonic acid

423-41-6 N/a Perfluoropropane
sulfonic acid

375-73-5 206- Perfluorobutanesulfo
793- nic acid

2706-91-  220- Perfluoropentane
4 301- sulfonic acid
2

Acronym

PFEtS

PFPrS

PFBS

PFPeS

Supplier and Product Name

3M AFFFs Shorter chains C2-C3 PFSAs used in from
1988 to 2001

3M AFFFs Shorter chains C2-C3 PFSAs used in from
1988 to 2001

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

Angus Fire, 2007; Hi Combat A ™
3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
3M 1999

3M 1992

3M 1993

3M 1998 (slightly different shares)
3M 1989

3M 1988

No product/supplier is mentioned; Publications are
based on environmental samples
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Table B.4. PFCAs (identified by CAS) with <C8 incl. CAS/EC identifier, the
designation, the acronym and the supplier and/or product name

CAS EC Designation
(synonyms)
375-22-4 206- perfluoro-n-

786-3 butanoic acid

2706-90-3 220- Perfluoropentanoic
300-7 acid

307-24-4 206- Perfluorohexanoic
196-6 acid

375-85-9 206- Perfluoroheptanoic
798-9 acid

Acronym

PFBA

PFPeA

PFHXA

PFHPA

Supplier and Product Name

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

Angus Fire, 2007; Hi Combat A ™
3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
OneSeven B-AR

ARC Miljo

Towalex 3x3

Towalex 3% master

Sthamex AFFF-P 3%

3M LightWater FC-203FC

3M 1999

3M 1992

3M 1993

3M 1998 (slightly different shares)
3M 1989

3M 1988

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

Ansul AFFF Ansulite®

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
3M 1999

3M 1992

3M 1993

3M 1998 (slightly different shares)
3M 1989

3M 1988

OneSeven B-AR

ARC Miljo

Towalex plus

Towalex 3x3

Towalex 3% super

Towalex 3% master

Sthamex AFFF-P 3%

Ansul AFFF Ansulite®

3M LightWater

Angus Fire, N/a

Angus Fire, 2000 ; Niagara 1-3,
Angus Fire, 1997; Forexpan

Angus Fire, 2007; Hi Combat A ™
Angus Fire, 2004 Tridol S 3 %

3M, 2005; ATC-603 Light water ATC3
3M, 1999; FC-203FC Light water Brand AFFF
FC-203FC Light Water 3M

OneSeven B-AR

ARC Miljo

Towalex 3x3

Towalex 3% master

Sthamex AFFF-P 3%
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B.1.1.2.2. Derivatives of perfluoroalkyl sulfonic PFAS (also PASF-based
substances)

All the substances listed above are characterized by a perfluorinated alkaline carbon chain
that is connected to a sulfonic- or carboxylic acid head group. In other PFAS substances, this
head group is also equipped with additional chemical groups. This group is also called
perfluroalkane sulfonyl fluoride substances (PASF), as their synthesis is based on
perfluroalkane sulfonyl fluoride. The chemical formulae of this group can be summarised as:

e Perfluoroalkane sulfonyl fluoride (PASF) = CnF2n+1SO2F
e PASF-based derivates = CnF2n+1S02-R, where R = NH, NHCH2CH20H, etc.

This can be for example an amide (sometimes methylated or ethylated). However, in most
cases, these substances were not found when the actual foam was tested but rather when
environmental samples were tested in the connection of firefighting. In addition, some of the
substances are also known to be environmental transformation products. Other substances
are raw materials for surfactant and surface protection products (EtFOSE and N-MeFOSe)
(Buck et al., 2011b). The table below lists the substances of this sub-group found. Some of
those are known PFOS-precursors (for example PFOSaAm, EtFOSAA, PFOSI, EtFOSE).

Table B.5. Identified derivates of perfluoroalkyl sulfonic PFAS (also PASF-based

substances), from (Wood et al., 2020)

CAS EC Designation Acronym Supplier and
(synonyms) Product Name
13417-01-1 236-513-3 PPerfluoroalkyl PFOSaAm National Foam ;
sulfonamido amines Ansulite;
3M lightwater;
3M
167398-54-1 N/a Perfluoroheptane C7-FASA (PFHpSA) 3 M Lightwater was
sulfonamidoethanol used from 1988
until 2001
OR Ansul (telomer-
based foam)
647-29-0 N/a N/a C8-PFSIA (PFOSI) 3M 1988
3M 1989
2991-50-6 / 1336- 221-061-1 N-Ethyl EtFOSAA No product/supplier
61-4 perfluorooctane is mentioned;
sulfonamidoacetic Publications are
acid based on
environmental
samples
4151-50-2 223-980-3 N-Methyl EtFOSE No product/supplier
perfluorooctane is mentioned;
sulfonamidoacetic Publications are
acid based on
environmental
samples
68298-12-4 N/a N- FBSA No product/supplier
Methylperfluorobuta is mentioned
nesulfonamide
2806-24-8 N/a perfluorooctane FOSAA No product/supplier

sulfonamido acetic
acid
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CAS EC Designation Acronym Supplier and
(synonyms) Product Name
754-91-6 212-046-0 Perfluorooctane FOSA No product/supplier
sulfonamide is mentioned;
Publications are
based on
environmental
samples
10116-92-4 N/a N/a FOSE No product/supplier

is mentioned;
Publications are

based on
environmental
samples
2355-31-9 N/a N-methyl N-MeFOSA No product/supplier
perfluorooctanesulfo is mentioned;
namidoacetic acid Publications are
based on
environmental
samples
24448-09-7 246-262-1 N-Methyl N-MeFOSE No product/supplier
perfluorooctane is mentioned;
sulfonamidoethanol Publications are
based on
environmental
samples
68555-77-1 271-455-2 perfluoroalkyl PFBSaAm No product/supplier
sulfonamido amines is mentioned;
Publications are
based on
environmental
samples
80475-32-7 279-481-6 N-[3- N/a Dupont, Forafac®
(Dimethyloxidoamin 1183
o)propyl] -
3,3,4,4,5,5,6,6,7,7,
8,8,8-Tridecafluor-
1-octanesulfonamid
133875-90-8 N/a (Carboxymethyl)di N/a Dupont, Forafac®
methyl [3- 1203

(gamma-omega-
perfluor-1-C6-14-
Alkansulfonamid)pr
opyl)ammonium
(inneres Salz)

In addition to the tables above, the identified substances and their respective chemical
relationship can be visualised in terms of a hierarchical clustering. This is shown in the figure
1 of the Background Document Report.

B.1.1.2.3. Fluorotelomers

Fluorotelomers are defined as having an additional non-fluorinated spacer between the
perfluorinated alkyl chain and the charged head group (denotated as number of perfluorinated
carbons: number of non-fluorinated carbons). The substances fully identified in the search
(i.e. by CAS/EC number) are shown in Table B.6. The most known homologues of this
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subgroup are those that have a two-carbon atom spacer (defined as CnF2n+1-C2H4-R)1°,

Fluorotelomers cover a wide range of positively/negatively charged head groups or
combinations of those. Most of the fully identified substances, exhibit the xx:2 structure,
where two non-fluorinated carbon atoms are inserted between the perfluorinated carbon chain
and the head group. However, in the case of fluorotelomer betaines also xx:1:2 and xx:3 are
found. In the latter case, three non-fluorinated carbon atoms are inserted between the
perfluorinated carbon chain and the head group. In the case of the xx:1:2 substances, an
additional fluorinated carbon is inserted between the perfluorinated alkyl chain and the non-
fluorinated spacer.

As shown in the table below, the 22 identified fluorotelomers cover a wide range of
positively/negatively charged head groups or combinations of those. Most of the fully
identified substances, exhibit the xx:2 structure, where two non-fluorinated carbon atoms are
inserted between the perfluorinated carbon chain and the head group. However, in the case
of fluorotelomer betaines also xx:1:2 and xx:3 are found. In the latter case, three non-
fluorinated carbon atoms are inserted between the perfluorinated carbon chain and the head
group. In the case of the xx:1:2 substances, an additional fluorinated carbon is inserted
between the perfluorinated alkyl chain and the non-fluorinated spacer.

Based on the manufacturing dates that are cited in the respective publications, it can be
assumed that the use of fluorotelomers in firefighting foams began later than the use of
traditional PFAS substances without a non-fluorinated spacer.

Table B.6. Fluorotelomer (identified by CAS) substances incl. CAS/EC identifier, the
designation, the acronym and the supplier and/or product name, from (Wood et al.,

2020)

CAS EC Designation Acronym Supplier and
(synonyms) Product Name

34455-35-1 N/a 10:2 Fluorotelomer 10:2 FTAB F-500, Hazard
sulfonamide Control Tech.,
alkylbetaine 199720
National Foam 2005
National Foam 2007
National Foam 2008
Fire Service Plus
AFFF 2011
National Foam
2003-2008

53826-13-4 N/a 10:2 Fluorotelomer 10:2 FTCA No product/supplier
carboxylic acid is mentioned;
Publications are
based on
environmental
samples

19 This corresponds with the general classification of per- and polyfluoroalkyl substances (PFASs) by the
OECD, however flurotelomers used in firefighting foams have also been identified with a spacer of three
non-fluorinated carbon atoms (for example 7:3 FTB), as well as fluorotelomers with a non-fluorinated
and an additional single-fluorinated carbon.

20 See footnote 17.
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CAS

70887-84-2

278598-45-1

757124-72-4

1432486-88-8

171184-02-4

171184-14-8

EC

N/a

N/a

816-391-3

N/a

N/a

N/a

21 See footnote 17.

22 See footnote 17.
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Designation
(synonyms)

10:2 fluorotelomer
unsaturated
carboxylic acid

Fluorotelomer
sulfonamido
betaines

Fluorotelomer
sulfonates

4:2 fluorotelomer
thioamido
sulfonates

5:1:2 fluorotelomer

betaine

5:3 fluorotelomer
betaine

Acronym

10:2 FTUCA

12:2 FtSaB

4:2 FTS

4:2 FtTAoS

5:1:2 FTB

5:3 FTB

Supplier and
Product Name

No product/supplier
is mentioned;
Publications are
based on
environmental
samples

3M
Ansul, 2006 Ansul
Anulite ARC

Angus Fire, 2004
Tridol S 3%

Ansul 2002 Anslite
3% AFFF-DC-6
Hazard Control Tech
1197 F-50021
National Foam

Ansul AFFF
formulations
Angus Fire, 2004
Tridol S

Ansul, 2002
Ansulite 3% AFFF
DC-3

Ansul, 2006 Ansul
Anulite ARC
Hazard Control
Tech., 1997 F-50022
Chemguard

Ansul

Angus

3M

Ansul, 2002
Ansulite 3% AFFF
DC-3

Buckeye 2009
Buckeye AFFF 2004

3M
Buckeye
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CAS

34455-29-3

647-42-7

27619-97-2

1383438-86-5

EC

252-046-8

211-477-1

248-580-6

N/a

23 See footnote 17.

24 See footnote 17.

Designation
(synonyms)

6:2 Fluorotelomer
sulfonamide betaine

6:2 Fluorotelomer
alcohol

6:2 Fluorotelomer S
ulfonate

6:2 fluorotelomer
sulfonamide amine

Acronym

6:2 FTAB

6:2 FTOH

6:2 FTS

6:2 FtSaAm
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Supplier and
Product Name

Chemours,
STHAMEX® -AFFF
3% F-15 #4341
Dupont Forafac
1157

Dr. Sthamer,

3M

National Foam
F-500, Hazard
Control Tech., 1997
(Foam 1)23
Angus Fire, 2004
Tridol S

Angus Fire, 2000
Niagara 1-3
Chemours

No product/supplier
is mentioned;
Publications are
based on
environmental
samples

Dr. Richard
Sthamer GmbH &
Co. KG STHMEX-
AFFF 3%

Hazard Control
Tech., 1997 F-500%4
Angus Fire, 2004
Tridol S 3 %

Angus Fire, 2000 ;
Niagara 1-3,

Angus Fire, 1997;
Forexpan

Angus Fire, 2004
Tridol S 3 %

Ansul, 2002
Ansulite 3 % AFFF -
DC-4

Ansul, 2006; Ansul
Anulite ARC
National Foam 2005
National Foam 2007
National Foam 2008
(slightly different
shares)

3M,

National Foam 2005
National Foam 2007
National Foam 2008
(slightly different
shares)
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CAS

88992-47-6

88992-46-5

171184-03-5

171184-15-9

27854-31-5

34455-21-5

39108-34-4

EC

N/a

N/a

N/a

N/a

N/a

N/a

254-295-8

25 See footnote 17.
26 See footnote 17.
27 See footnote 17.

28 See footnote 17.
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Designation
(synonyms)

6:2 fluorotelomer
thioether amido
sulfonic acid

6:2 fluorotelomer
thio hydroxy
ammonium

7:1:2 fluorotelomer
betaine

7:3 fluorotelomer
betaine

8:2 Fluorotelomer
carboxylic acid

8:2 Fuorotelomer
sulfonamide betaine

Fluorotelomer
sulfonates

Acronym

6:2 FtTAoS

6:2 FtTHN+

7:1:2 FTB

7:3 FTB

8:2 FTCA

8:2 FTAB

8:2 FTS

Supplier and
Product Name

Angus Fire, 2004
Tridol S

Ansul 1986
Ansul 1987
Angus Fire, 2000
Niagara 1-3
Ansul, 2002
Ansulite 3% AFFF
DC-3

Ansul 2009
Ansul 2010
Chemguard 2008
F-500, Hazard
Control Tech.,
19972>

3M

3M
Buckeye 2009

Buckeye

Ansul, 2002
Ansulite 3% AFFF
DC-3

F-500, Hazard
Control Tech.,
199726

National Foam, F-
500, Hazard Control
Tech., 199727
National Foam 2005
National Foam 2007
National Foam 2008
(slightly different
shares)

Fireade

Ansul, 2002 Anslite
3 % AFFF - DC-5
Hazard Control
Tech., 1997 F-50028
Angus Fire, 2000 ;
Niagara 1-3,

Angus Fire, 1997;
Forexpan

National Foam 2005
National Foam 2007
National Foam 2008
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CAS EC Designation Acronym Supplier and
(synonyms) Product Name

1383439-45-9 N/a 8:2 fluorotelomer 8:2 FtTAoS Chemguard,
thioamido Ansul, 2006; Ansul
sulfonates Anulite ARC;

Ansul, 2002
Ansulite 3% AFFF
DC-3

Angus Fire, 2004
Tridol S

Angus Fire, 2000;
Niagara 1-3
Hazard Control
Tech., 1997 F-
50029;

171184-04-6 N/a 9:1:2 fluorotelomer 9:1:2 FTB 3M
betaine Buckeye AFFF 2004
Buckeye 2009

171184-16-0 N/a 9:3 fluorotelomer 9:3 FTB Buckeye 2009
betaine 3M 1988
3M 1989
3M 1993A
3M 1993B
3M 1998
3M 2001
Ansul, 2002
Ansulite 3% AFFF
DC-3

B.1.1.2.4. Other PFAS substances

In some cases, perfluorinated substances that do not belong to any of the listed groups (long-
/short-chain PFASs, fluorotelomers, and derivates of PFASs) were identified. These
substances are shown in the table below. Also shown below is the substance Dodecafluoro-2-
methylpentan-3-one, a fluorinated ketone.

O
F
FsC CF;

F F CF;

Figure B.2. Chemical structure of Dodecafluoro-2-methylpentan-3-one, a
fluorinated ketone, from (Wood et al., 2020)

Table B.7. Other per- or polyfluorinated substances (identified by CAS) incl. CAS/EC
identifier, the designation, the acronym and the supplier and/or product name, from

(Wood et al., 2020)

CAS EC Designation Acronym Supplier and
(synonyms) Product Name

29 See footnote 17.
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1280222-90-3 480-310-4 ammonium 2,2,3 ADONA Mentioned in
trifluor-3- annex_xv_svhc_ec_
(1,1,2,2,3,3- 206-397-
hexafluoro-3- 9_pfoa_11549 as a
trifluormethoxyprop substitute.
oXxy), propionate However, no other
source for this
information.
756-13-8 616-243-6 / 436- Dodecafluoro-2- N/a 3M NOVEC TM 1230
710-5 methylpentan-3-one
161278-39-3 500-631-6 Poly(1,1,2,2- N/a PROFOAM Profilm
tetrafluoro-1,2- AFFF
ethanediyl), a-
fluoro-w-2-[3-
((carboxylatomethyl
dimethylammonio)pr
opylaminosulfonyl]et
hyl-
70969-47-0 N/a Thiols, C8-20, Thiols, C8-20, Towalex 3% master
gamma-omega- gamma-omega-
perfluoro, telomers perfluoro, telomers
with acrylamide with acrylamide
70829-87-7 N/a Sodium p- OBS No product/supplier
perfluorous is mentioned;
nonenoxybenzene Publications are
sulfonate based on
environmental
samples
13269-86-8 236-267-7 Bis(trifluorovinyl)eth  N/a Fire-extinguishing

er

B.1.1.2.5. Substance identification based on stakeholder surveys

foam cited in Nordic
working paper

Information on PFAS substance identities used in firefighting foams was requested from
European foam formulators. However, invoking trade secrets, these identities were generally
not communicated. A survey among Eurofeu members in 2018 provided a list of seven
substances with estimated tonnages. It should be noted however that these substances only
represent a small fraction of the total amount of PFASs used in firefighting foams (less than
15%; Table A.1 in Annex A.2 for more details).

Table B.8. Substance ID indicated by stakeholders to be used in firefighting foams

Substance name CAS number
1-Propanaminium,N-(carboxymethyl)-N,N-dimethyl-3- 34455-29-3
[[(3131414151516161717181818_

tridecafluorooctyl)sulfonyl]amino]-,inner salt

1-Propanaminium, 3-amino-N-(carboxymethyl)-N,N-dimethyl- 80475-32-7
N-[[(gamma-omega-perfluoro-C6-C16-alkyl)thio]acetyl]

derives., inner salts

2-methyl-2 - [(1-o0x0-3 - [(3,3,4,4,5,5,6,6,7,7,8,8,8- 62880-93-7

tridecafluorooctyl) thio] propyl) amino] -1-propanesulfonic

acid, sodium salt
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2-hydroxy-N,N,N-trimethyl-3-[(3,3,4,4,5,5,6,6,7,7,8,8,8- 88992-45-4
tridecafluorooctyl)thio]-1-Propanaminium, chloride (1:1)

2-Propenamide, telomer with 4-[(3,3,4,4,5,5,6,6,7,7,8,8,8- unknown
tridecafluorooctyl)thio]-1-butanethiol )

2-Propenoic acid, telomer with 2-propenamide and 4- unknown
[(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)thio]-1-
butanethiol, sodium salt

2-Propenamide, telomer with 3,3,4,4,5,5,6,6,7,7,8,8,8- 76830-12-1
tridecafluoro-1-octanethiol

Other stakeholders (i.e. not Eurofeu members) indicated the following other substances being
used in firefighting foams:

e Carboxymethyldimethyl-3-[[(3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluorooctyl)sulphonyl]lamino]propylammonium hydroxide (CAS number
34455-29-3)

e 6:2 Fluorotelomer Sulfonate (6:2 FTS); CAS number not specified

e poly(1,1,2,2-tetrafluoro-1,2-ethanediyl),alpha fluoro-omega-2-(3-
((caboxylatomethyl)dimetylammonoi)propylaminosulfonyl)ethyl; CAS number
not specified

e poly(1,1,2,2-tetrafluoro-1,2-ethanediyl),alpha fluoro-omega-2-(3-
((caboxylatomethyl)dimetylammonoi)propylaminosulfonyl)ethyl; CAS number
not specified

According to FFFC, all foams produced today are based on C6-chemistry and might be also
subject to export to non-EU countries. FFFC further indicates that PFAS substances based on
<C6-chemistry have never been used as an active ingredient for firefighting foams, as the
chemistry is not suitable. PFASs with shorter chains than C6-substances are unintended by-
products of the synthesis process (telomerization process) (FFFC-Interview, 2021).

Eurofeu further commented that C8-based foams are solely legacy foams and that there has
been no use of C8 beyond impurities in the C6-surfactant production since 2010. Eurofeu has
not received any information about fluorocompounds with chain lengths of less than C6 being
used in firefighting foam technology today. According to the information received by their
members, sales for fluorine-containing foams for aviation and municipal fire brigades
applications are declining rapidly. Regarding the latter, Eurofeu indicates that the share of
AFFF is estimated to be in the low single digit % of total sales rapidly declining (Eurofeu,
2021¢).

B.1.2. Composition of the substance(s)
No additional information.
B.1.3. Physicochemical properties

See below in Table B.9 the basic substance information and physical chemical
properties of PFCAs, PFSAs, Perfluoroalkanes, Haloperfluoroalkanes and
Perfluoroalkylethers, PFPAs and Perfluoroalkylamines.
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Table B.9. Basic substance information and physical chemical properties of PFCAs (Perfluoroalkylcarboxylic acids).

abbreviation Ci-PFCA C4-PFCA Cs-PFCA Cs-PFCA Co-PFCA Ci0-PFCA Ci11-PFCA Ci12-PFCA Ci3-PFCA C14-PFCA
acronym TFA PFBA PFHXA PFOA PFNA PFDA PFUNDA PFDoDA PFTrDA PFTeDA
IUPAC name | trifluoroacetic butanoic acid, hexanoic acid, | octanoic acid, nonanoic acid, | decanoic acid, | undecanoic dodecanoic tridecanoic tetradecanoic
acid heptafluoro- undecafluoro- pentadeca- heptadeca- nonadeca- acid, acid, acid, acid,
fluoro- fluoro- fluoro- henicosa- tricosafluoro- pentacosa- heptacosa-
fluoro- fluoro- fluoro-
molecular CFs-COOH CF3(CF2)2- CF3(CF2)a- CF3(CF2)e- CF3(CF2)7- CF3(CF2)s- CF3(CF2)9- CF3(CF2)10- CF3(CF2)11- CF3(CF2)12-
formula COOH COOH COOH COOH COOH COOH COOH COOH COOH
CAS number | 76-05-1 375-22-4 307-24-4 335-67-1 375-95-1 335-76-2 2058-94-8 307-55-1 72629-94-8 376-06-7
physico-chemical data
molecular 114,02 214.04 314.05 414.07 464.08 514.08 564.09 614.10 664.11 714.11
weight
g/mol
partitioning 0.79 £ 0.48 at | 3.39 £ 0.60 at | 4.06 (calc., 5.30 (calc., 5.9 (calc., 6.5 (calc., 7.2 (calc., 7.8 (calc., 8.25 (calc., 8.90 (calc.,
coefficient 25°C 25°C(calculate | COSMOtherm COSMOtherm COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm,
log Kow (calculated d using (temp. not (temp. not (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al.,
with QSAR; Advanced specified) specified) 2011b)) 2011b)) 2011b)) 2011b)) 2011b)) 2011b))
REACH Chemistry (Wang et al., (Wang et al.,
registration Development | 2011b) 2011b) 7.27 7.667 (exp. 8.548 (exp. 9.429 (exp. 11.191 (exp.
data (2021- (ACD/Labs) (Predicted value, MSDS value, MSDS value, MSDS value, MSDS
05-31)) Software 4.13 (exp. using US EPA | LabNetwork) LabNetwork) LabNetwork) LabNetwork)
V11.02) value, MSDS EPI-Suite
0.50 LabNetwork) (KOWWIN
(Predicted 2.43 v1.67))
using US EPA (Predicted
EPI-Suite using US EPA
(KOWWIN EPI-Suite
v1.67)) (KOWWIN
v1.67))
log Koa 5.843 at 25°C | 4.743 at 25°C | 6.63 (calc., 7.23 (calc., 7.50 (calc., 7.77 (calc., 8.08 (calc., 8.36 (calc., 8.63 (calc., 8.87 (calc.,
(Estimate (Estimate COSMOtherm COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm,
from Log Kow from Log Kow (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al.,
[0,50 [2.43 2011b) 2011b)) 2011b)) 2011b)) 2011b)) 2011b)) 2011b)) 2011b))

(KowWin
estimate)] and

(KowWin
estimate)] and
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abbreviation Ci-PFCA C4-PFCA Cs-PFCA Cs-PFCA Co-PFCA Ci0-PFCA Ci11-PFCA Ci12-PFCA Ci3-PFCA Ci14-PFCA
acronym TFA PFBA PFHXA PFOA PFNA PFDA PFUNDA PFDoDA PFTrDA PFTeDA
log Kaw log Kaw
[-5.343 (exp. [-2.313
database)]; (HenryWin
Predicted estimate)];
using US EPA Predicted
EPI-Suite using US EPA
(KOAWIN EPI-Suite
v1.10 (KOAWIN
estimate)) v1.10
estimate))
log Kaw -5.343 at -2.313 at -2.66 (calc., -1.93 (calc., -1.58 (calc., -1.27 (calc., -0.92 (calc., -0.58 (calc., -0.38 (calc., 0.03 (calc.,
25°C (exp. 25°C (European COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm, | COSMOtherm,
database US (Predicted Chemicals (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al., (Wang et al.,
EPA) using US EPA Agency, 2011b)) 2011b)) 2011b)) 2011b)) 2011b)) 2011b)) 2011b))
EPI-Suite 2016a))
(HenryWin
v3.10
estimate))
dissociation pKa 0.32-0.42 -0.16 (Zhao et | 0.5 (calculated | < 1.6 <1.6 < 1.6
constant 0.05+0.10 (exp. value, al., 2014) from exp. (calculated (calculated (calculated
(calculated potentiometric values, from exp. from exp. from exp.
using titration of aq. (Vierke, values, values, values,
Advanced sol.; Cabala, 2014)) (Vierke, (Vierke, (Vierke,
Chemistry 2017) 2014)) 2014)) 2014))
Development 1.3 (Lépez-
(ACD/Labs) Fontan et al., 0.82 (calc., 2.58 (Moroi et
Software 2005) COSMOtherm, | al., 2001)
V11.02) (Wang et al., 3.13 (exp.
2011b)) 2.61 (exp. value,
value, measurement
2.58 (exp. measurement | of the PFCAs
value, of the PFCAs solubility
measurement | solubility change with
of the PFCAs change with pH; Cabala,
solubility pH; Cabala, 2017)
change with 2017)
pH; Cabala,
2017)
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abbreviation | Ci-PFCA C4-PFCA Cs-PFCA Cs-PFCA Co-PFCA Ci0-PFCA Ci11-PFCA Ci12-PFCA Ci3-PFCA Ci14-PFCA
acronym TFA PFBA PFHXA PFOA PFNA PFDA PFUNDA PFDoDA PFTrDA PFTeDA
partition n.a. n.a. 14-3.1 0.04 (Ahrens 0.6 (Ahrens et | 1.8 (Ahrens et | 3.0 (Ahrens et
coefficients (Li et al., et al., al., 2010b)* al., 2010b)* al., 2010b)*
log Kd 2011) 2010b)*
(sediment
and
overlapping
dissolved
phase)
log Koc 0.437 1.767 1.63 - 2.35 2.06 (Higgins 2.39 (Higgins 2.76 (Higgins 3.3 (Higgins
(sediment (Predicted (Predicted (Sepulvado et | and Luthy, and Luthy, and Luthy, and Luthy,
organic using US EPA using US EPA al., 2011) 2006) 2006) 2006) 2006)
carbon- EPI-Suite EPI-Suite
normalised (PCKOCWIN (PCKOCWIN 1.09 (Ahrens | 2.4 (Ahrens et | 3.6 (Ahrens et | 4.8 (Ahrens et
distribution v1.66)) v1.66)) etal., al., 2010b)* al., 2010b)* al., 2010b)*
coefficient) 2010b)*
water miscible with 0.7657 g/L 15.7 g/L 9.5 g/L (25° practically 5.14 g/L at 1.2:10% g/L; 2.9-10° g/L 7.3-10° g/L; 1.9-10° g/L;
solubility water (>10 (Estimate (25 °C) C) insoluble in 25 °C pH1at25°C |pH1at25°C |pH1lat25°C | pH1at25°C
g/cm3)(exp. from Log Kow (Zhao et al., water (exp. (European
result; REACH [2.43 2014) 4.14 g/L result; MSDS Chemicals 9.0-10"* g/L; 2.2:10" g/L 5.5.10° g/L; 1.4-10° g/L;
registration (KowWin (22 °C) Alfa Aesar) Agency, pH2at25°C | pH2at25°C | pH2at25°C | pH 2 at 25 °C
data (2021- est)]; 2016b)
05-31)) Eg?:'cbeg Eon (European 1.882:10° g/L 8.5103g/L; | 2.010%g/L | 5.110%g/L; | 1.3-10% g/L;
9y Chemicals (Estimate pH3at25°C | pH3at25°C | pH3at25°C | pH 3 at 25 °C
1000 g/L at (E\;P\/Iéigl\t/s Agency, 2013) | from Log Kow
20°C, fully [7.27 . 103 . -4 .
mischi exp, | V141) (Ko QOSSP | SUISLEN | 3SI00gN | St
data, SRC est)];
PhysProp Predicted
database, using US EPA 0.14 g/L; pH 5 | 0.034 g/L pH 8.6:103 g/L; 2.2:103 g/L;
REACH EPI-Suite at 25 °C 5at25°C pH 5 at 25 °C pH 5 at 25 °C
registration (WSKOW
data (2021- v1.41)) 0.16 g/L; pH 0.039 g/L pH 0.0100 g/L; 2.6:103 g/L;
05-31)) 6-10at 25 °C | 6 at 25 °C pH 6-10 at 25 | pH 6-10 at
°C 25 °C
(calculated) 0.040 g/L pH
7 at 25 °C (calculated) (calculated)
(European
Chemicals 0.041 g/L pH (European (European
Agency, Chemicals Chemicals
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abbreviation | Ci-PFCA C4-PFCA Cs-PFCA Cs-PFCA Co-PFCA Ci0-PFCA Ci11-PFCA Ci12-PFCA Ci13-PFCA Ci14-PFCA
acronym TFA PFBA PFHXA PFOA PFNA PFDA PFUNDA PFDoDA PFTrDA PFTeDA
2012a) 8-10 at 25 °C Agency, Agency,
2012c) 2012b)
(calculated)
(European
Chemicals
Agency,
2012d)
vapour 12.4 kPa at 1.3 kPa at 1.98 mm Hg 4.2 Pa (25 °C) | 22.8 Pa at 3.1to 0.6 to 1.25 Pa at 0.48 Pa at 0.18 Pa at
pressure 20°C 25°C at 25 °C; extrapolated 25°C 99.97 kPa 99.97 kPa 25 °C 25 °C 25 °C
(interpolated (calculated equals to from (calculated (129.6 to (112 to (calculated) (calculated) (calculated)
from exp. using 263.93 Pa measured using 218.9 °C) 237.7 °C)
results; Advanced data Advanced (calculated) (European (European (European
REACH Chemistry US EPA; Chemistry (calculated) Chemicals Chemicals Chemicals
registration Development | Estimation 2.3Pa(20° Development (European Agency, Agency, Agency,
data (2021- (ACD/Labs) Program Q) (ACD/Labs) (European Chemicals 2012d) 2012c) 2012b)
05-31)) Software Interface (EPI) | extrapolated | Software Chemicals Agency,
V11.02) Suite. Ver. from V11.02) Agency, 2012a)
15.5 kPa at 4.11. Nov, measured 2016b)
25°C 2012. data
(Predicted Available
using US EPA from, as of 128 Pa
EPI-Suite Jan 11, 2015 (59.3 °C)
(Mean VP of measured
Antoine &
Sﬁ?gaods (European
MPBPWII(I Chemicals
v1.42)) Agency, 2013)
12.8 kPa at
25°C
(calculated
using
Advanced
Chemistry
Development
(ACD/Labs)
Software
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abbreviation Ci-PFCA C4-PFCA Cs-PFCA Cs-PFCA Co-PFCA Ci0-PFCA Ci11-PFCA Ci12-PFCA Ci3-PFCA C14-PFCA
acronym TFA PFBA PFHxA PFOA PFNA PFDA PFUNDA PFDoDA PFTrDA PFTeDA
V11.02)
boiling point | 71.78°C 120.0°C 157 °C (Savu, | 189.0°C 218 °C 218 °C 238.4 °C 249 °C 260.7 °C 270 °C
(extrapolated, | (Cabala, 2000) (Cabala, measured (calculated) (calculated)
exp. result, 2017) 2017) (European (European (European
ebulliometer; Chemicals (European (European Chemicals (European Chemicals
REACH Agency, 2015) | Chemicals Chemicals Agency, Chemicals Agency,
registration Agency, Agency, 2012d) Agency, 2012b)
data (2021- 2016b) 2012a) 2012c)
05-31))
73°C
(Handbook
data: CRC;
REACH
registration
data (2021-
05-31))
72.4°C
(Handbook
data: Merck
index; REACH
registration
data (2021-
05-31))
Henrys Law 4.31E-006 1.19E-004 3.29E-003 9.08E-002 4.77E-001 n.a. n.a. n.a. n.a. n.a.
constant atm-m3/mole atm-m3/mole atm-m3/mole atm-m3/mole atm-m3/mole
at 25°C at 25°C at 25°C at 25°C at 25°C
(Predicted (Predicted (Predicted (Predicted (Predicted
using US EPA using US EPA using US EPA using US EPA using US EPA
EPI-Suite EPI-Suite EPI-Suite EPI-Suite EPI-Suite
(Bond Method, | (Bond Method, | (Bond Method, | (Bond Method, | (Bond Method,
HENRYWIN HENRYWIN HENRYWIN HENRYWIN HENRYWIN
v3.10)) v3.10)) v3.10)) v3.10)) v3.10))
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Table B.10. Basic substance information and physical chemical properties of PFSAs (Perfluoroalkane sulfonic acids).

abbreviation C1-PFSA C>-PFSA Cs-PFSA C4-PFSA Cs-PFSA Cs-PFSA C10-PFSA C12-PFSA C13-PFSA C14-PFSA
acronym TFMS, TFSA, PFBS PFHxS PFOS PFDS PFDoDA PFTrDA PFTeDA
HOTf or TfOH
IUPAC name | Trifluorometha | Pentafluoroeth | 1,1,2,2,3,3,3- 1,1,2,2,3,3,4, 1,1,2,2,3,3,4, 1,1,2,2,3,3,4, 1,1,2,2,3,3,4, 1,1,2,2,3,3,4, 1,1,2,2,3,3,4, 1,1,2,2,3,3,4,
nesulfonic acid | anesulfonic Heptafluoro-1- | 4,4-Nonafluo- 4,5,5,6,6,6- 4,55,6,6,7,7, 4,5,5,6,6,7,7, 4,55,6,6,7,7, 4,55,6,6,7,7, 4,5,5,6,6,7,7,
acid propanesulfoni | ro-1-butane- Tridecafluoro- 8,8,8-Hepta- 8,8,9,9,10,10, | 8,8,9,9,10,10, | 8,8,9,9,10,10, | 8,8,9,9,10,10,
c acid sulfonic acid 1-hexane- decafluoro-1- 10- 11,11,12,12,1 | 11,11,12,12,1 11,11,12,12,1
sulfonic acid octanesulfonic | henicosafluoro | 2- 3,13,13- 3,13,14,14,14
acid decane-1- Pentacosafluor | Heptacosafluo | -
sulfonic acid ododecane-1- rotridecane-1- | Nonacosafluor

sulphonic acid

sulfonic acid

otetradecane-
1-sulfonic acid

other names | Triflic acid Perfluoroethan | Perfluoropropa | Perfluorobutan | Perfluorohexa Perfluorooctan | Perfluorodecan | Perfluorododec | Perfluorotridec | Perfluorotetra
esulfonic acid nesulfonic acid | esulfonic acid nesulfonic acid | esulfonic acid esulfonic acid anesulfonic anesulfonic decanesulfonic
acid acid acid

molecular CF3-SOszH CF3(CF2)-S03H | CF3(CF2)2- CF3(CF2)3- CF3(CF2)s- CF3(CF2)7- CF3(CF2)9- CF3(CF2)11- CF3(CF2)12- CF3(CF2)13-

formula SOsH SOzH SOsH SOsH SOzH SOsH SOsH SOsH

CAS number | 1493-13-6 354-88-1 423-41-6 375-73-5 355-46-4 1763-23-1 335-77-3 79780-39-5 791563-89-8 1379460-39-5

EC number 216-087-5 - - 206-793-1 206-587-1 217-179-8 206-401-9 279-259-9 - -
physico-chemical data

molecular 150.1 200.1 250.1 300.1 400.1 500.1 600.2 700.2 750.2 800.2

weight

g/mol

partitioning < 0.3 at25°C | 0.48 1.45 -0.34 at 23°C 5.17 (calc., 4.512+0.862 5.972+0.891 7.432+0.916 8.161+0.927 8.891+0.939

coefficient and pH 1, (Predicted (Predicted and pH 1.7 COSMOtherm, | at 25 °C at 25 °C at 25 °C at 25 °C at 25 °C

log Kow (exp. result, using US EPA using US EPA (exp. result, (Wang et al., (calculated (calculated (calculated (calculated (calculated
HPLC method, | EPI-Suite EPI-Suite shake flask 2011b)) using using using using using
OECD 117; (KOWWIN (KOWWIN method EU Advanced Advanced Advanced Advanced Advanced
REACH v1.67 v1.67 Method A.8; 4.57 (exp. Chemistry Chemistry Chemistry Chemistry Chemistry
registration estimate)) estimate)) REACH value, MSDS Development Development Development Development Development
data (2021- registration LabNetwork) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
05-21)) data (2021- Software Software Software Software Software

4.34
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abbreviation | C1-PFSA C2-PFSA C3-PFSA C4-PFSA Ce-PFSA Cs-PFSA Ci0-PFSA Ci12-PFSA Ci13-PFSA Ci14-PFSA
acronym TFMS, TFSA, PFBS PFHxXS PFOS PFDS PFDoDA PFTrDA PFTeDA
HOTf or TfOH
-0.49 (QSAR 05-26)) (Predicted V11.02) V11.02) V11.02) V11.02) V11.02)
estimation using US EPA
(KOWWIN); 2.41 EPI-Suite 4.49
REACH (Predicted (KOWWIN (Predicted
registration using US EPA | V1.67 using US EPA
data (2021- EPI-Suite estimate)) EPI-Suite;
05-21)) (KOWWIN HSDB,
v1.67 National
estimate)) Library of
Medicine (US))
2.808 (exp.
value, MSDS
LabNetwork)
log Koa 4.902 at 25°C | 5.152 at 25°C | 5.401 at 25°C | 5.640 at 25°C | 7.55 (calc., n.a. n.a. n.a. n.a. n.a.
(Estimate (Estimate (Estimate (Estimate COSMOtherm,
from Log Kow | from Log Kow | from Log Kow from Log Kow (Wang et al.,
[-0.49 [0.48 [1.45 [2.41 2011b))
(KowWin (KowWin (KowWin (KowWin
estimate)] and | estimate)] and | estimate)] and | estimate)] and | g.130 at 25°C
log Kaw log Kaw log Kaw log Kaw (Estimate
[-5.392 [-4.672 [-3.951 [-3.230 from Log Kow
(HenryWin (HenryWin (HenryWin (HenryWin [4.34
estimate)]; estimate)]; estimate)]; estimate)]; (KowWin
Predicted Predicted Predicted Predicted estimate)] and
using US EPA using US EPA using US EPA using US EPA log Kaw
EPI-Suite EPI-Suite EPI-Suite EPI-Suite [-1.790
(KOAWIN (KOAWIN (KOAWIN (KOAWIN (HenryWin
v1.10 v1.10 v1.10 v1.10 estimate)];
estimate)) estimate)) estimate)) estimate)) Predicted
using US EPA
EPI-Suite
(KOAWIN
v1.10
estimate))
log Kaw -5.392 at -4.672 at -3.951 at -3.230 at -2.38 (calc., n.a. n.a. n.a. n.a. n.a.
25°C 25°C 25°C 25°C COSMOtherm,
(Predicted (Predicted (Predicted (Predicted (Wang et al.,
using US EPA using US EPA using US EPA using US EPA
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abbreviation | C1-PFSA C2-PFSA Cs3-PFSA Cs-PFSA Cs-PFSA Cs-PFSA C10-PFSA C12-PFSA Ci13-PFSA Ci14-PFSA
acronym TFMS, TFSA, PFBS PFHXS PFOS PFDS PFDoDA PFTrDA PFTeDA
HOTf or TfOH
EPI-Suite EPI-Suite EPI-Suite EPI-Suite 2011b))
(HenryWin (HenryWin (HenryWin (HenryWin
v3.10 v3.10 v3.10 v3.10 -1.790 at
estimate)) estimate)) estimate)) estimate)) 250C
(Predicted
using US EPA
EPI-Suite
(HenryWin
v3.10
estimate))
dissociation pKa<0 pKa -3.86+0.5 | pKa -3.63+0.5 | pKa -3.57+0.5 | -3.45 (calc., pKa -3.27+0.5 | pKa -3.26+0.5 | pKa -3.26+0.5 | pKa -3.26+0.5 | pKa -3.26+0.5
constant (REACH 0 (calculated 0 (calculated 0 (calculated COSMOtherm, | 0 (calculated 0 (calculated 0 (calculated 0 (calculated 0 (calculated
registration using using using (Wang et al., using using using using using
data (2021- Advanced Advanced Advanced 2011b)) Advanced Advanced Advanced Advanced Advanced
05-25)) Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development pKa -3.34+0.5 | Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) 0 (calculated (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software Software Software using Software Software Software Software Software
V11.02) V11.02) V11.02) Advanced V11.02) V11.02) V11.02) V11.02) V11.02)
Chemistry
Development
(ACD/Labs)
Software
V11.02)
partition n.a. n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a.
coefficients
log Kd
(sediment
and
overlapping
dissolved
phase)
log Koc 0.352 1.016 1.681 2.345 3.675 n.a. n.a. n.a. n.a. n.a.
(sediment (Predicted (Predicted (Predicted (Predicted (Predicted
organic using US EPA using US EPA using US EPA using US EPA using US EPA
carbon- EPI-Suite EPI-Suite EPI-Suite EPI-Suite EPI-Suite
normalised (PCKOCWIN (PCKOCWIN (PCKOCWIN (PCKOCWIN (PCKOCWIN
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abbreviation C1-PFSA C2-PFSA C3-PFSA C4-PFSA Cs-PFSA Cs-PFSA Ci0-PFSA Ci2-PFSA Ci3-PFSA Ci14-PFSA
acronym TFMS, TFSA, PFBS PFHXS PFOS PFDS PFDoDA PFTrDA PFTeDA
HOTf or TfOH
distribution v1.66 v1.66 v1.66 v1.66 v1.66
coefficient) estimate)) estimate)) estimate)) estimate)) estimate))
water >= 1604 g/L 17.04 g/L at 1.378 g/L at >= 1000 g/L 2.3 g/L (calc., | 7.59g/Lin 0.42 g/Lin 0.026 g/L in 6.7 x 103 g/L 1.8 x 103 g/L
solubility at 20°C (exp. 25°C 25°C at 20°C (exp. COSMOtherm, | unbuffered unbuffered unbuffered in unbuffered in unbuffered
result, flask (Estimate (Estimate result, flask (Wang et al., water (pH water (pH water (pH water (pH water (pH
method, OECD | from Log Kow | from Log Kow method, EU 2011b)) 1.82) at 25 °C | 1.82) at 25 °C | 4.43) at 25 °C | 5.05) at 25 °C | 5.65) at 25 °C
105; REACH [0.48 [1.45 Method A.6; (calculated (calculated (calculated (calculated (calculated
registration (KowWin (KowWin REACH using using using using using
data (2021- est)]; est)]; registration Advanced Advanced Advanced Advanced Advanced
05-25)) Predicted Predicted data (2021- Chemistry Chemistry Chemistry Chemistry Chemistry
using US EPA using US EPA 05-26)) Development Development Development Development Development
1.975-10° g/L EPI-Suite EPI-Suite (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
at 25°C (WSKOW (WSKOW 999 g/L in Software Software Software Software Software
(Estimate v1.41)) v1.41)) unbuffered V11.02) V11.02) V11.02) V11.02) V11.02)
from Log Kow water (pH -
[-0.49 0.52) at 25 °C
(KowWin (calculated
est)]; using
Predicted Advanced
using US EPA Chemistry
EPI-Suite Development
(WSKOwW (ACD/Labs)
v1.41)) Software
V11.02)
vapour 2.4 hPa (at 36.3 Pa at 10.01 Pa at 7 Pa at 20°C 58.9 Pa (calc., | 0.267 Pa at n.a. n.a. n.a. n.a.
pressure 20°C), 3.2 hPa | 25°C 25°C (exp. result; (Wang et al., 25°C
(at 25°C), (Predicted (Predicted OECD 104 2011b)) (Predicted
12.9 hPa (at using US EPA using US EPA (Vapour using US EPA
50°C) (exp. EPI-Suite EPI-Suite Pressure EPI-Suite
result, OECD (Mean VP of (Modified Curve); (Antoine
104 (Vapour Antoine & Grain method, | REACH method);
Pressure Grain MPBPWIN registration HSDB,
Curve); methods, v1.42)) data (2021- National
REACH MPBPWIN 05-26)) Library of
registration v1.42)) Medicine (US))
data (2021- 6.9 Pa at 25°C
05-25)) (Predicted
using US EPA
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abbreviation C1-PFSA C2-PFSA C3-PFSA C4-PFSA Cs-PFSA Cs-PFSA Ci0-PFSA Ci2-PFSA Ci3-PFSA Ci14-PFSA
acronym TFMS, TFSA, PFBS PFHxXS PFOS PFDS PFDoDA PFTrDA PFTeDA
HOTf or TfOH
EPI-Suite
(Modified
Grain method,
MPBPWIN
v1.42))
boiling point | 161-162 °C 178°C (exp. 196°C (exp. 198 °C at 238.5 °C (exp. | 249 °C (exp. n.a. n.a. n.a. n.a.
(exp. result; result; SRC result; SRC 1013 hPa result; SRC result; HSDB,
MSDS Alfa [Syracuse [Syracuse (exp. result; [Syracuse National
Aesar) Research Research EU Method Research Library of
Corporation of | Corporation of | A.2; REACH Corporation of | Medicine (US))
162 °C Syracuse, New | Syracuse, New | registration Syracuse, New
(handbook York (US)]) York (US)]) data (2021- York (US)])
data; REACH 05-26))
registration
data (2021-
05-25))
Henrys Law 9.92:10® atm- | 5.21-107 atm- | 2.74-10% atm- | 1.44-10° atm- | 3.97-10* atm- | n.a. n.a. n.a. n.a. n.a.
constant m3/mole at m3/mole at m3/mole at m3/mole at m3/mole at
25°C 25°C 25°C 25°C 25°C
(Predicted (Predicted (Predicted (Predicted (Predicted
using US EPA using US EPA using US EPA using US EPA using US EPA
EPI-Suite EPI-Suite EPI-Suite EPI-Suite EPI-Suite
(Bond Method, | (Bond Method, | (Bond Method, | (Bond Method, | (Bond Method,
HENRYWIN HENRYWIN HENRYWIN HENRYWIN HENRYWIN
v3.10)) v3.10)) v3.10)) v3.10)) v3.10))
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Table B.11. Basic substance information and physical chemical properties of Perfluoroalkanes.

abbreviation | C1-PFC C2-PFC Cs-PFC C4-PFC Cs-PFC Cs-PFC Ci0-PFC Ci12-PFC
IUPAC name | Tetrafluoromethane | Hexafluoroethane Octafluoropro- Decafluorobutane | Tetradecafluoro- Octadecafluoro- Docosafluorodecane | Hexacosafluorodode
pane hexane octane cane
other names | Carbon tetrafluoride | Perfluoroethane Perfluoropropane Perfluorobutane Perfluorohexane Perfluorooctane Perfluorodecane Perfluorododecane
molecular CF4 CzFs CsFs CsF10 CeF14 CsF1s CioF22
formula
CAS number | 75-73-0 76-16-4 76-19-7 355-25-9 355-42-0 307-34-6 307-45-9 307-59-5
EC number 200-896-5 200-939-8 200-941-9 206-580-3 206-585-0 206-199-2 - 206-204-8
molecular 88.01 138.01 188.02 238.03 338.04 438.06 538.07 638.09
weight
g/mol
partitioning 1.18 (HSDB, 2.00 (exp. database | 2.8 at 25°C 4.09 (Predicted 6.02 (Predicted 7.95 (Predicted 8.011+0.865 at 25 9.470+£0.893 at 25
coefficient National Library of US EPA, Hansch, C (calculated; using US EPA EPI- | using US EPA EPI- | using US EPA EPI- °C (calculated using | °C (calculated using
log Kow Medicine (US); et al. (1995)) REACH Suite (KOWWIN Suite (KOWWIN Suite (KOWWIN Advanced Advanced
REACH registration registration data v1.67 estimate)) v1.67 estimate)) v1.67 estimate)) Chemistry Chemistry
data (2021-05-31)) | 2.15 (Predicted (2021-05-31)) Development Development
using US EPA EPI- 4.822 (exp. > 4.5 (OECD 107 | ca. 6.2 at 25°C, pH | (ACD/Labs) (ACD/Labs)
1.19 (Predicted Suite (KOWWIN 3.12 (Predicted value, MSDS (Shake Flask 7 (estimated using | Software V11.02) Software V11.02)
using US EPA EPI- v1.67 estimate)) using US EPA EPI- | LabNetwork) Method), US EPA EPI-Suite;
Suite (KOWWIN Suite (KOWWIN estimation REACH registration 11.87 (exp. value,
v1.67 estimate)) 2.15 (estimated v1.67 estimate)) method (solubility | data (2021-06-09)) MSDS LabNetwork)
with QSAR; REACH ratio); REACH
registration data registration data 8.346 (exp. value,
(2021-05-31)) (2021-06-08)) MSDS LabNetwork)
6.584 (exp.
value, MSDS
LabNetwork)
log Koa -1.143 at 25°C -0.919 at 25°C -0.010 at 25°C -0.346 at 25°C 0.144 at 25°C 0.633 at 25°C n.a. n.a.

(Estimate from Log
Kow [1.18 (exp.
database)] and log

(Estimate from Log
Kow [2.00 (exp.
database)] and log

(Estimate from
Log Kow [3.12
(KowWin

(Estimate from
Log Kow [4.09
(KowWin

(Estimate from
Log Kow [6.02
(KowWin

(estimate from Log
Kow [7.95 (KowWin
estimate)] and log
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abbreviation | C1-PFC C2-PFC Cs-PFC C4-PFC Cs-PFC Cs-PFC Ci10-PFC Ci12-PFC
Kaw [2.323 (exp. Kaw [2.919 (exp. estimate)] and estimate)] and estimate)] and Kaw [7.317
database)]; database)]; log Kaw [3.130 log Kaw [4.436 log Kaw [5.876 (HenryWin
Predicted using US Predicted using US (exp. database)]; (HenryWin (HenryWin estim.)]; Predicted
EPA EPI-Suite EPA EPI-Suite Predicted using estim.)]; estim.)]; using US EPA EPI-
(KOAWIN v1.10 (KOAWIN v1.10 US EPA EPI-Suite Predicted using Predicted using Suite (KOAWIN
estimate)) estimate)) (KOAWIN v1.10 US EPA EPI-Suite US EPA EPI-Suite v1.10 estimate))
estimate)) (KOAWIN v1.10 (KOAWIN v1.10
-0.950 (exp. estimate)) estimate))
database US EPA)
-0.95 (HSDB,
National Library of
Medicine (US))
log Kaw 2.323 (exp. 2.919 (exp. 3.130 (exp. 4.436 at 25°C 5.876 at 25°C 7.317 at 25°C n.a. n.a.
database US EPA) database US EPA) database US EPA) | (Predicted using (Predicted using (Predicted using US
US EPA EPI-Suite US EPA EPI-Suite EPA EPI-Suite
(HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10
estimate)) estimate)) estimate))
dissociation no dissociable no dissociable no dissociable no dissociable no dissociable no dissociable no dissociable no dissociable
constant groups groups groups groups groups groups groups groups
partition n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
coefficients
log Kd
(sediment
and
overlapping
dissolved
phase)
log Koc 1.687 (Predicted 2.352 (Predicted 3.016 (Predicted 3.681 (Predicted 5.010 (Predicted 6.339 (Predicted n.a. n.a.
(sediment using US EPA EPI- using US EPA EPI- using US EPA EPI- | using US EPA EPI- | using US EPA EPI- | using US EPA EPI-
organic Suite (PCKOCWIN Suite (PCKOCWIN Suite (PCKOCWIN | Suite (PCKOCWIN | Suite (PCKOCWIN | Suite (PCKOCWIN
carbon- v1.66 estimate)) v1.66 estimate)) v1.66 estimate)) v1.66 estimate)) v1.66 estimate)) v1.66 estimate))
normalised
distribution

coefficient)

water 18.8 - 20 mg/L 0.52 g/L at 25°C 5.7 mg/L at 20°C 1.612 mg/L at <0.1 mg/L at ca. 10 pg/L at 0.00031 pg/L in 0.00031 pg/Lin
(exp. result; REACH | (exp. result, OECD (calculated value; | 25°C (Estimate 20°C, pH 7.1-7.2 20°C, pH 7 (exp. unbuffered water unbuffered water
registration data 105, column elution | REACH from Log Kow (exp. result, result; WoE, REACH | (pH 7) at 25 °C (pH 7) at 25 °C
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abbreviation

C1-PFC

C2-PFC

C3-PFC

C4-PFC

Cs-PFC

Cs-PFC

Ci0-PFC

C12-PFC

solubility (2021-05-31)) method; REACH registration data [4.09 (KowWin extrapolated, registration data (calculated using (calculated using
registration data (2021-05-31)) est)]; Predicted slow-stirring flask | (2021-06-09)) Advanced Advanced
4.1 g/Lin (2021-05-31)) using US EPA EPI- | method; REACH Chemistry Chemistry
unbuffered water 5.7 mg/L at 15 °C Suite (WSKOW registration data 0.052 pg/L at 25°C Development Development
(pH 7) at 25 °C 0.36 g/L in (HSDB, National v1.41)) (2021-06-09)) (Estimate from Log | (ACD/Labs) (ACD/Labs)
(calculated using unbuffered water Library of Kow [7.95 (KowWin | Software V11.02) Software V11.02)
Advanced (pH 7) at 25 °C Medicine (US)) 1.4 mg/L in 0.0096 mg/L at est)]; Predicted
Chemistry (calculated using unbuffered water 25°C (Estimate using US EPA EPI-
Development Advanced (pH 7) at 25 °C from Log Kow Suite (WSKOW
(ACD/Labs) Chemistry (calculated using [6.02 (KowWin v1.41))
Software V11.02) Development Advanced est)]; Predicted
(ACD/Labs) Chemistry using US EPA EPI- | 0.048 pg/L in
Software V11.02) Development Suite (WSKOW unbuffered water
(ACD/Labs) v1.41)) (pH 7) at 25 °C
Software V11.02) (calculated using
0.0081 mg/L in Advanced
unbuffered water Chemistry
(pH 7) at 25 °C Development
(calculated using (ACD/Labs)
Advanced Software V11.02)
Chemistry
Development
(ACD/Labs)
Software V11.02)
vapour 2.3 107 Pa at 25°C | 2902.1 kPa at 18°C | 883.9 kPa at 25°C | 268.0 kPa at 25°C | ca. 26.5 kPa at ca. 3 kPa at 25°C 599.95 Pa at 25°C 92.39 Pa at 25°C
pressure (exp. result; REACH | (exp. result, static (exp. result; (exp. result; 25°C (calculated (exp. result; WoE, (calculated using (calculated using
registration data cell method; REACH | HSDB, National HSDB, National with QSAR; REACH registration Advanced Advanced
(2021-05-31)) registration data Library of Library of REACH data (2021-06-09)) | Chemistry Chemistry
(2021-05-31)) Medicine (US)) Medicine (US)) registration data Development Development
1.13 -107 Pa at (2021-06-09)) 5.17 kPa at 25°C (ACD/Labs) (ACD/Labs)
25°C (calculated 3.2 -10° Pa at 25°C | 767 kPa at 20°C 258.6 kPa at 25°C (calculated using Software V11.02) Software V11.02)
using Advanced (calculated using (exp. value, (calculated using 30.4 kPa at 25°C Advanced
Chemistry Advanced handbook data; Advanced (calculated using Chemistry
Development Chemistry REACH Chemistry Advanced Development
(ACD/Labs) Development registration data Development Chemistry (ACD/Labs)
Software V11.02) (ACD/Labs) (2021-05-31)) (ACD/Labs) Development Software V11.02)
Software V11.02) Software V11.02) | (ACD/Labs)
Software V11.02)
boiling point | -127.9 °C -78.1 °C (exp. -37 °C (exp. -2.1°C 58.45°C (exp. 105.9 °C (exp. 150°C (exp. result; 178°C (exp. result;

(handbook data;
CRC Handbook of

result; HSDB,
National Library of

value, handbook
data; REACH

(handbook data;
CRC Handbook of

result, EU Method
A.2; REACH

result; HSDB,
National Library of

source: Benning,
Anthony F.;

source: Haszeldine,
R. N.; Journal of
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abbreviation

C1-PFC

C2-PFC

C3-PFC

C4-PFC

Cs-PFC

Cs-PFC

Ci0-PFC

C12-PFC

Chemistry and
Physics. 95th

Medicine (US))

registration data
(2021-05-31))

Chemistry and
Physics. 95th

registration data
(2021-06-09))

Medicine (US))

US2490764, 1949;
Scifinder [CAS])

the Chemical
Society, (1950);

Edition) Edition) Scifinder [CAS])
Henrys Law 5.15 atm-m3/mole 20.3 atm-m3/mole 33.0 atm- 245 atm-m3/mole | 2.45-10* atm- 2.45-10° atm- n.a. n.a.
constant (exp. database US (exp. database US m3/mole (exp. at 25°C m3/mole at 25°C m3/mole at 25°C

EPA)

4.59 atm-m3/mole
at 25°C (Predicted
using US EPA EPI-
Suite (Bond
Method, HENRYWIN
v3.10))

EPA)

24.1 atm-m3/mole
at 25°C (Predicted
using US EPA EPI-
Suite (Bond
Method, HENRYWIN
v3.10))

database US EPA)

24.5 atm-
m3/mole at 25°C
(Predicted using
US EPA EPI-Suite
(Group Method,
HENRYWIN
v3.10))

(Predicted using
US EPA EPI-Suite
(Group Method,
HENRYWIN
v3.10))

(Predicted using
US EPA EPI-Suite
(Group Method,
HENRYWIN
v3.10))

(Predicted using US
EPA EPI-Suite
(Group Method,
HENRYWIN v3.10))
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Table B.12. Basic substance information and physical chemical properties of Haloperfluoroalkanes and Perfluoroalkylethers
(PFAEs; acyclic and cyclic).

abbreviation | Cryofluorane Fluobrene PFME PFEE Perfluoroglyme Perfluorodiglyme Tetrafluorooxirane HFPO
/acronym
IUPAC name | 1,2- 1,2- Trifluoro(trifluoro 1,1,1,2,2- 1,1,2,2- 1,1,2,2-Tetrafluoro- | 2,2,3,3- 2,2,3-Trifluoro-3-

Dichlorotetrafluoroe
thane

Dibromotetrafluoro
ethane

methoxy)methane

Pentafluoro-2-
(pentafluoroethox
y)ethane

Tetrafluoro-1,2-
bis(trifluorometho
xy)ethane

1-[1,1,2,2-
tetrafluoro-2-
(trifluoromethoxy)e
thoxy]-2-
(trifluoromethoxy)e
thane

Tetrafluorooxirane

F\H/F

(trifluoromethyl)oxi
rane

other names | Cryofluorane Fluobrene Perfluorodimethyl | Perfluorodiethyl Perfluoroglyme Perfluorodiglyme Tetrafluorooxirane Trifluoro(trifluorom
ether; ether; ethyl)oxirane;
Perfluoromethyl Perfluoroethyl Hexafluoro-1,2-
ether ether epoxypropane

molecular C2CI2F4 C2BraFs C2FsO C4F100 C4F1002 CsF1403 CoF40 CsFsO

formula

CAS number | 76-14-2 124-73-2 1479-49-8 358-21-4 378-11-0 40891-99-4 694-17-7 428-59-1

EC number 200-937-7 204-711-9 - - - - 211-767-8 207-050-4

molecular 170.92 259.82 154.01 254.03 270.03 386.04 116.01 166.02

weight

g/mol

partitioning 2.82 (exp. database | 2.96 (Predicted 2.00 (Predicted 3.93 (Predicted 6.120+0.807 at 5.55 (Predicted 1.10 (Predicted 1.72 (Predicted

coefficient US EPA; source: using US EPA EPI- using US EPA EPI- | using US EPA EPI- | 25 °C (calculated using US EPA EPI- using US EPA EPI- using US EPA EPI-

Hansch,C et al.

Suite (KOWWIN

Suite (KOWWIN

Suite (KOWWIN

using Advanced

Suite (KOWWIN

Suite (KOWWIN

Suite (KOWWIN
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abbreviation | Cryofluorane Fluobrene PFME PFEE Perfluoroglyme Perfluorodiglyme Tetrafluorooxirane HFPO
/acronym
log Kow (1995)) v1.67 estimate)) v1.67 estimate)) v1.67 estimate)) Chemistry v1.67 estimate)) v1.67 estimate)) v1.67 estimate))
Development
(ACD/Labs)
Software V11.02)
log Koa 0.761 at 25°C 2.139 at 25°C 1.660 at 25°C 2.148 at 25°C n.a. 6.437 at 25°C 2.214 at 25°C 2.113 at 25°C
(Estimate from Log (Estimate from Log (Estimate from (Estimate from (Estimate from Log (Estimate from Log (Estimate from Log
Kow [2.82 (exp. Kow [2.96 Log Kow [2.00 Log Kow [3.93 Kow [5.55 Kow [1.10 Kow [1.72
database)] and log (KowWin estimate)] | (KowWin (KowWin (KowWin estimate)] | (KowWin estimate)] | (KowWin estimate)]
Kaw [2.059 (exp. and log Kaw [0.821 | estimate)] and estimate)] and and log Kaw and log Kaw and log Kaw
database)]; (HenryWin log Kaw [0.340 log Kaw [1.782 [-0.887 (HenryWin [-1.114 (HenryWin [-0.393 (HenryWin
Predicted using US estimate)]; (HenryWin (HenryWin estimate)]; estimate)]; estimate)];
EPA EPI-Suite Predicted using US estimate)]; estimate)]; Predicted using US Predicted using US Predicted using US
(KOAWIN v1.10 EPA EPI-Suite Predicted using Predicted using EPA EPI-Suite EPA EPI-Suite EPA EPI-Suite
estimate)) (KOAWIN v1.10 US EPA EPI-Suite US EPA EPI-Suite (KOAWIN v1.10 (KOAWIN v1.10 (KOAWIN v1.10
estimate)) (KOAWIN v1.10 (KOAWIN v1.10 estimate)) estimate)) estimate))
estimate)) estimate))
log Kaw 2.059 (exp. 0.821 at 25°C 0.340 at 25°C 1.782 at 25°C n.a. -0.887 at 25°C -1.114 at 25°C -0.393 at 25°C
database US EPA) (Predicted using US | (Predicted using (Predicted using (Predicted using US | (Predicted using US | (Predicted using US
EPA EPI-Suite US EPA EPI-Suite US EPA EPI-Suite EPA EPI-Suite EPA EPI-Suite EPA EPI-Suite
(HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10
estimate)) estimate)) estimate)) estimate)) estimate)) estimate))
dissociation no dissociable no dissociable n.a. n.a. n.a. n.a. n.a. n.a.
constant groups groups
partition n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a.
coefficients
log Kd
(sediment
and
overlapping
dissolved
phase)
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abbreviation | Cryofluorane Fluobrene PFME PFEE Perfluoroglyme Perfluorodiglyme Tetrafluorooxirane HFPO

/acronym

log Koc 2.352 (Predicted 2.352 (Predicted 1.330 (Predicted 2.660 (Predicted 4.706 (calculated | 1.946 (Predicted 0.932 (Predicted 1.596 (Predicted
(sediment using US EPA EPI- using US EPA EPI- using US EPA EPI- | using US EPA EPI- | using Advanced using US EPA EPI- using US EPA EPI- using US EPA EPI-
organic Suite (PCKOCWIN Suite (PCKOCWIN Suite (PCKOCWIN | Suite (PCKOCWIN | Chemistry Suite (PCKOCWIN Suite (PCKOCWIN Suite (PCKOCWIN
carbon- v1.66 estimate)) v1.66 estimate)) v1.66 estimate)) v1.66 estimate)) Development v1.66 estimate)) v1.66 estimate)) v1.66 estimate))
normalised (ACD/Labs)

distribution Software V11.02)

coefficient)

water 130 mg/L at 25 °C 3 mg/L at 25 °C 7.4 g/Lin 0.23 g/L 0.17 g/L 5 mg/L unbuffered 110 g/L unbuffered 1.2 g/L unbuffered
solubility (exp. result; HSDB; | (exp. result; HSDB; | unbuffered water unbuffered water unbuffered water water (pH 7) at 25 water (pH 7) at 25 water (pH 7) at 25
source: Riddick et source: Horvath et (pH 7) at 25 °C (pH 7) at 25 °C (pH 7) at 25 °C °C (calculated using { °C (calculated using | °C (calculated using
al. (1985)) al. (1999)) (calculated using (calculated using (calculated using Advanced Advanced Advanced
Advanced Advanced Advanced Chemistry Chemistry Chemistry
Chemistry Chemistry Chemistry Development Development Development
Development Development Development (ACD/Labs) (ACD/Labs) (ACD/Labs)
(ACD/Labs) (ACD/Labs) (ACD/Labs) Software V11.02) Software V11.02) Software V11.02)
Software V11.02) | Software V11.02) | Software V11.02)
1.431 g/L at 25°C | 9.882 mg/L at
(Estimate from 25°C (Estimate
Log Kow [2.00 from Log Kow
(KowWin est)]; [3.93 (KowWin
Predicted using est)]; Predicted
US EPA EPI-Suite using US EPA EPI-
(WSKOW v1.41)) Suite (WSKOW
v1.41))
vapour 268.51 kPa at 25°C | 43.33 kPa at 25°C 3.60-10° Pa at 127.86 kPa at 110.92 kPa at 4.27 kPa at 25°C 3.57-10° Pa at 25°C | 946.59 kPa at 25°C
pressure (exp. result; HSDB; | (exp. result; HSDB; | 25°C (calculated 25°C (calculated 25°C (calculated (calculated using (calculated using (calculated using
source: Riddick et source: Daubert et using Advanced using Advanced using Advanced Advanced Advanced Advanced
al. (1985)) al. (1989)) Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)
boiling point | 3.5°C (handbook 47.35 °C -59 °C (exp. 2.5 °C (exp. 13 °C (exp. 66 °C (exp. result; -63.5 °C (exp. -27.4 °C (exp.
data; CRC (handbook data; result; source: result; source: result; source: Modena, S.; Journal | result; SRC result; SRC

Handbook of
Chemistry and
Physics. 91th

CRC Handbook of
Chemistry and
Physics. 86th

Simons, J. H.;
US2500388,
1950; Scifinder

Dresdner, R. D.;
Journal of Organic
Chemistry,
(1959), 24, 698-

Simons, J. H.;
US2500388,
1950; Scifinder

of Fluorine
Chemistry, (1988),
40(2-3), 349-57;

[Syracuse Research
Corporation of
Syracuse, New York

[Syracuse Research
Corporation of
Syracuse, New York
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abbreviation | Cryofluorane Fluobrene PFME PFEE Perfluoroglyme Perfluorodiglyme Tetrafluorooxirane HFPO
/acronym
Edition) Edition) (CAS)) 700; Scifinder (CAS)) Scifinder (CAS)) us)n us)n
(CAS))
Henrys Law 1.51 atm-m3/mole 0.162 atm- 0.0535 atm- 1.48 atm- n.a. 0.00317 atm- 0.00188 atm- 0.0099 atm-
constant at 25°C (Predicted m3/mole at 25°C m3/mole at 25°C m3/mole at 25°C m3/mole at 25°C m3/mole at 25°C m3/mole at 25°C

using US EPA EPI-
Suite (Bond
Method, HENRYWIN
v3.10))

(Predicted using US
EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

(Predicted using
US EPA EPI-Suite
(Bond Method,
HENRYWIN
v3.10))

(Predicted using
US EPA EPI-Suite
(Bond Method,
HENRYWIN
v3.10))

(Predicted using US
EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

(Predicted using US
EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

(Predicted using US
EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

Table B.13. Basic substance information and physical chemical properties of Perfluoroalkylphosphonic acids (PFPAs).

acronym

PFMPA

PFEPA

PFBPA

PFPPA

PFHXPA

PFOPA

PFDPA

PFDoPA

IUPAC name

(Trifluoromethyl)-
phosphonic acid

(Pentafluoroethyl)-
phosphonic acid

(Nonafluorobutyl)
phosphonic acid;

(Undecafluoropen
ty)lphosphonic
acid

(Tridecafluorohex
yl)phosphonic
acid

Heptadecafluorooct
ylphosphonic acid

(Henicosafluorodec
yl)phosphonic acid

(Pentacosafluorodo
decyl)phosphonic
acid

other names

Trifluoromethyl-
phosphic acid;
Perfluoromethyl
phosponic acid

Pentafluoroethyl-
phosphonic acid;
Perfluoroethyl
phosponic acid

Perfluorobutyl-
phosphonic acid

Perfluoropentyl-
phosphonic acid

Perfluorohexanep
hosphonic acid

Perfluorooctyl-
phosphonic acid

Perfluorodecylphosp
honic acid

Perfluorododecylph
osphonic acid

molecular CH2Fs03P C2H2Fs0O3P C4H2Fs03P CsH2F1103P CeH2F1303P CsH2F1703P Ci0H2F2103P Ci12H2F2503P
formula

CAS number | 374-09-4 103305-01-7 52299-24-8 2109769-70-0 40143-76-8 40143-78-0 52299-26-0 63225-55-8

EC number - - - - - - - -

molecular 149.99 200.00 300.02 350.02 400.03 500.05 600.06 700.08

weight

g/mol

partitioning -0.28 (Predicted 0.68 (Predicted 4.093+0.674 at 4.659+0.696 at 5.389+0.741 at 6.849+0.834 at 25 8.308+0.917 at 25 9.768+0.993 at 25
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acronym PFMPA PFEPA PFBPA PFPPA PFHXPA PFOPA PFDPA PFDoPA
coefficient using US EPA EPI- using US EPA EPI- 25 °C (calculated 25 °C (calculated 25 °C (calculated °C (calculated using | °C (calculated using | °C (calculated using
log Kow Suite (KOWWIN Suite (KOWWIN using Advanced using Advanced using Advanced Advanced Advanced Advanced
v1.67 estimate)) v1.67 estimate)) Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)
4.55 (Predicted
using US EPA EPI-
Suite (KOWWIN
v1.67 estimate))
log Koa 8.126 at 25°C 8.366 at 25°C n.a. n.a. 9.353 at 25°C n.a. n.a. n.a.
(Estimate from Log (Estimate from Log (Estimate from
Kow [-0.28 Kow [0.68 Log Kow [4.55
(KowWin estimate)] | (KowWin estimate)] (KowWin
and log Kaw and log Kaw estimate)] and
[-8.406 (HenryWin [-7.686 (HenryWin log Kaw [-4.803
estimate)]; estimate)]; (HenryWin
Predicted using US Predicted using US estimate)];
EPA EPI-Suite EPA EPI-Suite Predicted using
(KOAWIN v1.10 (KOAWIN v1.10 US EPA EPI-Suite
estimate)) estimate)) (KOAWIN v1.10
estimate))
log Kaw -8.406 at 25°C -7.686 at 25°C n.a n.a. -4.803 at 25°C n.a. n.a. n.a.
(Predicted using US | (Predicted using US (Predicted using
EPA EPI-Suite EPA EPI-Suite US EPA EPI-Suite
(HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10
estimate)) estimate)) estimate))
dissociation pKa 0.37+0.10 pKa 0.64+0.10 pKa 0.64+0.10 pKa 0.72+0.10 pKa 0.74+0.10 pKa 0.78+0.10 pKa 0.78+0.10 pKa 0.78%+0.10
constant (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using
Advanced Advanced Advanced Advanced Advanced Advanced Advanced Advanced
Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) Software V11.02) Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)
partition n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
coefficients
log Kd
(sediment
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acronym PFMPA PFEPA PFBPA PFPPA PFHXPA PFOPA PFDPA PFDoPA

and

overlapping

dissolved

phase)

log Koc 0.654 (Predicted 1.318 (Predicted n.a n.a. 3.977 (Predicted n.a. n.a. n.a.

(sediment using US EPA EPI- using US EPA EPI- using US EPA EPI-

organic Suite (PCKOCWIN Suite (PCKOCWIN Suite (PCKOCWIN

carbon- v1.66 estimate)) v1.66 estimate)) v1.66 estimate))

normalised

distribution

coefficient)

water 85 g/Lin 22 g/Lin 3.6 g/Lin 1.7 g/Lin 0.8 g/Lin 0.19g/Lin 0.038 g/Lin 5.7 mg/L in

solubility unbuffered water unbuffered water unbuffered water unbuffered water unbuffered water unbuffered water unbuffered water unbuffered water
(pH 0.49) at 25 °C (pH 1.10) at 25 °C (pH 1.96) at 25 (pH 2.33) at 25 (pH 2.71) at 25 (pH 3.44) at 25 °C (pH 4.18) at 25 °C (pH 4.98) at 25 °C
(calculated using (calculated using °C (calculated °C (calculated °C (calculated (calculated using (calculated using (calculated using
Advanced Advanced using Advanced using Advanced using Advanced Advanced Advanced Advanced
Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) Software V11.02) Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)

vapour 10.15 Pa at 25°C 105.59 Pa at 25°C 40.80 Pa at 25°C 18.67 Pa at 25°C 8.12 Pa at 25°C 1.40 Pa at 25°C 0.227 Pa at 25°C 35.60 mPa at 25°C

pressure (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using
Advanced Advanced Advanced Advanced Advanced Advanced Advanced Advanced
Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Development Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) Software V11.02) Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)

boiling point | 210.5+45.0 °C 426.42 °C at 186.0+50.0 °C 199.9+50.0 °C 214.3+50.0 °C 243.6+50.0 °C 272.4+50.0 °C 300.2+52.0 °C
(calculated using 101325 Pa (exp. (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using
Advanced result, Advanced Advanced Advanced Advanced Advanced Advanced
Chemistry extrapolated; MSDS | Chemistry Chemistry Chemistry Chemistry Chemistry Chemistry
Development Oakwood) Development Development Development Development Development Development
(ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs) (ACD/Labs)
Software V11.02) Software V11.02) | Software V11.02) | Software V11.02) | Software V11.02) Software V11.02) Software V11.02)

Henrys Law 9.60-10!! atm- 5.04-1071° atm- n.a. n.a. 3.85-107 atm- n.a. n.a. n.a.

constant m3/mole at 25°C m3/mole at 25°C m3/mole at 25°C

(Predicted using US

(Predicted using US

(Predicted using
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acronym

PFMPA

PFEPA

PFBPA

PFPPA

PFHXPA

PFOPA

PFDPA

PFDoPA

EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

EPA EPI-Suite
(Bond Method,
HENRYWIN v3.10))

US EPA EPI-Suite
(Bond Method,
HENRYWIN
v3.10))
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Table B.14. Basic substance information and physical chemical properties of Perfluoroalkylamines.

acronym

PFMAmM

PFEAmM

PFPrAm

PFBAmM

PFHXAmM

IUPAC name

1,1,1-Trifluoro-N,N-
bis(trifluoromethyl)methan
amine

1,1,2,2,2-Pentafluoro-N,N-
bis(pentafluoroethyl)ethan
amine

1,1,2,2,3,3,3-Heptafluoro-
N,N-bis(1,1,2,2,3,3,3-
heptafluoropropyl)-1-
propanamine

1,1,2,2,3,3,4,4,4-
Nonafluoro-N,N-
bis(nonafluorobutyl)-1-
butanamine

1,1,2,2,3,3,4,4,5,5,6,6,6
-Tridecafluoro-N,N-
bis(tridecafluorohexyl)-
1-hexanamine

1,1,2,2,2-Pentafluoro-N-
(pentafluoroethyl)-N-
(trifluoromethyl)ethanam
ine

other names

Tris(trifluoromethyl)amine
; Perfluorotrimethylamine

Pentadecafluorotriethylami
ne; Perfluorotriethylamine

Heneicosafluorotripropyla
mine;
Perfluorotripropylamine;
Perfluamine

Tris(perfluoro-
butyl)amine;
Perfluorotributylamine

Perfluorotrihexylamine

Perfluoromethyldiethyl-
amine;
Perfluorodiethylmethyla
mine

molecular CsF9N; CsFisN; CoF21N; C12F27N; CisF39N; CsFi3N
formula
[(CF3)sN] [(CaFs)3N] [(C3F7)3N] [(C4Fs)3N] [(CsF13)3N]
CAS number 432-03-1 359-70-6 338-83-0 311-89-7 432-08-6 758-48-5
EC number - 206-632-5 206-420-2 206-223-1 - -
molecular 221.02 371.05 521.07 671.09 971.14 321.04
weight g/mol
partitioning 1.29 (Predicted using US 4.18 (Predicted using US >=5.3-<=6.1 (read- 15.109+£0.941 at 25 °C 19.103+£0.998 at 25 °C 3.22 (Predicted using US

coefficient log
Kow

EPA EPI-Suite (KOWWIN
v1.67 estimate))

EPA EPI-Suite (KOWWIN
v1.67 estimate))

6.462 (exp. value, MSDS
LabNetwork)

across: log Kow of 5.3 is
for PFHp
(perfluoroheptanes); log
Kow of 6.1 is for PTBA
(perfluorotributylamines);
REACH registration data
(2021-06-14))

9.105 (exp. value, MSDS
LabNetwork)

(calculated using
Advanced Chemistry
Development (ACD/Labs)
Software V11.02)

11.748 (exp. value, MSDS
LabNetwork)

(calculated using
Advanced Chemistry
Development (ACD/Labs)
Software V11.02)

EPA EPI-Suite (KOWWIN
v1.67 estimate))

log Koa

1.428 at 25°C (Estimate
from Log Kow [1.29
(KowWin estimate)] and
log Kaw [-0.138
(HenryWin estimate)];

2.155 at 25°C (Estimate
from Log Kow [4.18
(KowWin estimate)] and
log Kaw [2.025 (HenryWin
estimate)]; Predicted

n.a.

1.916 at 25°C (Estimate
from Log Kow [3.22
(KowWin estimate)] and
log Kaw [1.304
(HenryWin estimate)];
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acronym PFMAmM PFEAmM PFPrAm PFBAmM PFHXAmM
Predicted using US EPA using US EPA EPI-Suite Predicted using US EPA
EPI-Suite (KOAWIN v1.10 (KOAWIN v1.10 estimate)) EPI-Suite (KOAWIN
estimate)) v1.10 estimate))

log Kaw -0.138 at 25°C (Predicted 2.025 at 25°C (Predicted n.a. n.a. n.a. 1.304 at 25°C (Predicted
using US EPA EPI-Suite using US EPA EPI-Suite using US EPA EPI-Suite
(HenryWin v3.10 (HenryWin v3.10 (HenryWin v3.10
estimate)) estimate)) estimate))

dissociation pKa -28.74+0.50 pKa -27.46+0.50 pKa -27.02+0.50 pKa -26.84+0.50 pKa -26.31+0.50 pKa -28.57+0.50

constant (calculated using (calculated using (calculated using (calculated using (calculated using (calculated using
Advanced Chemistry Advanced Chemistry Advanced Chemistry Advanced Chemistry Advanced Chemistry Advanced Chemistry
Development (ACD/Labs) Development (ACD/Labs) Development (ACD/Labs) Development (ACD/Labs) Development (ACD/Labs) | Development (ACD/Labs)
Software V11.02) Software V11.02) Software V11.02) Software V11.02) Software V11.02) Software V11.02)

partition n.a. n.a. n.a. n.a. n.a. n.a.

coefficients log

Ka (sediment

and

overlapping

dissolved

phase)

log Koc 3.104 (Predicted using US 5.098 (Predicted using US n.a. n.a. n.a. 4.433 (Predicted using

(sediment EPA EPI-Suite (PCKOCWIN EPA EPI-Suite (PCKOCWIN US EPA EPI-Suite

organic v1.66 estimate)) v1.66 estimate)) (PCKOCWIN v1.66

carbon- estimate))

normalised

distribution

coefficient)

water
solubility

0.21 g/L in unbuffered
water (pH 7) at 25 °C
(calculated using
Advanced Chemistry
Development (ACD/Labs)
Software V11.02)

1.2 mg/L in unbuffered
water (pH 7) at 25 °C
(calculated using
Advanced Chemistry
Development (ACD/Labs)
Software V11.02)

0.381 ug/L (exp. result,
mean value, EPA OPPTS
830.7840 (Water
Solubility), flask method;
REACH registration data
(2021-06-14))

insoluble (exp. result;
HSDB, National Library of
Medicine (US))

0.081 ug/L in unbuffered
water (pH 7) at 25 °C
(calculated using
Advanced Chemistry
Development (ACD/Labs)

5.2:10** g/L in
unbuffered water (pH 7)
at 25 °C (calculated
using Advanced
Chemistry Development
(ACD/Labs) Software
V11.02)

5.5 mg/L in unbuffered
water (pH 7) at 25 °C
(calculated using
Advanced Chemistry
Development (ACD/Labs)
Software V11.02)
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acronym PFMAmM PFEAmM PFPrAm PFBAmM PFHXAmM
Software V11.02)
vapour 394.6 kPa at 25°C 17.3 kPa at 25°C 0.516 kPa at 20 °C (exp. 73.33 Pa (exp. result; 0.45 Pa at 25°C 46.93 kPa at 25°C
pressure (calculated using (calculated using result, ASTM E1719-97; HSDB, National Library of (calculated using (calculated using
Advanced Chemistry Advanced Chemistry REACH registration data Medicine (US)) Advanced Chemistry Advanced Chemistry
Development (ACD/Labs) Development (ACD/Labs) (2021-06-14)) Development (ACD/Labs) | Development (ACD/Labs)
Software V11.02) Software V11.02) Software V11.02) Software V11.02)
boiling point -10.5 °C (exp. result; 72 °C (exp. result; source: | 132 °C (exp. result, ASTM 178 °C (handbook data; 258 °C (exp. result; 45 °C at 978.59 hPa
source: Young, John A.; Felling, Kyle W.; Journal of | E-1719-97 and ASTM CRC Handbook of source: Kauck, Edward (exp. result; source:
Journal of the American Fluorine Chemistry, D1120-94; REACH Chemistry and Physics. A.; GB666733, Kauck, Edward A.;
Chemical Society, (1958), (2003), 123(2), 233-236; registration data (2021- 83rd Edition) 1952https://scifinder | GB666733,
80, 1889-92; Scifinder Scifinder (CAS)) 06-14)) _ 1952https://scifinder
(CAS)) - . _
n.cas.org/navigate/ |z _
?appld=c45de92f- | N.cas.org/navigate/
c9dd-48de-ac3f- ?appld=c45de92f-
512e39d817e28&clea | c9dd-48de-ac3f-
rSearch=true&resul 512e39d817e2&clea
tType=reference&re | FSearch=true&resul
sultView=DETAIL&s | tType=reference&re
tate=searchDetail.r | SultView=DETAIL&s
eference&suppressN | tate=searchDetail.r
avigation=true&uiC | eference&suppressN
ontext=3698&uiSubC | avigation=true&uiC
ontext=6078&uriFor | ontext=369&uiSubC
Details=document ontext=607&uriFor
%2Fpt%2Fdocumen | Details=document
t%2F18419826: %2Fpt%2Fdocumen
Scifinder (CAS)) t%2F18419826;
Scifinder (CAS))
Henrys Law 0.0178 atm-m3/mole at 2.59 atm-m3/mole at n.a. n.a. n.a. 0.493 atm-m3/mole at
constant 25°C (Predicted using US 25°C (Predicted using US 25°C (Predicted using US

EPA EPI-Suite (Bond
Method, HENRYWIN
v3.10))

EPA EPI-Suite (Bond
Method, HENRYWIN
v3.10))

EPA EPI-Suite (Bond
Method, HENRYWIN
v3.10))
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https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826
https://scifinder-n.cas.org/navigate/?appId=c45de92f-c9dd-48de-ac3f-512e39d817e2&clearSearch=true&resultType=reference&resultView=DETAIL&state=searchDetail.reference&suppressNavigation=true&uiContext=369&uiSubContext=607&uriForDetails=document%2Fpt%2Fdocument%2F18419826

ANNEX TO THE BACKGROUND DOCUMENT - PFAS IN FIREFIGHTING FOAMS

B.1.4. Justification for grouping

Generally, due to the perfluoroalkyl moieties, PFASs are either very persistent themselves
or degrade to form (over a short or long timescale) terminal degradation products which
still contain one or several perfluoroalkyl moieties (rendering them very persistent).

For analogy, according to ECHA guidance R.11 (ECHA, 2017), if
transformation/degradation products with PBT/vPvB properties are generated, the
substances themselves must be regarded as PBT/vPvB substances and should be treated
like PBT/vPvB substances with regard to emission estimation and exposure control.

If there are specific PFASs for which sufficient evidence is provided that the perfluorinated
bond is broken at a rate which indicates them to be not persistent, resulting a
substance/substances which is/are not a PFAS, then those substances/groups should be
excluded from the scope. Currently, no such PFASs are known to the dossier submitter.

PFASs have been so far subjected to regulatory risk management on a subgroup basis. For
the following PFASs the Committee for risk assessment (RAC) and the Committee for Socio-
economic analysis (SEAC) adopted the suggested restrictions as appropriate on reducing
the risk to human health and/or the environment due to the PBT/vPvB properties of the
terminal PFAS degradation products: perfluorooctanoic acid (PFOA), its salts and PFOA-
related substances (ECHA, 2015); PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA
including their salts and precursors (ECHA, 2018a); perfluorohexane sulfonic acid (PFHxS)
including its salts and related substances (ECHA, 2019a); undecafluorohexanoic acid
(PFHxA), its salts and related substances (ECHA, 2021a). All of the above substances were
also identified as SVHC (ECHA, 2012, ECHA, 2013, ECHA, 2015, ECHA, 2016c, ECHA,
2017b). Additionally, PFBS and HFPO-DA have been identified as SVHC (ECHA, 2019c,
ECHA, 2019d).

Due to the high number of PFAS subgroups (see section 1.1.1) on the global market, it
would take a significant amount of time to submit and process restriction proposals on all
PFASs on a subgroup-by-subgroup basis, whereas the environmental stock of the very
persistent PFASs would simultaneously continue to increase. Ban of single PFAS substances
or subgroups may also lead to the substitution by other PFASs as the number of substances
in this group is very high, so-called regrettable substitution. For some applications,
production volumes may be low for specific PFASs (or even zero currently). It is noted that
the overall PFAS volume across all uses is assumed to be significant (European
Commission, 2020a). Consequently, the European Commission’s Chemicals Strategy for
Sustainability (CSS) reiterates the concern for the persistent class of PFAS substances and
suggests a group approach under relevant regulations in order to address PFASs. They
state their aim as phasing out “persistent substances such as per- and polyfluoroalkyl
substances (PFASs), unless their use is proven essential for society” (European
Commission, 2020b).

Based on the above considerations, managing all PFASs together as a group is a clear
benefit to environment and humans.

A class-based approach has been chosen for the current restriction proposal in order to
prevent the possibility for regrettable substitution. This dossier has put some weight on
the link between the physicochemical properties of PFASs (persistence) and their
environmental and toxicological effects. This is in line with the findings from the
examination of strategies for grouping of PFASs by Cousins et al. (2020a), although these
authors went one step further and recommended to regulate PFASs solely on the basis of
persistence (“the P-sufficient approach”). The selected grouping approach is based on the
persistence of PFASs as its main concern. Almost all PFASs either are persistent themselves
or degrade to environmentally stable degradation end products which are still PFASs.
However, there are supporting properties triggering additional concerns in combination
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with persistence that add to the overall assessment. Those are other environmental or
toxicological concerns like bioaccumulation, aqueous mobility, long-range transport,
effects on humans or the environment, and high global warming potential.

It is noted that the first example of regulation of PFASs as a chemical class according to
the P-sufficient approach has been introduced in California. Here a regulation of PFASs as
a class is in place for certain consumer products under the California Safer Consumer
Products Program (Balan et al., 2021).

In a review paper, Cousins et al. (2016) looked at the precautionary principle and chemicals
management in relation to PFAA contamination of groundwater. The authors argue that all
PFASs entering groundwater, irrespective of their perfluoroalkyl chain length and
bioaccumulation potential, will result in poorly reversible exposures and risks, as well as
further clean-up costs for society. In order to protect groundwater resources for future
generations, the authors call for a precautionary approach and prevention of use and
release of highly persistent and mobile chemicals such as PFASs.

For most of the investigated PFASs at least one of the mentioned additional hazardous
properties applies. For the larger part of the PFAS subclass, data is still lacking, but the
current restriction dossier justifies that the probability for harmful effects for the less-
known PFASs, in addition to the intrinsic persistence, is sufficient for a preventive approach
and a class-based restriction. A preventive approach of not using highly persistent
synthetic organic substances is more protective and also overall less costly for society,
both in terms of fewer tests and reduction in externalized societal costs including the
expected costs of health care, loss of biodiversity, loss of ecosystem services, loss of
property value and remediation (Cousins 2020a).

The proposed scope definition is in line with previous PFAS restriction proposals with an
analogue approach to, e.g., PFOA, PFHxS and PFHxA with a scope definition based on a
molecular structure formula. The inclusion of perfluorinated alkyl moieties as short as one
perfluorinated carbon atom is in agreement with the definition of PFASs according to the
UNEP/OECD Global PFC Group. Trifluoromethyl fragments are also linked via degradation
to trifluoroacetic acid (TFA) which has been demonstrated to be a persistent substance
with harmful properties in a comparable way as other PFASs with longer fluorinated alkyl
chains. Support for the outlined justification for grouping may be found in the scientific
literature, and in particular in the key papers of Wang et al. (2017), Cousins et al. (2020),
Kwiatkowski et al (2020).

Naturally occurring organofluorine substances

In a review article on fluorine-containing natural products from 1999, O'Hagan and Harper
explain that although ca. 3000 natural products containing the halogens chlorine, bromine
and iodine have been reported, only 13 natural substances containing fluorine have been
discovered. This is in contrast to fluorine being the most abundant halogen in the earth's
crust (O'Hagan and Harper, 1999). The majority of the natural fluorine-containing
substances are fatty acids with a single fluorine atom at the end of the carbon chain. None
of the reported substances were per- or polyfluorinated. On several of the major
continents, plants have been found that biosynthesise the highly toxic monofluoroacetate,
presumably for the purpose of defenceFrank et al. (2002) stated that the total amount of
trifluoroacetate (TFA) present in the global environment greatly exceeds what may be
expected to be contributed from various industrial sources. In their study of the
concentrations of trifluoroacetate (TFA) in ocean waters, the authors concluded that TFA
in oceans have mostly a natural origin, while in the atmosphere, precipitate, freshwaters
and needles of conifers, TFA most likely stems from anthropogenic sources.

Scott et al. (2005) further investigated whether TFA concentrations in the marine
environment could have natural sources by determining a series of depth profiles of TFA in
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the Arctic, North and South Atlantic, and Pacific Oceans. They concluded that underwater
vents could contribute to the TFA concentrations in the oceans. It was indicated that the
heterogeneous distribution of TFA can only be partially explained by recent anthropogenic
sources, while the total inventory of TFA in the oceans cannot be explained entirely by
human activities. TFA in freshwaters is thought to have solely anthropogenic sources, while
TFA found in oceans may be of both natural and anthropogenic origin (Fleet et al., 2018).

Zhai et al. (2015) measured the concentrations of TFA in urban landscape waters, tap
water and snow in Beijing, China. A comparison between 2002- and 2012-values
demonstrated a 17-fold increase from 23-98 ng/L to 345-828 ng/L in urban landscape
waters. In the same period an increase from not detected to 155 ng/L occurred to TFA in
tap water.

TFA in precipitation was measured by Freeling et al. (2020) in samples collected in
Germany over one year. The article points to anthropogenic sources, and in particular
formation of TFA in the atmosphere by photodegradation of certain hydrofluorocarbons
(HFCs), hydrochlorofluorocarbons (HCFCs), and wunsaturated hydrofluorocarbons
(hydrofluoroolefins, HFOs) as sources of atmospheric TFA. Their findings indicate a
considerable increase in the atmospheric deposition of TFA in Germany over the last two
decades. Substitution of HFCs and HFOs by halogen-free gases was suggested as an
effective measure to reduce the TFA load in precipitation, as HFCs and HFOs are considered
as rising sources.

In summary, the number of naturally occurring organic fluorine-containing substances is
low compared to other halogenated substances. TFA has been found to have natural
sources in oceans (underwater vents), and oceans are the final environmental sink of the
substance. TFA in the atmosphere, precipitate, freshwaters and needles of conifers most
likely stems from anthropogenic sources. Concentrations of TFA in urban waters and tap
water have been increasing over the last decades.

B.2. Formulation and uses (summary)

The table below summarises some of the key results that have been discussed in more
detail above (Annex A).

Table B.15. Summary of key preliminary market analysis results, from (Wood et
al., 2020)

PFAS-based firefighting foams Fluorine-free alternatives
Tonnage of foam used in 14 000-20 000 tonnes per year 7 000 - 9 000 tonnes per year
the EEA [1]
Tonnage by substance / Estimated at 480-560 tonnes of No quantitative data.
Substances most fluoro-surfactants used annually in
commonly used EU. Main alternatives used are based
on hydrocarbon surfactants and
Breakdown of tonnage for 8 detergents. Specific products are
substances available (see Table A.1 discussed in Annex E.2 (analysis of
in Annex A and directly below the alternatives).
table), but for majority of tonnage
the substances are not known.
Breakdown of tonnage by Chemical/Petrochemical: 59% Chemical/Petrochemical: 29%
use sector
Municipal fire brigades: 13% Municipal fire brigades: 44%
Marine applications: 11% Marine applications: 16%
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Prices

Revenues [2]

Functions provided and
types of fires used for

PFAS-based firefighting foams
Airports: 9%

Defence: 6%

Ready for use products: 1%
Average (uncertain): €3

Reported range: €2 to €30 per litre
Best estimate: €60 million
Potential range: €28-600 million
Surfactant to form a film over the
burning surface. Particularly
relevant for fire involving
flammable liquids (Class B fires).
Consultation suggests it is used

both in training and true
emergency responses.

Fluorine-free alternatives
Airports: 7%

Defence: 2%

Ready for use products: 1%
Average (uncertain): €3

Reported range: €0.7 to €10 per
litre

Best estimate: €27 million
Potential range: €5-90 million

Those fluorine-free foams

considered alternatives to PFAS-
based foams in principle provide
the same (or a similar) function.

Consultation suggests it is used
both in training and true
emergency responses, but in some

cases in training only.
Trends Rapid shift from PFASs towards fluorine-free foam in recent years,
expected to continue.

Notes: [1] The original data from Eurofeu covers approximately 70% of the market, therefore this has been
inflated to reflect the whole market. The lower end of the range represents the original data, whilst the upper

end represents the extrapolation to the whole market.

[2] The best estimate is based on the upper end of the quantity range and a weighted average price of €3/litre.
The potential range is based on the lower end of the quantity range multiplied with the lower end of the price
range, and the upper end of the quantity range multiplied with the upper end of the price range. An average
density of 1 kg/litre has been assumed.

B.3. Classification and labelling

B.3.1. Classification and labelling in Annex VI of Regulation (EC) No
1272/2008 (CLP Regulation)

In a screening of Annex VI of CLP for PFASs with harmonised classifications, human health
endpoints carcinogenicity (C), mutagenicity (M), reproductive toxicity (R) including
lactation effects (L), and specific target organ toxicity following repeated exposure (STOT
RE) were considered of most concern following long-term exposure. In total, 43 PFASs
were identified having such a classification for one or more of these five endpoints (see
Table B.16). Please note that most of these substances have additional harmonised
classification for other endpoints (human health, environment and/or physicochemical
properties) as well; these are however not listed in Table B.16, which is limited to C, M, R,
L and STOT RE classifications. Of further note, a number of the harmonised classifications
were based on read-across and not on actual data on the substance. The list contains a
number of PFAAs known to be used as active substances in plant protection products and
biocides which are further known to be TFA precursors.

Since the time of screening, the Committee for Risk Assessment (RAC) has evaluated
classification proposals for a few additional PFASs (e.g. PFHpA and 6:2 FTOH). These are
included in Table B.16 indicated as “CLH proposal agreed”, because so far (January 2022)
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they have not been officially inserted in Annex VI of CLP.

Table B.16. PFASs with harmonised classification for carcinogenicity (C),
mutagenicity (M), reproductive toxicity (R), lactation effects (L) and/or specific
target organ toxicity following repeated exposure (STOT RE). PFASs known as
active substances in plant protection products (PPP) and biocidal products (BP)
are listed in the second part of the table.

EC CAS
Index | Num | numb Harmonised classification for
no. ber er Substance name/abbr. Carc./Muta./Repr./Lact. and/or STOT RE
607- 206-
704- 397- | 335- Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-2 9 67-1 PFOA H362 / STOT RE 1; H372 [liver]
607- 206-
720- 400- |335- Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
00-X 3 76-2 PFDA H362
607- 206- Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
718- 801- | 375- H362 / STOT RE 1; H372 [liver; thymus;
00-9 3 95-1 PFNA spleen]
607- 217-
624- 179- [ 1763- Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-8 8 23-1 PFOS H362 / STOT RE 1; H372
602- 219-
086- 014- | 2314-
00-0 5 97-8 Trifluoroiodomethane Muta. 2; H341
607- 220-
624- 527- | 2795- Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-8 1 39-3 PFOS-Potassium salt H362 / STOT RE 1; H372
607- 223-
703- 320- | 3825- Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-7 4 26-1 APFO (PFOA Ammonium salt) H362 / STOT RE 1; H372 [liver]
607- 249-
624- 415- | 29081 Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-8 0 -56-9 | PFOS Ammonium salt H362 / STOT RE 1; H372
607- 249-
624- 644- | 29457 Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-8 6 -72-5 | PFOS Lithium salt H362 / STOT RE 1; H372
607- 274-
624- 460- | 70225 Carc. 2; H351 / Repr. 1B; H360D / Lact.;
00-8 8 -14-8 | PFOS Diethanolamine H362 / STOT RE 1; H372
612- 402- | 11367 | 4-(2-chloro-4-
094- 190- | 4-95- | trifluoromethyl)phenoxy-2-
00-6 4 6 fluoroaniline hydrochloride STOT RE 2; H373 / STOT RE 1; H372
616- 406-
048- 740- | 1939-
00-6 4 27-1 3'-trifluoromethylisobutyranilide STOT RE 2; H373
607- 407-
344- | 810-
00-6 7 - (PFAS mixture) STOT RE 2; H373
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EC CAS
Index | Num |numb Harmonised classification for
no. ber |er Substance name/abbr. Carc./Muta./Repr./Lact. and/or STOT RE
613- 413-
183- 640-
00-2 4 - (PFAS mixture) STOT RE 2; H373
616- 415-
124- 300- [90076 | lithium
00-9 0 -65-6 | bis(trifluoromethylsulfonyl)imide STOT RE 2; H373
613- 415- | 14596
198- 500- | 3-84- | 2-amino-4-dimethylamino-6-
00-4 8 4 trifluoroethoxy-1,3,5-triazine STOT RE 2; H373
606- 421- | 16146 | 1-cyclopropyl-3-(2-methylthio-4-
124- 080- | 2-35- | trifluoromethylphenyl)-1,3-
00-7 7 7 propanedione STOT RE 2; H373
616- 422-
197- 500-
00-7 1 - (PFAS reaction mass) STOT RE 2; H373
607- 423-
527- 180-
00-0 6 - (PFAS mixture) STOT RE 2; H373
613- 424-
236- 520- | 65753
00-X 6 -47-1 | 2-chloro-3-trifluoromethylpyridine STOT RE 1; H372
616- 427- N-[4-cyano-3-
158- 880- | 90357 | trifluoromethylphenyl]methacrylamid
00-4 2 -53-2 |e STOT RE 2; H373
612- 429-
221- 560- | 4274-
00-5 8 38-8 - STOT RE 2; H373
607- 432- (18217
612- 190- | 6-52-
00-2 1 9 (PFAS reaction mass) STOT RE 2; H373
603- 433- 21435
221- 580- | 3-17-
01-3 2 0 - Carc. 1B; H350
607- Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
718- 21049 H362 / STOT RE 1; H372 [liver; thymus;
00-9 - -39-8 | PFNA Sodium salt spleen]
607- -
720- 3108- Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
00-X 42-7 PFDA Ammonium salt H362
607- -
720- 3830- Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
00-X 45-3 PFDA Sodium salt H362
607- - Carc. 2; H351 / Repr. 1B; H360Df / Lact.;
718- 4149- H362 / STOT RE 1; H372 [liver; thymus;
00-9 60-4 PFNA Ammonium salt spleen]
- 647- CLH proposal agreed (STOT RE 2; H373
42-7 6:2 FTOH [teeth, bone]
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EC CAS
Index | Num |numb Harmonised classification for
no. ber |er Substance name/abbr. Carc./Muta./Repr./Lact. and/or STOT RE
- 206-
798- | 375- CLH proposal agreed (Repr. 1B, H360D /
9 85-9 PFHpA STOT RE1 [liver]

PFASs known as active substances in plant protection products a./o. biocidal products (approved

or not approved)

606- 604- | 14111

054- 222- | 2-29-

00-7 4 0 Isoxaflutole* Repr. 2; H361d

613- 604- | 14245

164- 290- | 9-58-

00-9 5 3 Flufenacet* STOT RE 2; H373

607- 604- | 14417

700- 398- | 1-61- STOT RE 1; H372 [blood; nervous system;
00-0 2 9 Indoxacarb*/** heart]

607- 605- | 17358

700- 683- | 4-44- STOT RE 1; H372 [blood; nervous system;
00-0 4 6 s-Indoxacarb*/** heart]

606- 608- | 33510

149- 879- | 4-84- Repr. 2; H361d / STOT RE 2; H373 [eyes;
00-3 8 2 Tembotrione* kidneys; liver]

609- 216-

046- 428- | 1582-

00-1 8 09-8 Trifluralin* Carc. 2; H351

607- 603- | 12653

714- 146- | 5-15-

00-7 9 7 Trisulfuron-methyl* Carc. 2; H351

612- 614-

289- 708- | 68694

00-6 8 -11-1 | Triflumizole* Repr. 1B; H360D / STOT RE 2; H373 [liver]
613- 405-

181- 090- | 67485

00-1 9 -29-4 | Hydramethylnon* STOT RE 1; H372

607- 274-

304- 125- | 69806

00-8 6 -50-4 | Fluazifop-butyl* Repr. 1B; H360D

607- 616-

305- 669- | 79241

00-3 2 -46-6 | Fluazifop-P-butyl* Repr. 2; H361d

612- 616-

287- 712- | 79622

00-5 5 -59-6 | Fluazinam* Repr. 2; H361d

607- 617-

699- 373- | 82657 Carc. 2; H351 / STOT RE 1; H372 [nervous
00-7 6 -04-3 | Bifenthrin*/** system]

608- 424- 112006

055- 610- |8-37-

00-8 |5 3 Fipronil** STOT RE 1; H372
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EC CAS
Index | Num |numb Harmonised classification for
no. ber |er Substance name/abbr. Carc./Muta./Repr./Lact. and/or STOT RE
607- 421-
375- 960- | 90035
00-5 0 -08-8 | Flocoumafen** Repr. 1B; H360D / STOT RE 1; H372 [blood]

616- 417- | 10146
206- 680- | 3-69-
00-4 3 8 Flufenoxuron** Lact.; H362

* = PPP; ** = BP

B.3.2. Classification and labelling in classification and labelling
inventory/ Industry’s self classification(s) and labelling?

Self-classifications on human health hazards:

Of the approximately 11 000 PFASs listed in total in the ECHA and OECD databases, almost
6 800 are listed in the ECHA databases on registrations and notifications. Hence, for almost
61 % of the PFASs there is information on classification. Of these 6 800 PFASs, almost 6
600 have a (self-)classification indicated in the registrations or notifications for at least one
environmental, human health and/or physicochemical endpoint. Among these, an
additional 344 substances to the 44 already identified in B.3.1 have a self-classification for
one or more of the five human health endpoints considered of most concern following long
term exposure of humans to PFASs (C, M, R, L, STOT RE). Table B.18 presents the total of
388 PFASs classified for C, M, R, L and/or STOT RE (mostly self-classifications), subdivided
into PFAS categories used in ECHA’s mass screenings. The 388 substances fall into 46
ECHA PFAS categories in total. The listed PFASs are most often classified for STOT RE
(234), followed by R (179), C (82), L (45) and M (40) (Figure B.3). The remaining 192
PFASs have no classification indicated for ecotoxicological, toxicological and/or
physicochemical properties in either the registrations or notifications. This might very well
be due to absence of data and not due to data showing that classification is not required.

Table B.17. PFASs (subdivided into PFAS categories) with harmonised or self-
classification for carcinogenicity (Carc.), mutagenicity (Muta.), reproductive
toxicity (Repr.), effects on or via lactation (Lact.) and/or specific target organ
toxicity following repeated exposure (STOT RE), re-arranged into ‘arrowheads’
and ‘possible PFAA precursors’

EC-no. Counts | PFAS categories Carc. Muta. Repr. STOT RE

POSSIBLE PFAA PRECURSORS
14 | CnF2n* 10

complex**

fluorotelomer alcohol

fluorotelomer epoxides

fluorotelomer methacrylates (other)

hydrofluoroethers

hydrofluoroolefins (HFO)

A N B RN 00
R O N O N P W W
O N O O N O o wun
N O B O O N -

n:1 fluorotelomer alcohols (FTOHs)
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EC-no. Counts

N
N A e« ) T N T e I S e e N

N
o

[Eny
N 0NN R NN N R

[EEN

7

155

320

88%
ARROWHEADS

PFAS categories Carc.

n:1 fluorotelomer-based non-polymers

n:1 FT (meth)acrylate

n:2 fluorotelomer acrylates

n:2 fluorotelomer alcohols

n:2 fluorotelomer ethoxylates

n:2 fluorotelomer methacrylates

n:2 fluorotelomer olefins

n:2 fluorotelomer phosphate esters

n:2 fluorotelomer silanes

n:2 fluorotelomer sulfonic acids (n:2 FTSAs)
n:2 fluorotelomer sulfonyl based compounds
n:2 fluorotelomer-based non-polymers

n:2 fluorotelomer-thiol derivatives

other carbonyl-based non-polymers

N W O O O 0O oo o o o o o - b

other fluorotelomer-based non-polymers
other per - and polyfluoroalkyl ether based
substances

other sulfonyl-based non-polymers
perfluoroalkenes

perfluoroalkyl carbonyl amides
perfluoroalkyl carbonyl halides
Perfluoroalkyl carboxylic acids (PFCAs) esters
perfluoroalkyl epoxides

perfluoroalkyl iodides

perfluoroalkyl ketones

perfluoroalkyl phosphate esters (PAPs)

perfluoroalkyl sulfonamides

O O o o o | o o o w » o o

perfluoroalkyl sulfonamidoethanols
per- and polyfluoroether carboxylic acids (PFECAs)
halides

o

perfluoroalkyl sulfonyl halides 0
perfluoroalkyl sulfonic acids (PFSA) esters 2
side-chain aromatics 25
possible PFAA precursors 53
of total PFASs (n=362) 17%

no ECHA category, OECD category: perfluoroalkyl
carboxylic acids (PFCAs) + salts

4
per- and polyfluoroether carboxylic acids (PFECAs) 0
perfluoroalkyl carboxylic acids (PFCAs) + salts 5
perfluoroalkyl sulfonic acids (PFSAs) + salts 8
Arrowheads (PFAAs) 17

of total PFASs (n=362) 63%

Muta.

o O o o o o oo o o |»r o o o N

o o o o +» O |+ O +» o o o

o

14
31
10%

o O o o o

0%
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EC-no. Counts | PFAS categories Carc. Muta. Repr. STOT RE Lact.

Not assignable to a category (currently)
no ECHA category, no OECD category, entry in ECHA

10 | list 3 0 3 7

5 | other PFASs 0 2 2 3
15 Not assignable to a category 3 2 5 10
4% of total PFASs (n=362) 21% 14% 36% 71%

* The PFAS category ‘CnF2n’ refers to PFASs containing a -CF2- moiety. These substances fulfil the PFASs
definition in section 1.1.1.
** The PFAS category ‘complex’ refers to metal complexes.

The 362 substances fall into 43 PFAS categories in total. The listed PFASs are most often
classified for STOT RE (220), followed by Repr. (173), Carc. (73), Lact. (41), and Muta.
(33) (Figure B.3).

Carc., 20%

STOT RE, 61%

Repr., 48%

Figure B.3. Frequency of hazard classes on the five endpoints of concern (C =
Carcinogenicity, M= Mutagenicity, R = Toxicity in Reproduction, L = Lactation
effects, STOT RE = specific target organ toxicity following repeated exposure).

The fact that several thousands of PFASs do not have (self-)classification for the endpoints
of most concern (C, M, R, L and/or STOT RE) does not mean that these PFASs do not have
these properties, but most likely that study data to base classification on are lacking for
the majority of them. Given the fact that the current (self-)classifications concern already
so many different PFAS categories, it can certainly not be excluded that they may have
one or more of the properties of concern.

The 388 PFASs from the ECHA database found in the classification analysis, originating
from 46 ECHA PFAS categories, were re-arranged into three main classes: polymers,
precursors and arrowheads. From Table B.19, the result of the re-arrangement, it can be
seen that the majority of the 388 substances classified for C, M, R, L and/or STOT RE are
PFAA precursors (such as fluorotelomers, perfluoroalkyl carbonyl amides and -halides, etc.)
as well as potential TFA precursors, such as side chain aromatics with CF3-R (where R=non-
PFAS). Approximately 7% of the 388 PFASs are PFAA arrowheads (including carboxylic and
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sulfonic acids and salts as well as PFA ethers). It should be, however, noted that the
allocation between PFAA and TFA precursors is not straightforward and the allocation in
the table should be considered as indicative only.

Repeated exposure to the classified PFASs affected various organs such as liver, kidney,
thymus, endocrine system, immune system, nervous system, respiratory system, spleen,
blood, heart and cardiovascular system, brain, bone marrow, skin, lymph nodes, testicles,
uterus, and gastrointestinal tract. Target effects of reproductive and developmental toxicity
are reported as adverse effects on i.e. fertility, pup survival, offspring viability and on the
foetal skeleton. Carcinogenicity and mutagenicity in categories 1 and 2 are reported as
well as lactation effects. For further details, please see Table B.20 below.
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Table B.18. PFASs with harmonised or self-classification for carcinogenicity (C), mutagenicity (M), reproductive toxicity (R),
lactation effects (L) and/or specific target organ toxicity following repeated exposure (STOT RE), subdivided into ECHA PFAS

categories.
R STOT L C+M |C+R [M+R |[C+M+|C+SR |C+L (M+SR [R+SR |R+L |R+SR [C+M+ [C+R+ |C+R+ |C+R+SR|CMR+SR ([CMR+L (Conly |Monly |Ronly [SRonly (Lonly |Total
RE R +L L SR L +L
EC-no.
Counts |[ECHA categories
37/CnF2n 11 12 16! 20 4 3 1 0 0 0 0 1 4 1 0 2 0 0 0 3 1 1 2 6 12! 0 37
5/complex 3 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 1 1 0 5
5|fluorotelomer alcohol 1 0 2 4 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 0 0 2 0 5
2|fluorotelomer epoxides 2 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
1|fluorotelomer methacrylates (other) 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0' 1
4/ Hydrofluoroethers 2 0 1 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 0 0 1 0 4
2|Hydrofluoroolefins (HFO) 0 2 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2
4/n:1 fluorotelomer alcohols (FTOHs) 1 0 2 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 1 0 4
27 n:1 fluorotelomer-based non-polymers 4 2 15! 13 1 0 1 0 0 0 1 1 5 0 0 0 0 0 0 0 0 2 1 9 7 0 27
1|n:1 FT (meth)acrylate 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1
1/n:2 fluorotelomer acrylates 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
1/n:2 fluorotelomer alcohols 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1
1|n:2 fluorotelomer ethoxylates 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 1
1|n:2 fluorotelomer methacrylates 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
4/n:2 fluorotelomer olefins 0 0 1 4 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 3 0 4
3|n:2 fluorotelomer phosphate esters (PAPs) 0 0 o) 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 3
2|n:2 fluorotelomer silanes 0 0 1 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 2
6/n:2 fluorotelomer sulfonic acids (n:2 FTSAs) 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 6
1|n:2 fluorotelomer sulfonyl based compounds 0 0 0. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
5/n:2 fluorotelomer-based non-polymers 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 5
1/n:2 fluorotelomer-thiol derivatives 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1
11|no ECHA category, no OECD category, Entry in ECHA list 3 0 3 8 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 3 0 0 5 0 11
4|no ECHA category, OECD category: perfluoroalkyl carboxylic| 4 0 4 2 4 0 0 0. 0 0 0 0 0 0 0 0 0 2 2 0 0 0 0 0 0. 0 4
4|other carbonyl-based non-polymers 3 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0 4
20 other fluorotelomer-based non-polymers 2 0 16! 9 8 0 0 0 0 1 0 0 4 6 1 0 0 1 0 0 0 0 0 4 3 0 20
11|other per - and polyfluoroalkyl ether based substances 0 0 2 9 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 9 0 11
3|other PFAS 0 1 2 2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 0 3
4|other sulfonyl-based non-polymers 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 4
5/Per- and polyfluoroether carboxylic acids (PFECAs) 0 0 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 0 5
1|Per- and polyfluoroether carboxylic acids (PFECAs) halides 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
1| perfluoroalkanes 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
4 perfluoroalkenes 2 0 0 4 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 4
5/ perfluoroalkyl carbonyl amides 3 1 3 1 0 0 0 0. 1 0 0 0 1 0 0. 0 0 0 0 0 0 2 0 1 0 0 5
2|perfluoroalkyl carbonyl halides 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2
2|Perfluoroalkyl carboxylic acids (PFCAs) + esters 0 1 1 0 1 0 0 0. 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 2
8|Perfluoroalkyl carboxylic acids (PFCAs) + salts 5 0 7 4 4 0 0 0 0 0 0 0 1 0 0 0 0 1 3 0 0 1 0 2 0 0 8
1|perfluoroalky| epoxides 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1
1|perfluoroalkyl halides 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1
5|perfluoroalky! iodides 0 1 2 3 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 2 0 5
2|perfluoroalky! ketones 0 0 2 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 2
5|Perfluoroalkyl sulfonamides 0 0 2 4 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 3 0 5
2|Perfluoroalkyl sulfonamidoethanols 0 0 1 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 2
10|Perfluoroalkyl sulfonic acids (PFSAs) + salts 8 0 7 8 6 0 0 0 0 0. 0 0 1 0 0 0 0 0 6. 0 0 2 0 0 1 0 10!
1|perfluoroalky! sulfonyl halides 0 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1
7|PFSAs esters 2 2 2 2 2 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 2 2 0 1 0 7
155|Side-chain aromatics 25 14 81 90 14 0 7 2 2 3 0 4 21 5 6 0 3 1 1 0 0 8 6. 33 52 1 155
388 46 82 40 179 234 45 5 9 3 3 7 1 7 55 15 8 2 3 5 12 3 1 31 16 62 139 1 388

Note: The ECHA category ‘complex’ refers to metal complexes.
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Table B.19. PFASs with harmonised or self-classification for carcinogenicity (C),
mutagenicity (M), reproductive toxicity (R), lactation effects (L) and/or specific
target organ toxicity following repeated exposure (STOT RE), re-arranged into
three PFAS main classes, and ‘currently not-classifiable’ PFASs.

C M R STOT |L
EC-no. RE
Counts |[ECHA categories
PFAA PRECURSORS
37|CnF2n 11 12 16 20 4
5|complex 3 0 1 1 0
5|fluorotelomer alcohol 1 0 2 4 0
2|fluorotelomer epoxides 2 2 0 0 0
1|fluorotelomer methacrylates (other) 0 0 0 1 0
4|Hydrofluoroethers 2 0 1 2 0
2|Hydrofluoroolefins (HFO) 0 2 0 1 0
4|n:1 fluorotelomer alcohols (FTOHs) 1 0 2 2 0
27|n:1 fluorotelomer-based non-polymers 4 2 15 13 1
1|n:1 FT (meth)acrylate 1 0 0 0 0
1|n:2 fluorotelomer acrylates 0 0 0 1 0
1/n:2 fluorotelomer alcohols 0 0 1 1 0
1|n:2 fluorotelomer ethoxylates 0 1 1 0 0
1/n:2 fluorotelomer methacrylates 0 0 0 1 0
4|n:2 fluorotelomer olefins 0 0 1 4 0
3[n:2 fluorotelomer phosphate esters (PAPs) 0 0 0 3 0
2|n:2 fluorotelomer silanes 0 0 1 2 0
6|n:2 fluorotelomer sulfonic acids (n:2 FTSAs) 0 0 0 6 0
1|n:2 fluorotelomer sulfonyl based compounds 0 0 0 1 0
5[n:2 fluorotelomer-based non-polymers 0 0 0 5 0
1|n:2 fluorotelomer-thiol derivatives 0 0 1 1 0
4|other carbonyl-based non-polymers 3 0 0 2 0
20|other fluorotelomer-based non-polymers 2 0 16 9 8
11|other per - and polyfluoroalkyl ether based substances 0 0 2 9 1
4|other sulfonyl-based non-polymers 0 0 0 4 0
4|perfluoroalkenes 2 0 0 4 0
5|perfluoroalkyl carbonyl amides 3 1 3 1 0
2|perfluoroalkyl carbonyl halides 0 0 0 2 0
2|Perfluoroalkyl carboxylic acids (PFCAs) + esters 0 1 1 0 1
1|perfluoroalkyl epoxides 0 0 0 1 0
1|perfluoroalky! halides 0 1 0 0 0
5|perfluoroalkyl iodides 0 1 2 3 0
2|perfluoroalkyl ketones 0 0 2 1 0
5|Perfluoroalkyl sulfonamides 0 0 2 4 0
2|Perfluoroalkyl sulfonamidoethanols 0 0 1 2 0
1|perfluoroalky! sulfonyl halides 0 0 1 1 0
7|PFSAs esters 2 2 2 2 2
190 PFAA precursors 37 25 74 114 17
49% of total PFAS (n=388) 19% 13% 39% 60% 9%
TFA PRECURSORS | | | | | |
155 Side-chain aromatics (TFA presursors) 25 14 81 90 14
40% of total PFAS (n=388) 16% 9% 52% 58% 9%
ARROW HEADS
4/no ECHA category, OECD category: perfluoroalkyl carboxylic acid 4 0 4 2 4
5|Per- and polyfluoroether carboxylic acids (PFECAs) 0 0 1 4 0
1|Per- and polyfluoroether carboxylic acids (PFECAs) halides 0 0 0 1 0
1|perfluoroalkanes 0 0 0 1 0
8|Perfluoroalkyl carboxylic acids (PFCAs) + salts 5 0 7 4 4
10|Perfluoroalkyl sulfonic acids (PFSAs) + salts 8 0 7 8 6
29 Arrow Heads (PFAAs) 17 0 19 20 14
7% of total PFAS (n=388) 59% 0% 66% 69% 48%
Not Classifiable (currently)
11|no ECHA category, no OECD category, Entry in ECHA list 3 0 3 8 0
3|other PFAS 0 1 2 2 0
14 Not assignable to a category 3 1 5 10 0
4% of total PFAS (n=388) 21% 7% 36% 71% 0%
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Table B.20. Details on available classification information for the endpoints of concern C, M, R, L, STOT RE for classified PFASs

in the three PFAS main classes, and non-assignable PFASs.

PFASs

Percentage
of 362
PFAS class classified Carc. Muta. Repr. Lact. STOT RE STOT RE affected organs:
PFASs
Possible PFAA . . ) L
. Multiple tissues and organs, damage to various organs; liver,
precursors incl. . :
hepatobiliary system, kidneys, adrenals, adrenal gland, blood,
TFA precursors -
. blood vessels, hematological effects, teeth, nervous system,
(incl. telomers, h | ) . inal
epoxides, r(]eart{ ower urllna:‘y tra<|:t, gastrom_testlna tract, pancreas,
halides, 88% 17% 10% 47% 8% 6005 | thyroid, adrenal gland, lungs, respiratory organs/system,
fluorinated- prostate, tes_tlcles, seminal veS|_cIe, skin, female reproductive
. organs, ovaries, uterus, endocrine system, immune system,
gases, olefins, :
. lymph nodes, skeletal muscle, bone tissue, bones, bone marrow,
SHIEE, SEE eyes, brain, thymus, spleen, gonads, mouth, pharynx
chain aromatics, YES, oy ’ SP 9 ! » pharynx,
etc.) oesophagus face mussels, pancreas.
Arrowheads
(incl. carboxylic, o 8 o o o o.. | Damage to organs, liver, kidneys, blood, lung, central nervous
sulfonic acids 8% el e oE. T 68% [ o stem, cardiovascular system.
and salts)
Not assignable Liver, kidneys, adrenals, renal system, ovary, testes,
9 4% 21% 14% 36% 0% 649% | gastrointestinal tract, nervous system, hematopoietic system,

immune system, respiratory system.
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Self-classifications on environmental hazards:

1 129 PFASs of the 6 600 PFASs listed in ECHA database on registration and C&L notification
have a self-classification on hazardous to the aquatic environment (Aquatic Acute and/or
Aquatic Chronic) or hazardous to the ozone layer. Further 4 substances have self-
classifications on hazardous to the aquatic environment (Aquatic Chronic 2 and 3) as well as
to the ozone layer. The PFASs are most often classified for Aquatic Chronic 4 (444) followed
by Aquatic Acute 1 + Aquatic Chronic 1 (322), Aquatic Chronic 2 (135) and Aquatic Chronic
3 (110). Further self-classifications are shown in Figure B.4. For information on the evaluation
of the database: If for one substance different self-classifications on long-term aquatic hazard

(different categories on Aquatic Chronic) were listed, the classification with the most entries
were chosen. If the number was the same, the more stringent was selected.

Aquatic Acute 1 + Aquatic Chronic 2 I 13
Aquatic Acute 1 + Aquatic Chronic 3 | 3
solely Aquatic Acute 1 - 53
solely Aquatic Chronic 1 . 30
solely Aquatic Chronic 2 _ 135
solely Aquatic Chronic 3 _ 110

Hazardous to the Ozone Layer (Category 1) . 23

0 50 100 150 200 250 300 350 400 450 500

Figure B.4. PFASs with self-classifications on hazardous to the aquatic environment
and the ozone layer
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B.4. Environmental fate properties
B.4.1. Degradation
B.4.1.1. Degradation - general

Common for PFASs is that they have perfluoroalkyl moieties present, resulting in a shared
resistance to environmental and metabolic degradation. The resistance to degradation of the
perfluoroalkyl moiety is primarily due to the high electronegativity and low polarisability of
fluorine, which results in the strongest covalent bond known in organic chemistry: the C-F
bond (Kissa, 2001). The C-F bond is resistant to acids, bases, oxidation and reduction, and
even high temperatures. Multiple C-F bonds on the same geminal carbon lead to additional
strengthening of the C-F bond. The strong electron withdrawing effect of the fluorine atoms
in perfluoroalkyl moieties also strengthens the skeletal bonds in the carbon chain (Cousins
et al., 2020b);(0O'Hagan, 2008). It is not expected that the length of the perfluoroalkyl chain
has any major impact on the inherent stability of PFASs.

As illustrated in Figure 1 in section 1.1.1, many PFASs have non-fluorinated moieties attached
to the perfluorinated moiety. During degradation processes non-fluorinated moieties of
molecules are transformed and oxidative processes often lead to a gradual conversion of non-
fluorinated carbon atoms to CO: which is lost to the atmosphere while the degrading
substance structure is gradually getting smaller. In the end most of the non-fluorinated parts
are usually lost, with the perfluoroalkyl part is remaining, often attached to a functional group
at its highest oxidation state (e.g. carboxylic acid). Such functional groups often carry a
negative charge which leads to an increased polarity for the degradation products. Small
molecules tend to be more volatile than large ones, and high polarity of compounds are
usually associated with increased solubility in water. Hence, degradation products of PFASs
may be assumed to have elevated mobility with water and air currents compared to their
corresponding precursor substances. Examples of such degradation include 6:2 FTOH which
degrades in the environment with formation of PFHxA (see PFHXA restriction dossier), and
some side-chain fluorinated polymers which degrade via the loss of fluorotelomer side-chains
which are transformed to PFCAs in the environment in oxidative degradation.

All PFASs are, or ultimately transform into, stable substances, often PFAAs (Cousins et al.,
2020b). PFCAs degrade slowly in the air with atmospheric life-times estimated at 130 to 230
days (for C1 to C4 PFCAs), while the main atmospheric removal mechanism is via wet and
dry deposition which occurs in a timescale of the order of 10 days (Hurley et al., 2004). (Liou
et al., 2010) investigated the biodegradability of PFOA and found the substance to be
microbiologically inert and environmentally persistent. If PFAAs degrade, they do it so slowly
that it is not observable and their half-lives could be in the order of decades, centuries or
even greater (Parsons et al., 2008).

Wang et al. (2017b) explain that perfluoroalkyl (CnF2n+1i-) and perfluoroether
(CnF2n+1—0O—CmF2m+1—) moieties are very persistent under natural conditions. Even though
some PFASs may partially degrade in the environment and biota, they will all ultimately
transform into highly stable end products, which are usually the very persistent perfluoroalkyl
or perfluoroalkyl(poly)ether acids (here collectively termed “PFAAs”), for example, PFCAs,
PFSAs, PFECAs, and PFESAs.

Parsons et al. (2008) reviewed the biodegradation of perfluorinated compounds. The authors
pointed out that the most theoretically plausible degradation pathway for PFASs is through
reductive defluorination, which could occur under anaerobic conditions. The same authors
reported for PFOS that no biodegradation was observed under aerobic conditions, while there
were some observations of degradation of PFOS under anaerobic conditions though no
metabolites were measured in these studies. In principle, it cannot be ruled out that some
degradation of other PFASs under anaerobic conditions can occur (e.g. in hypoxic
groundwater, marine water or sediments), or will occur in the future if bacteria adapt to utilise
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the energy present in the PFAS substrates. Indications for such bacterial behaviour were found
when a PFOA-degrading bacterial strain was isolated from soil near a PFAS production plant
(Yi et al., 2016). The PFOA-degradation has been demonstrated at lab conditions with a low
degradation efficiency only, and have yet to be observed in the environment (Arp and Slinde,
2018).

B.4.1.2. PFAS subgroups

Lack for degradation of selected PFAS subgroups is considered in more detail below. The
subgroups have been selected on the basis of their expected stability in the environment, and
they are representing arrowhead substances or arrowhead subgroups, i.e. final
degradation products that do not undergo any further degradation in the environment. The
arrowhead approach may be defined as a risk management approach when a representative
PFASs is managed together with its salts and precursors. The approach has been recognized
by scientists (e.g. (Cousins et al., 2020a)) and represents the dominant current approach to
grouping PFASs for risk assessment and risk management globally.

It is noted that the information presented below is on the PFASs where the perfluorinated
moieties make the largest part of the substance. However, there are many PFASs which have
a separate nonfluorinated part for which a perfluorinated moiety makes a relatively small part
of the substance. For these substances it can generally be expected that the primary
degradation will target the nonfluorinated part, while the fluorinated moiety is resistant to
biotic/abiotic transformation. The degradation behaviour will follow the pattern of a substance
similar to the nonfluorinated part of the PFASs, until that part has been fully degraded forming
thereby the stable arrowhead perfluorinated moiety.

Modelling of degradation

The persistence of selected subgroups was investigated with QSAR modelling of abiotic/biotic
degradation of three representative members of the different subgroups (p.t. apart from
haloperfluoroalkanes). The QSAR models used in this study were selected according to their
capacity and competence of predicting abiotic and biotic degradation of the selected PFASs.
For the purpose of this study, capacity means that the substance or similar substances are
part of the training set of the model, while competence refers to the applicability domain (AD)
for the endpoint to be predicted.

A complete list of substances selected for QSAR modelling is found in Table B.21.
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Table B.21. List of substances selected for QSAR modelling of degradation.

PFAS category PFAS name CAS number
Carboxylic acids PFOA 335-67-1
PFHXA 307-24-4
PFBA 375-22-4
Sulfonic acids PFOS 1763-23-1
PFHXS 355-46-4
PFBS 375-73-5
Phosphonic acids Perfluorooctyl phosphonic acid (PFOPA) 40143-78-0
Perfluorohexyl phosphonic acid (PFHxPA) 40143-76-8
Perfluorobutyl phosphonic acid (PFBPA) 52299-24-8
Perfluoroalkanes Perfluorohexane 355-42-0
Perfluorooctane 307-34-6
Perfluorodecaline (perflunafene) 306-94-5
Perfluoroalkylamines Perfluamine 338-83-0
Perfluoromethyldiethylamine 758-48-5
Perfluorotrihexylamine 432-08-6
Ethers Perfluorodiethylether, CF3CF2-0-CF2CF3 358-21-4
CF3-0-CF2-CF2-0-CF3 378-11-0
2,2,3,3,4,4,5-heptafluorotetrahydro-5-(nonafluorobutyl)furan 335-36-4

Abiotic degradation

For abiotic degradation, the modelling suites used were AOPWIN and HYDROWIN from EPI
Suite, which predict the atmospheric and water degradation, respectively; OPERA, which
predicts the hydroxylation rate; and VEGA, which predicts persistence in air, water, sediment,
and soil in seven (7) different models.

Abiotic degradation predictions were of low reliability for all analysed PFASs in water, sediment
and soil. The abiotic degradation models have a very low coverage of perfluorinated
compounds in their training sets, and overall, the models were found unsuitable to reliably
predict photodegradation of PFASs. Hence, we do not recommend the use of any of the models
investigated to estimate abiotic degradation of PFASs, as the currently available versions of
the QSARs are not trained to accurately model perfluoroalkyl compounds.

Biotic degradation

For biodegradation, the modelling suites used were BIOWIN v4.11 of EpiSuite, which
incorporates seven (7) different models to predict different endpoints related to
biodegradability; OPERA, which predicts biodegradation and ready biodegradability; and
VEGA, which predicts ready biodegradability.

BIOWIN1 (linear probability model) and BIOWIN2 (non-linear probability model) are intended
to convey a general indication of biodegradability under aerobic conditions. BIOWIN3 (expert
survey ultimate biodegradation model) and BIOWIN4 (expert survey primary biodegradation
model) rate the ultimate and primary biodegradation of each compound on a semi-
quantitative scale of 1 (longer than months) to 5 (hours). Primary biodegradation is the
transformation of a parent compound to an initial metabolite. Ultimate biodegradation is the
transformation of a parent compound to carbon dioxide and water, mineral oxides of any
other elements present in the test compound, and new cell material. BIOWINS (MITI linear
model) and BIOWIN6 (MITI non-linear model) are predictive models for assessing a
compound’s biodegradability in the Japanese MITI ready biodegradation test (OECD 301C).
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The critical biodegradation evaluations (results of the MITI tests) are either "readily
degradable" (value of 1) or "not readily degradable” (value of 0). 0 to 1 is the full probability
range. BIOWIN7 (anaerobic biodegradation model) estimates the probability of fast
biodegradation under methanogenic anaerobic conditions; specifically, under the conditions
of the "serum bottle" anaerobic biodegradation screening test. This endpoint is assumed to
be predictive of degradation in a typical anaerobic digestor.

The screening criteria for persistence in the environment are BIOWIN2 <0.5 or BIOWIN6 <0.5
and BIOWIN3 <2.25 as described in ECHA’s Guidance on Information Requirements and
Chemical Safety Assessment — Endpoint specific guidance (ECHA, 2017a).

Apart from the fragment [-CF3], which is included in the training sets of BIOWIN 1 to 4,
BIOWIN is generic when it considers “C bonded to atoms other than H”, not being specific to
C-F bonds. In addition, the fragment [-F] is included only in the training sets of BIOWIN 5
and 6 (MITI models). These limitations hamper BIOWIN’s biodegradability prediction
reliability, and the outputs should be interpreted individually and with caution.

BIOWIN may be used as a supporting tool for aerobic biodegradability predictions, if results
are interpreted individually, and all limitations stated. In addition, due to the apparent lack
of [-F] and [-CF3] fragments in the training set of BIOWIN 7, the prediction of PFASs anaerobic
biodegradation using BIOWIN should also be interpreted with great care.

OPERA and VEGA returned a low reliability in the predictions of PFAS biodegradability for all
subclasses. The results from these models are therefore not used in the assessment and only
outputs from BIOWIN (for which the applicability domain is not explicit in the outputs) will be
further discussed. For BIOWIN, there is no universally accepted definition of the applicability
domain, and therefore different parameters should be considered to evaluate the prediction
reliability.

Having these limitations in mind, the main finding of the QSAR modelling study is that all
BIOWIN biotic models predict a (very) slow degradation of PFASs. QSAR modelling results of
biotic degradation for the individual subgroups are summarized below. For all substances
investigated the estimated values are within the BIOWIN criteria indicating potentially
persistent substances as described in ECHA’s Endpoint specific guidance (ECHA, 2017c).

The predicted biodegradability of individual PFAS substances is found in Table B.22.
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Table B.22. Predicted biodegradability of the analysed PFAS categories and
molecules (hnumbers on the left are CAS numbers).

Predicted Biodegradability of Six PFAS Categories
ECCSAR BIOWIN v4.11

biowin1 biowinz biowin3 biowin4 biowing biowing biowin7 biowinrb
307-34-6 - - Perfluoroalkenes
758-48-5 - - Perfluoroalkylamines
D e
FaE (\Ery) Slow

The results from the BIOWIN 4 predictions of primary biodegradation show unexpected trends
which are not in line with the knowledge from experimental studies for these substances.
Hence, these results are regarded as indication that the model has limited suitability for these
kinds of compounds.

Perfluoroalkanes

Figure B.5. Example structure: perfluorohexane.

Ravishankara et al. (1993) investigated the atmospheric lifetimes of long-lived halogenated
species, including CF4, C2Fes, c-CaFs, (CF3)2c-C4Fs, CsF12 and CeF14. The possible atmospheric
loss processes of these gases were assessed by determining the rate coefficients for the
reactions of these gases with O(!D), H, and OH and the absorption cross sections at 121.6
nm in the laboratory and using these data as input to a two-dimensional atmospheric model.
The lifetimes of all the studied perfluoroalkane compounds were found to be more than 2000
years.

These findings were confirmed by Say et al. (2021) who looked at the global trends and
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European emissions of tetrafluoromethane (CF4), hexafluoroethane (CzFs) and
octafluoropropane (CsFg). The fully fluorinated hydrocarbons were identified as potent
greenhouse gases with lifetimes in the order of thousands to tens of thousands of years
(50.000 years for CF4).

Thermal decomposition of perfluoroalkanes starts above 800 °C (compounds with tertiary
carbon atoms above 600 °C) with the formation of saturated and unsaturated decomposition
products and some carbon (Siegemund et al., 2012).

From the group of perfluoroalkanes, perfluorohexane, perfluorooctane and perfluorodecaline
were investigated with QSAR biodegradation models. The three substances were predicted to
be slowly biodegradable (BIOWIN 1, 2, 5 6 and 7). Ultimate biodegradation (BIOWIN 3)
predicted the three substances to be recalcitrant. Primary biodegradation (BIOWIN 4)
estimated perfluorooctane and perfluorodecaline to be recalcitrant, while half-life of
perfluorohexane was estimated to be months. All perfluoroalkanes were predicted as not
readily biodegradable.

Haloperfluoroalkanes

Figure B.6. Example structure: chloropentafluoroethane..

Fully halogenated compounds (Cl and Br in addition to F) with a high fluorine content have
excellent thermal stability and are non-flammable. Chlorofluoroalkanes are characterized by
high chemical and thermal stabilities, which increase with their fluorine content. At high
temperature, thermal cleavage of the C-Br bond of bromoperfluoroalkanes into radicals may
occur. The chemical stability of bromofluoroalkanes is slightly lower than that of the
corresponding chlorofluoroalkanes. However, as with the chlorofluoroalkanes, stability
increases with the fluorine : bromine ratio. In contrast to chloro- and bromofluoroalkanes,
iodofluoroalkanes readily undergo chemical reactions, reacting preferentially by homolytic
cleavage of the C-I bond (Siegemund et al., 2012). However, when exposed to ultraviolet
light in the upper atmosphere, chloro- and bromofluoroalkanes may suffer cleavage with
release of chlorine or bromine radicals that can go on to destroy ozone in catalytic cycles. The
atmospheric lifetime of the compound 1,2-dichloro-1,1,2,2-tetrafluoroethane was reported to
be 220 years (Solomon, 1999).

[This PFAS subgroup has not been investigated so far with QSAR modelling]

Perfluoroalkylethers (PFAES)

F3C CF2 o
~
\o/ \CFZ/ CFs
Figure B.7. Example structure: 1,1,2,2-tetrafluoro-1,2-
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bis(trifluoromethoxy)ethane.

The thermal stability of perfluoroalkylethers (PFAEs) was studied by Helmick and Jones Jr
(1990) in relation to the potential application of the substances as high temperature engine
lubricants. A range of PFAEs was studied and found to have decomposition temperatures in
the interval 301-389 °C which demonstrates the high thermal stability of the substances. The
stability of the PFAEs was not affected by intrinsic factors such as carbon chain length,
branching, or cumulated -CF2- groups.

Hori et al. (2009) investigated the oxygen-induced mineralization of perfluoroalkylether
sulfonates in subcritical water. They pointed out that ether linkages originally were inserted
into the perfluoroalkyl chains so that the molecules should contain only short perfluoroalkyl
fragments. In the first place these molecules were expected to decompose more easily than
other PFASs because of the presence of the ether linkages, but no one has confirmed that
they do in fact decompose more easily. Indeed, the authors observed that perfluoroalkylether
sulfonates decomposed only at 350 °C in the presence of oxygen gas in supercritical water,
while below 300 °C no reaction was observed.

Under environmentally relevant conditions perfluoroalkylether chains are similarly resistant
to abiotic (photolysis, reactions with OH radicals, and hydrolysis) and biotic degradation as
the perfluoroalkyl chains (Wang et al., 2015b).

Three ether substances were investigated with QSAR modelling for biodegradation:
perfluorodiethylether, 1,1,2,2-tetrafluoro-1,2-bis(trifluoromethoxy)ethane and
2,2,3,3,4,4,5-heptafluorotetrahydro-5-(nonafluorobutyl)furan. All were predicted not to
biodegrade fast (BIOWIN 1, 2, 5, 6 and 7). Ultimate biodegradation (BIOWIN 3) categorized
all substances as recalcitrant, while primary biodegradation (BIOWIN 4) was weeks-months
for perfluorodiethylether and 1,1,2,2-tetrafluoro-1,2-bis(trifluoromethoxy)ethane, and of
months for 2,2,3,3,4,4,5-heptafluorotetrahydro-5-(nonafluorobutyl)furan. All  three
compounds were predicted as not readily biodegradable. The QSAR models include a negative
fragment contribution of the aliphatic ether bond on the degradation potential. This indicates
that the ether bond in PFECAs and PFESAs is not expected to decrease the environmental
persistence as compared to PFCAs or PFSAs.

The ether substance 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propionic acid (HFPO-
DA/GenX), its salts and its acyl halides were recognized as very persistant by the Member
State Committee and the substances identified as substances of very high concern, among
others on the basis of an equivalent level of concern having probable serious effects to the
environment which give rise to an equivalent level of concern to those of PBT/vPvB substances
(ECHA, 2019¢).

Perfluoroalkylcarboxylic acids (PFCAs)

F F O

OH

Figure B.8. Example structure: Perfluorobutanoic acid (PFBA).

The sources, fate and transport of PFCAs were reviewed by Prevedouros et al. (2006). The
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PFCAs were evaluated as highly water-soluble and persistent with a high potential for long-
range aquatic transport to the Arctic. PFCAs were shown to not undergo degradation in the
environment. The global historical industry-wide emissions of total PFCAs were estimated to
be 3200-7300 tonnes. It was assumed that the majority (~80%) of this was released to the
environment from fluoropolymer manufacture and use.

Qu et al. (2016) looked at the photochemical decomposition of the environmentally persistent
PFCA-class. It was emphasized that the class of PFCAs are chemically inert due to the strong
electronegativity of fluorine and very strong C-F bond, making them resistant to normal
environmental degradation. In the study, the photodegradation of a series of PFCAs (C2-C12)
in water by a medium-pressure mercury lamp was experimentally and theoretically examined.
The PFCAs were mainly decomposed into shorter carbon chain length PFCAs in a stepwise
manner, with the accumulation of TFA and fluoride ions as the end products. These findings
could enhance the general understanding of the photodegradation of PFCAs, although the
conditions investigated are not directly environmentally relevant.

Taniyasu et al. (2013) studied the environmental photolysis of PFASs in natural environment
at high altitudes in Mt. Mauna Kea (Hawaii, USA; 4200 m) and Mt. Tateyama (Toyama, Japan;
2500 m). They observed decomposition of long-chain PFCAs (and PFSAs) with successive
dealkylation and formation of short-chain compounds such as PFBA (and PFBS), typically with
20-30% decomposition after 106 days. However, these observations were disputed by Wang
et al. (2015a), who argued that the perfluoroalkyl carboxylic and sulfonic acids are too stable
to undergo atmospheric photolysis and asked for information on whether adsorption of long-
chain substances on the surface of the vials was considered in the experiments.

Among the perfluoroalkylcarboxylic acids, PFOA, PFHxA and PFBA were investigated for
biodegradability with QSAR modelling. BIOWIN 1 and 2 predicted all of them not to biodegrade
fast. BIOWIN 3 (ultimate biodegradation) predicted that PFOA and PFHXA are recalcitrant,
while PFBA has a half-life of months. For primary biodegradation, BIOWIN 4 predicted semi-
quantitative half-lives as PFOA (weeks-months) > PFHxA (weeks) > PFBA (days-weeks). For
PFOA and PFHxA BIOWIN 5 and 6 predicted that these compounds do not biodegrade fast.
For PFBA the linear model of BIOWIN 5 predicted fast biodegradability, while the non-linear
model of BIOWIN 6 predicted that the substance does not biodegrade fast. The overall
assessment of biodegradability by BIOWIN for all three perfluoroalkylcarboxylic acids was that
they are not readily biodegradable.

BIOWIN 1-4 were reliable to predict all fragments except [-F]. Considering that [-F]
contributes positively to biodegradation in BIOWIN 5 (linear MITI model), these results should
be interpreted with caution, particularly for PFBA, which was predicted to biodegrade fast by
BIOWIN 5, which is an unexpected result that does not match well with the range of
observations of PFBA in environmental samples.

Perfluorooctanoic acid (PFOA) as well as six long-chain perfluorinated carboxylic acids (C9-
C14 PFCAs) have been identified as substances of very high concern (SVHC) fulfilling the P
and VP criteria according to REACH Annex XIII (ECHA, 2012, ECHA, 2013, ECHA, 2015, ECHA,
2016c¢). Furthermore, a REACH restriction on C9-C14 PFCAs including their salts and
precursors has recently been adopted (ECHA, 2018a) due to their P and vP properties. A
restriction on PFHXA its salts and related substances has been proposed based on its high
persistence exceeding by far the P and vP criteria (ECHA, 2021a).

In 2019, PFOA its salts and PFOA-related substances were listed in the Stockholm Convention,
and the restriction is included in the EU POPs regulation since 2020. Just recently a proposal
has been submitted for long-chain perfluorocarboxylic acids, their salts and related
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compounds3? under the Stockholm Convention.

Trifluoroacetic acid (TFA)

The environmental fate of TFA, together with trichloro-, dichloro-, and monochloroacetic
acids, was investigated using field aquatic microcosms and laboratory sediment-water
systems (Ellis et al., 2001). TFA was extremely persistent and showed no degradation during
a one-year field study.

Biodegradation of mono-, di- and trifluoroacetate by microbial cultures with different origins
was investigated by Alexandrino et al. (2018). Microbial inocula samples collected from a site
with a long history of industrial contamination and activated sludge obtained from a municipal
wastewater treatment plant were used in the study. Defluorination was obtained in the
cultures fed with monofluoroacetate, while difluoroacetate and TFA were recalcitrant in all
tested conditions. The authors pointed out that the persistence and accumulation of these
substances in the environment is a relevant issue that may lead to disturbance in ecosystems.

TFA and its sources, pathways, and consequences for drinking water were assessed by
Scheurer et al. (2017). It was pointed out that there are contradictory results in the scientific
literature with regards to microbial degradation of TFA. Some studies have observed TFA to
be persistent, while some other studies have reported microbial degradation of TFA; Visscher
et al. (1994) reported the rapid microbial degradation of TFA in sediments under oxic and
anoxic conditions, with formation of fluoroform. Kim et al. (2000) performed a long-term (90
weeks) study to assess biodegradation of TFA in an engineered anaerobic reactor. TFA was
found to be co-metabolically degradable, and the authors indicated that anaerobic
degradation is a potential sink for TFA in freshwater sediments and may limit their
accumulation in the environment. In their own study of degradation of TFA in a WWTP,
Scheurer et al. (2017) observed no decrease of TFA concentrations.

TFA is registered in the 1000-10000 t/a tonnage band in the ECHA database. In the
registration dossier, the registrants have concluded, based on experimental evidence, that
TFA was found to be highly resistant to abiotic and biotic degradation and, coupled with its
extreme chemical stability, these results suggest a very long lifetime for TFA in the
environment. However, it was also stated by the registrant that a 'not assignable study' shows
that co-metabolic degradation in anaerobic conditions can happen. TFA was not investigated
specifically in QSAR modelling of biodegradation.

Perfluoroalkane sulfonic acids (PFSASs)

30 Long-chain PFCAs and their salts are a homologous series of substances with the molecular formula
of CnF2n+1CO2H (where 8 < n < 20). Related compounds are viewed as any substance that is a
precursor and may degrade or transform to long-chain PFCAs, where the perfluorinated alkyl moiety
has the formula CnF2n+1 (where 8 < n < 20) and is directly bonded to any chemical moiety other than
a fluorine, chlorine or bromine atom
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Figure B.9. Example structure: Perfluorobutane sulfonic acid (PFBS).

The Global PFC Group refers to PFSAs as very persistent in the environment, while their
potential precursors are transformed into PFSAs abiotically or biotically (OECD/UNEP Global
PFC Group, 2013). Due to the high resistance to heat and chemical agents, the perfluoroalkyl
substances have been frequently used in products with high versatility, strength, resilience
and durability. However, the high persistence allows for a wide distribution in the
environment, and many PFSAs have been detected globally in the environment.

Perfluoroalkane sulfonic acids (PFSAs) are remarkably stable, with an outstanding thermal
and chemical stability. Anhydrous PFSAs are stable at 400 °C in the absence of air, but they
may form hydrogen fluoride at this temperature when moisture is present. The sulfur atoms
in PFSAs are at their maximum oxidation state, and cannot be oxidised further (Arp and
Slinde, 2018).

Defluorination of fluorinated sulfonates by a Pseudomonas strain was investigated by Key et
al. (1998). Trifluoromethane sulfonate, PFOS and some related not fully fluorinated
substances were subjected to biodegradation by Pseudomonas under aerobic, sulfur-limiting
conditions. Growth and defluorination were observed for the compounds containing hydrogen
on the carbon chain, while it is reported that trifluoromethane sulfonate and PFOS were not
degraded.

Saez et al. (2008) studied the degradation of PFASs, including the sulfonic acids PFBS and
PFQOS, in closed bottle tests with municipal sewage sludge. Bacterial communities from sewage
sludge were exposed to a mixture of PFASs under aerobic and anaerobic conditions. Individual
PFAS concentrations were determined after solid phase extraction. The experiments were
based on the OECD guideline 301D (closed bottle test) with slight modifications. It was found
that the PFASs tested in these experiments are nonbiodegradable under the conditions used.

A few studies have reported the degradation of PFOS by isolated bacterial strains under special
laboratory conditions or by a specific enzyme when incubated with a mediator substance in
laboratory conditions. A summary of the studies may be found in the SVHC Support Document
for PFBS (ECHA, 2019d). These results show that bacteria may adapt to utilise the energy
present in the PFAS substrates. However, such transformations have not been observed at
environmentally relevant conditions.

PFOS, PFHXS and PFBS were investigated for biodegradation potential in QSAR modelling. All
three substances were predicted not to biodegrade fast (BIOWIN 1, 2, 5, 6 and 7). BIOWIN
3 estimated the compounds to be recalcitrant, while the primary biodegradation model
(BIOWIN 4) estimation was PFOS (months) > PFHxS (weeks-months) > PFBS (weeks). All
three PFASs were predicted as not readily biodegradable.

It should be noted that the sulfonic acid structure fragment is not included in the MITI models
of BIOWIN 5 and 6. Hence, the results from these models should be given little weight in the
assessment.

In 2009, PFOS and its derivatives were included in the Stockholm Convention on Persistent
Organic Pollutants to eliminate their use before being restricted in the EU under the POPs
Regulation.

PFBS and its salts have been included in the REACH Candidate List meeting the criteria under
REACH Article 57(f), due to its very high persistence (ECHA, 2019d).

PFHxS fulfils the criteria for being “very persistent” and has been adopted as SVHC by the
Member State Committee in 2017 (ECHA, 2017b). PFHxS, its salts and PFHxS-related
compounds have been recommended for listing in the Stockholm Convention without any
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exemptions for use, the discussions on this listing will be at the Conference of the Parties in
June 2022.

Perfluoroalkylphosphonic acids (PFPAs)

Figure B.10. Example structure: Perfluorohexyl phosphonic acid.

PFPAs are not expected to undergo hydrolysis under environmentally relevant conditions.
They are resistant to basic hydrolysis (Emeléus and Smith, 1959) and stable in water at
elevated temperatures up to 180 °C (Mahmoodi and Shreeve, 1986), similarly as PFCAs and
PFSAs.

Biotransformation of PFPAs has not been observed. In a metabolism study, rats dosed with
C8 PFPA did not produce 1H-perfluorooctane, which has been observed for the similar
substances perfluorophosphinic acids at a lower oxidation stage (Joudan et al., 2017). A
microbial degradation study conducted according to OECD Test Guideline (TG) 309 examined
biodegradation of C6, C8 or C10 PFPA (Llorca-Casamayor, 2012). Water used in the
experiment was wastewater effluent taken from Beuerbach WWTP (Hesse, Germany). The
samples were distributed in amber glass bottles and spiked with PFPA mixture. The bottles
were stirred 24 h/day in an orbital digester at 100 rpm and the pH was controlled. Dark
conditions were used in order to minimize the algae growth. Aerobic conditions were
maintained by aeration 30 min/day. The samples were compared with non-spiked blank
samples, as well as with spiked samples treated with NaN3 to stop all biological activity.
Samples were regularly collected from the flasks and analyzed by LC-MS for quantification of
the PFPA substances. The experiment showed that no degradation had occurred for PFHxPA
and PFOPA over 30 days. For PFDPA the results were inconclusive due to practical problems
and formation of a biofilm on the walls of the experimental flasks.

Wang et al. (2016) reviewed the environmental properties of e.g. perfluoroalkyl phosphonic
acids. Existing evidence demonstrated high resistance of these substances to heat, oxidants,
bases and aerobic degradation in surface waters. The authors concluded that the data
suggested a high or very high persistence of PFPAs in the environment and biota, and a high
long-range transport potential.

PFOPA, PFHxPA and PFBPA were investigated with the QSAR models in BIOWIN v4.11 of
EpiSuite for biodegradability. All substances were predicted not to biodegrade fast (BIOWIN
1, 2, 5, 6 and 7). Ultimate biodegradation (BIOWIN 3) categorized all substances as
recalcitrant, and primary biodegradation predicted half-life of PFOPA (months) > PFHxPA
(months) > PFBPA (weeks-months). All three PFASs were predicted as not readily
biodegradable. However, all the BIOWIN models lack coefficients for phosphonate (C-P bond),
which reduces the strength of the BIOWIN modelling results for this subclass.

Perfluoroalkylamines
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Figure B.11. Example structure: Perfluamine (=perfluoro(tripropyl)amine).

Siegemund et al. (2012) examined the properties of several fluoroorganic compounds. The
perfluorinated tertiary amines were found to be chemically inert and thermally stable. The
substances are deprived of the usual basic character and reactivity of amines due to the
electron-withdrawing nature of the perfluoroalkyl substituents. Tertiary perfluoroalkylamines
do not form salts or complexes with strong acids and are not attacked by most oxidizing or
reducing agents.

Laboratory experiments were performed by Bernard et al. (2020) in order to assess the
atmospheric lifetimes of perfluoroalkylamines N(C2Fs)s, N(C3F7)3, and N(C4F9)3. The O(!D)
reaction and UV photolysis loss processes evaluated in this work were used in 2-D atmospheric
model simulations to evaluate the global total atmospheric lifetimes. The atmospheric lifetime
was found to be more than 3000 years for all three substances.

Among the perfluoroalkylamines, perfluamine, perfluoromethyldiethylamine and
perfluorotrihexylamine were selected for QSAR modelling of biodegradation. All substances
were predicted not to biodegrade fast (BIOWIN 1, 2, 5, 6 and 7). Ultimate biodegradation
(BIOWIN 3) predicted the three substances to be recalcitrant. Primary biodegradation
(BIOWIN 4) estimated perfluamine and perfluorotrihexylamine to be recalcitrant, while the
half-life of perfluoromethyldiethylamine was estimated to be months. All perfluoroalkylamines
were predicted as not readily biodegradable.

For the compound perfluorotrihexylamine, the number of instances of the fragments [C with
4 single bond and no H] and [-F] exceeds too much the number in the training set. Therefore,
the results of the BIOWIN modelling for this substance, should be interpreted with care.

The effects of chain length, branching and cyclic structure elements

Within each of the above PFAS subclasses the substances differ only in the number of
perfluorinated carbon atoms in the carbon chain(s), i.e. the chain length. There is no evidence
in the literature that the length of the perfluorinated carbon chain has an influence on the
degradability/stability of these substances. Hence, all members of the same PFAS subclass
are to be considered equally persistent. Neither ultrashort-chain nor ultralong-chain PFCAs,
PFSAs or PFPAs will biodegrade under environmentally relevant conditions, and PFAAs are
regarded as highly stable substances in which several precursors ultimately degrade into.

The stability of organic fluorine compounds has been described in detail by Siegemund et al.
(2012): “When all valences of a carbon chain are satisfied by fluorine, the zig-zag-shaped
carbon skeleton is twisted out of its plane in the form of a helix. This situation allows the
electronegative fluorine substituents to envelop the carbon skeleton completely and shield it
from chemical (especially nucleophilic) attack. Several other properties of the C-F bond
contribute to the fact that highly fluorinated alkanes are the most stable organic compounds.
These include low polarizability and high bond energies, which increase with increasing
substitution by fluorine”.
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It is not expected that branching of the perfluoroalkyl chain will affect the high persistency of
the corresponding unbranched PFAS substances as long as the alkyl chain is fully fluorinated.
Branch at a point where all neighbouring carbons are fully shielded can be assumed to be
fully shielded by the close-by fluorine atoms.

Likewise, cyclic perfluoroalkyl structures are expected to be as persistent as linear or branched
PFASs, potentially with the exception of very small ring structures with high ring strain (i.e.
3- or 4-membered rings). However, perfluorocyclobutane (PFC-318) has an atmospheric
lifetime of 3200 years, which demonstrates the high persistence even of 4-membered ring
structures. The cyclic PFAS substance ammonium difluoro{[2,2,4,5-tetrafluoro-5-
(trifluoromethoxy)-1,3-dioxolan-4-yl]Joxy}acetate (CAS no 1190931-27-1) was shown to be
not readily biodegradable (5% DOC removal) in a screening test for ready biodegradability
(OECD 301A).

Monitoring programs have detected the presence of perfluoroethylcyclohexane sulfonate
("cyclic PFOS") in the Baltic Sea and Northern Sea, in the Devon Ice Cap, in the Great Lakes
and in several location downstream known PFAS pollution sources.
Perfluoropropylcyclopentane sulfonate (PFPCPeS) was found in environmental samples
downstream of Beijing airport, which again demonstrates the high environmental stability of
the substances (see Annex B.4.2. Environmental distribution).

Structural elements in combination

As described above, selected PFAS subclasses, or structural elements (different moieties),
have been investigated and shown to be persistent and highly stable in the environment. The
remarkable stability arises from the high strength of the C-F bond, in combination with
structural elements which are not transformed under environmental conditions and which do
not inflict sufficient reactivity to neighbouring C-F units. Hence, the PFAS subgroups described
represent final degradation products that do not undergo any further degradation in the
environment and are designated arrowhead substances or arrowhead subgroups.

Perfluoroalkyl acids with an acid functional group at its highest oxidation state, i.e. carboxylic,
sulfonic and phosphonic acids represent structural endpoints in an oxidative environment.
Degradation studies and monitoring data show that these substances are extremely persistent
and do not undergo biotic or abiotic degradation in the environment.

It should be noted that all substances in the above assessment are perfluorinated substances
with fully fluorinated carbon chains in combination with selected functional groups. If other
functional groups or C-H bonds are included in the substance structure, further assessment
of the stability may need to be conducted.

Any substance with a combination of the above mentioned structure elements is also expected
to be persistent. There is no reason to expect that these structure elements in combination
will induce considerably higher reactivity in a perfluorinated substance as compared to
substances containing these elements separately.

Examples of substances that contain a combination of several of the mentioned structure
elements include HFPO-DA (GenX), ADONA, F-53B, perfluoroalkyl ether sulfonic acids and
perfluoro-N-methylmorpholine (PMM) and may be found in Figure 8.
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Figure B.12. Examples of substances with a combination of structural elements.

In the SVHC identification of HFPO-DA (GenX) it was concluded, based on available
experimental evidence and QSAR information, that the substance meets the P and vP-criteria
of REACH by far (ECHA, 2019c¢). Gordon (2011) evaluated toxicological aspects of ADONA and
indicated that ADONA is a non-reactive, stable and not readily biodegradable substance that
decomposes only at 125-175 °C. Perfluoroalkylether sulfonic acids, including C2FsOC2F4SO3H,
were shown to not undergo any reaction even in supercritical water with oxygen gas for 6 h
at temperatures up to 300 °C (Hori et al., 2009). S. Wang et al. (2013) looked at the
environmental occurrence of F-53B in China and assessed its toxicity and persistence. Ready
biodegradability of F-53B was measured in a Closed Bottle Test (CBT) according to OECD
Guideline 301D. In addition, the stability of F-53B under various advanced oxidation process
(AOP) conditions was assessed. Although the compound showed a slow degradation
throughout the test period in the CBT, it did not meet the OECD criteria to satisfy ready
biodegradation. Under all AOP test conditions, the degradation of F-53B was very low. The
authors concluded that F-53B is not readily biodegradable, and their data suggested that F-
53B is as persistent as PFOS. This is supported by the ubiquitous presence of F-53B in the
environment in China, US, UK, Sweden, the Netherlands and Korea, while China is the only
known location for emissions of the substance. This is a strong indication of high persistence
of the substance. However, indications of slow de-chlorination of F-53B was found in an
increased molar ratio of the H-analogue as compared to the manufactured mixture (Pan et
al., 2018). Perfluoro-N-methylmorpholine (PMM), which contains both an ether structure unit
and a tertiary amine in combination, is considered as very persistent by the registrant in the
ECHA database (tonnage band: 100-1000 tonnes/year). The substance was assessed as very
persistent by Arp (2019) on the basis of QSAR and biodegradation screening tests, and it has
been added to the ChemSec SIN list as a very persistent and very mobile substance.

Fluoropolymers and side-chain fluorinated polymers

Many of the mentioned structural elements may be combined multiple times in polymeric
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chains. Again, the combination of persistent structural elements is expected to result in a
persistent overall structure, where the number of persistent parts is high. Examples of
fluoropolymers constructed from the mentioned persistent structure elements include e.g.
polytetrafluoroethylene (PTFE), perfluoroalkoxy polymer (PFA), etc.

PTFE
F FF FF FF FF F
CF, CF, CF4
FFF OF F F OF F F O
F FFF F F F F F F F F

Figure B.13. Examples of fluoropolymers.

Lohmann et al. (2020) investigated whether fluoropolymers may be regarded as polymers of
low concern for human and environmental health. With regards to persistence, they pointed
out that fluoropolymers are very persistent under environmental conditions, which, in the
same way as for other polymers, can lead to a wide array of issues, particularly with respect
to disposal of fluoropolymer-containing wastes and products. Current concern over
microplastics present in the oceans is also related to fluoropolymers.

In a paper by Henry et al. (2018) fluoropolymers are in general considered highly stable and
persistent. Furthermore, PTFE is said to be highly stable and persistent in the environment,
resistant to thermal degradation (stable for decades at temperatures up to 260 °C), stable in
terms of hydrolysis, oxidation, and light, as well as stable in terms of anaerobic and aerobic
degradation.

The side-chain fluorinated polymers (SFPs) are different from the fluoropolymers in that they
usually contain a non-fluorinated backbone with fluorinated alkyl side-chains attached to the
backbone via a linker (Buck et al., 2011b). These linkers are often labile and may be cleaved
under environmental conditions with liberation of well-known PFASs. The side-chain
fluorinated polymers are as such not principally different from non-polymeric PFAS precursors
and are expected to follow the same reactivity pattern. See next section for examples of
degradation of SFPs to form PFAAs. Further discussion on the degradation of SFPs is provided,
e.g., in the restriction proposal of PFHXA, its salts and related substances (ECHA, 2021a).
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B.4.1.3. Degradation of precursors into the corresponding PFAS
arrowheads

There are many PFASs which contain degradable non-perfluorinated moieties. These
precursor substances are not ultimately persistent themselves but degrade to ultimately
(single or multiple) persistent arrowheads (usually perfluoroalkyl acids, PFAAs), through
reactions such as atmospheric oxidation, metabolic transformations, and hydrolysis. It is
expected that the degradation will primarily target the nonfluorinated parts. During the
degradation process the non-fluorinated moieties of molecules are transformed and oxidative
processes often lead to the gradual conversion of non-fluorinated carbon atoms into oxidized
species such as CO:2 while the degrading substance structure is gradually getting smaller. In
the end most of the non-fluorinated parts are usually lost, while the perfluoroalkyl part is
remaining (although defluorination of the carbon atom next to the non-fluorinated part can
occur), attached to a functional group at its highest oxidation state (e.g. carboxylic acid).
Such functional groups often carry a negative charge which leads to an increased polarity for
the degradation products. Small molecules tend to be more volatile than large ones, and high
polarity of compounds are usually associated with increased solubility in water. Hence, the
fluorinated degradation products of PFASs may be assumed to have elevated mobility with
water and air currents compared to precursor substances.

In the following subsections, relevant available information on degradation of precursors into
the corresponding arrowheads are summarised. These data on various PFAS subgroups
includes degradation in different compartments, such as air, soil, and water and involves
different degradation mechanisms and pathways. Hence, the actual fate for a specific PFAS
substance in the environment depends both on available degradation pathways for that PFAS
subgroup and the physicochemical properties of the specific substance, like volatility and
solubility, that determines the partitioning to different compartments. The presence of
microorganisms in those compartments is an additional factor that influences the degradation.

B.4.1.3.1. Degradation of PFCA precursors

Degradation pathways of several PFCA precursors into the corresponding PFCAs
(Perfluoroalkyl carboxylic acids) are extensively described in the Background documents to
the Opinion on the Annex XV dossier proposing restrictions on PFOA (ECHA, 2018b), C9-C14
PFCAs (ECHA, 2018a), and PFHxA (ECHA, 2021a). Hence, this section is to a large extent
based on the degradation information in these documents which have already been evaluated
by RAC . However, the subsection “"Other PFCA precursors” are mainly PFAS subgroups that
were not included in the background documents of the previous restrictions.

The following PFAS subgroups are expected to degrade into PFCAs:

e n:2 Fluorotelomer alcohols (FTOHSs)

F F F F

OH

Figure B.14. Example of an n:2 fluorotelomer alcohol: 4:2 FTOH

Based on the available data it can be expected that n:2 FTOHs will be degraded and
transformed into Cx-PFCAs (with x= n-2, n-1, n, n+1; see Table B.23). This means that up
to three -CF2- groups can be defluorinated and mineralized to CO2 and HF until the respective
ultimate very persistent PFCA is formed.
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The degradation pathways of n:2 FTOHs exemplified by the degradation of 6:2 FTOH

6:2 FTOH degrades to the corresponding PFCAs under various conditions (see Table B.23).

The degradation pathways of 6:2 FTOH in an aerobic river sediment system proposed by Zhao
et al. (2013a) are illustrated in Figure B.15 and these pathways are typical for 6:2 FTOHSs. In
this specific study, after 100 days, 22.4 mol% 5:3 acid (5:3 fluorotelomer carboxylic acid),
10.4 mol% C5-PFCA (PFPeA), 8.4 mol% C6-PFCA (PFHxA), and 1.5 mol% C4-PFCA (PFBA)
were detected. Major intermediates during biotransformation of 6:2 FTOH were 6:2 FTCA (6:2
fluorotelomer carboxylic acid), 6:2 FTUCA (6:2 fluorotelomer unsaturated carboxylic acid),
5:2 ketone, and 5:2 sFTOH. The recovery of 6:2 FTOH and quantifiable transformation
products ranged 71-88 mol% of initially applied 6:2 FTOH. The lower mass balance can be
explained by formation of bound residues.

Another study investigated the biotransformation of the intermediate degradation product 5:3
acid (5:3 fluorotelomer carboxylic acid) in activated sludge (Wang et al., 2012). After 90 days
the 5:3 acid biotransformation yielded 14.2 mol% 4:3 acid, 5.9 mol% C5-PFCA (PFPeA) and
0.8 mol% C4-PFCA (PFBA). These results implicate that 5:3 acid (5:3 fluorotelomer carboxylic
acid) should not be regarded as an arrowhead, but rather a relatively stable intermediate that
will ultimately degrade to the corresponding PFCAs. Still, the degradation rate of 5:3 acid is
highly dependent on the specific environmental conditions. E.g., Liu et al. (2010b) incubated
5:3 acid in aerobic soil and after 60 days only 2% 4:3 acid was observed. According to the
authors, this indicates that 5:3 acid is relatively resistant to biodegradation in soil due to its
strong tendency to become irreversibly adsorbed to soil.

F(CF2)sCH2CH,0H
6:2 FTOH
F(CF2)sCH2CHO F(CF2)a(CH2)2COOH
6:2 FTAL 43 Acid
F(CF2)sCH2COOH F(CF2)sCF=CHCOOH F(CF2)sCH=CHCOOH F(CF2)sCH2CH(OH)COOH
6:2 FTCA — 6:2 FTUCA — 5:3 U Acid i\ a-OH-5:3 Acid
F(CF2)sC(O)CHs F(CF2)sCOOH
5:2 FT ketone PFBA F(CFZ)S(CHz)ZCOOH
l 5:3 Acid
F(CF2)sCH(OH)CHs
5:2 SFTOH
F(CF2)sCOOH F(CF2)sCOOH
PFPeA PFHxA

Figure B.15. Proposed 6:2 FTOH biotransformation pathways in aerobic sediment
system (based on Zhao et al., 2013a).

In one biodegradation study with 6:2 FTOH in an aerobic microbial culture (Sun et al., 2020)
C2-PFCA (trifluoroacetic acid) (2.3 mol%) was formed along with other degradation products,
meaning that in this specific case up to five -CF2- groups were defluorinated for a minor
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fraction of the starting material. However, once the PFCA, for example C4-PFCA (PFBA) is
formed, that specific PFCA is very persistent and will not show any further defluorination of -
CF2- groups.

The photooxidation of 6:2 FTOH was investigated at the surface of TiO2, SiO2, Fe203,
Mauritanian sand, and Icelandic volcanic ash (Styler et al., 2013). At all surfaces the
photooxidation resulted in the production of surface-sorbed PFCAs (PFHpA, PFHxA and
PFPeA). These results provide evidence that the heterogeneous photooxidation of FTOHs at
metal-rich atmospheric surface may provide a significant loss mechanism for FTOHs and also
act as a source of aerosol-phase PFCAs close to source regions. The long-range transport of
these aerosols is a possible source of PFCAs to remote areas.

The degradation pathways of n:2 FTOHs exemplified by the degradation of 8:2 FTOH

8:2 FTOH degrades to the corresponding PFCAs under various conditions (see Table B.23).
8:2 FTOH metabolism universally shows the formation of PFOA and, to a smaller fraction,
PFNA and lower-chain-length PFCAs (Butt et al., 2014).

The proposed degradation pathways of 8:2 FTOH in soil and activated sludge are illustrated
in Figure B.16 and are very similar to those proposed for 6:2 FTOH in Figure B.15. The
percentages of the degradation products refer to studies by Dinglasan et al., 2004; Wang et
al., 2005a; Wang et al., and 2009; Wang et al., 2005b.

8:2 FTOH metabolism universally shows the formation of PFOA and, to a smaller fraction,
PFNA and lower-chain-length PFCAs - mainly PFHPA and PFHxA (Butt et al., 2014). 7:3 acid
(7:3 fluorotelomer carboxylic acid) is usually also a major degradation product but should not
be regarded as an arrowhead, but rather a relatively stable intermediate that will ultimately
degrade to the corresponding PFCAs (Li et al., 2018; Butt et al., 2010).
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Figure B.16. Aerobic degradation pathways of 8:2 FTOH in soil and activated sludge
(figure based on Liu and Avendano, 2013). Stable and semi-stable compounds are
shown inside dashed boxes. 2H-PFOA (2H-C8-PFCA) has been proposed, but it has
not been successfully validated.

In one biodegradation study with 8:2 FTOH in an anaerobic activated sludge (Li et al., 2018)
perfluoropentanoic acid (1.2 %) and perfluorobutanoic acid (1.9 %) were formed along with
other degradation products, meaning that in this specific case up to five -CF2- groups were
defluorinated. However, once the PFCA, for example C6-PFCA (PFHxA) is formed, that specific
PFCA is very persistent and will not show any further defluorination of -CF2- groups.

Atmospheric degradation was studied in a smog chamber (Ellis et al., 2004). Experiments
were performed in 750 Torr of air at 296 K. Reaction mixtures were subject to 0.5 to 15 min
UV radiation leading to a consumption of FTOH in the range of 66 to > 98 %. It was shown
that 8:2 FTOH is oxidized, initiated by Cl atoms which represent OH radicals, and forms PFNA,
PFOA (1.5 % C mass balance of 8:2 FTOH) and PFCAs containing a carbon chain of less than
eight carbon atoms. The formation of PFOA is expected to be greater because intermediate
transformation products were still observed (e.g. 26 % 8:2 FTCA, 6 % 8:2 fluorotelomer
aldehyde (8:2 FTAL)). The authors stress that the formation of PFOA is small but significant
and postulate that FTOH degradation is likely an important source of PFOA and other PFCAs
in remote areas.

It can be assumed that the degradation mechanisms for n:2 FTOHs are independent of the
chain length (see also Section 4.1.2 concerning the effects of chain length, branching and
cyclic structure elements on persistence). A limited number of available degradation studies
on n:2 FTOHs and the intermediate products are summarized in Table B.23.
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Table B.23. Summary of formed PFCAs during degradation of n:2 FTOHs and the intermediate products (5:3 acid, fluorotelomer

carboxylic acid (FTCA) and fluorotelomer unsaturated carboxylic acid (FTUCA))

system (sediment
and groundwater

Substance Compartment Study C4-PFCA | C5-PFCA | C6-PFCA | C7-PFCA | C8-PFCA | C9-PFCA C10-PFCA | Reference
duration | [%] [%] [Y%] [Y%] [%] [%] [Y%]
6:2 FTOH Atmosphere + + + + (Ellis et al.,
2004)
Atmosphere + + + (Styler et al.,
2013)
Soil (flow 84 d 0.8 4.2 4.5 - (Liu et al.,
through) 2010a)
Soil (closed 180 d 1.8 30 8.1 - (Liu et al.,
system) 2010b)
Mixed bacterial 90d <0.5 <0.5 5 - (Liu et al.,
culture 2010b)
WWTP-activated 60d - 4.4 mol% | 11 mol% - (Zhao et al.,
sludge 2013b)
Aerobic river 100d 1.5 mol% 10.4 8.4 mol% - (Zhao et al.,
sediment system mol% 2013a)
Anaerobic 90d - 0.2 mol% - (Zhang et al.,
digester sludge 176d - 0.4 mol% - 2013)
Anaerobic 100d - - 0.6 mol% (Zhang et al.,
sediment 2016)
5:3 acid WWTP-activated 90d 0.8 mol% | 5.9 mol% (Wang et al.,
(5:3 FTCA) sludge 2012)
8:2 FTOH Atmosphere 0.1 0.1 0.24 0.32 1.5 1.6 (Ellis etal.,
2004)
Aqueous 10 h 40 +
photolysis -
H202 solution .
(Gauthier and
Aqueous 140-146 1-8 +
photolysis h Mabury, 2005)
synthetic field
water
Aqueous 3 + (but
photolysis -Lake below LOQ)
Ontario
mixed microbial 81d - 3 - (Dinglasan et

al., 2004)
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mixed bacterial 90d 1 Not 6 - (Wang et al.,
culture evaluated 2005a)
activated sludge 28 d Not 2.1 - (Wang et al.,
evaluated 2005b)
Soil 197 d 1-4 - 10-40 (Wang et al.,
(average 2009)
25)
Anaerobic 181 d - - 0.3 mol% (Zhang et al.,
digester sludge 2013)
Anaerobic 150d 1.9 1.2 5.4 8.9 17 (Li et al., 2018)
activated sludge
8:2 FTCA Sediment-water 50d 21 mol% (Myers and
system (water) Mabury, 2010)
9.3 mol%
(sed.)
8:2 FTUCA Sediment-water 35d 12 mol% | 27 mol% < 1 mol% < 1 mol% | (Myers and
system (water, at | (water) 9 Mabury, 2010)
day 22) mol%
(sed.)
10:2 FTOH soil 30d 5.1 mol% | 4.3 mol% 59.7 mol%
Soil-earthworm 8.7 mol% 7.3 mol% 74.9 mol%
_ (Zhao and Zhu,
Soil-wheat 8.9 mol% 5.9 mol% 77.8 mol% 2017)
Soil-earthworm- 9.9 mol% 6.0 mol% 74.8 mol%
wheat
10:2 FTCA Sediment-water 50d 11 mol% (Myers and
system (sed.) Mabury, 2010)
10:2 Sediment-water 35d 0.37 1.9 mol% 1.1 mol% 6 mol% (Myers and
FTUCA system mol% (sed.) (water) (water) Mabury, 2010)
(sed.) 1.7 mol% 22 mol%
(sed.) (sed.)

[+] detected, but not quantified; [-] not detected; [ ] not evaluated
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e Other n:2 fluorotelomer derivatives

o n:2 Fluorotelomer iodides (FTIs)

Figure B.17. Example of an n:2 fluorotelomer iodide: 4:2 FTI

Based on the available data it can be expected that n:2 FTIs will be degraded and transformed
into Cx-PFCAs (with x= n-1, n, n+1; see references and % PFCAs in Table B.24). n:2 FTIs
follow a similar degradation pattern as the n:2 fluorotelomer alcohols forming the
corresponding PFCAs, generally via an initial hydrolysis step forming the corresponding n:2
FTOH.

o Esters of n:2 fluorotelomer alcohols

F F F F 0

o

F FF CH3

Figure B.18. Example of an ester of an n:2 FTOH: 4:2 fluorotelomer methacrylate
(4:2 FTMA)

Based on the available data it can be expected that esters of n:2 fluorotelomer alcohols (e.g.
n:2 fluorotelomer (meth)acrylates (FT(M)As), n:2 fluorotelomer stearate monoesters, and
n:2 fluorotelomer citrate trimesters) will be degraded and transformed into Cx-PFCAs (with
X= n-2, n-1, n; see references and % PFCAs in Table B.24). Esters of n:2 fluorotelomer
alcohols follow the same degradation pattern as the n:2 fluorotelomer alcohols forming the
corresponding PFCAs, generally via an initial hydrolysis step forming the corresponding n:2
FTOH.

o nh:2 Polyfluoroalkyl phosphoric acid mono-/diesters (monoPAPs/diPAPs)

F F F F
0

F |

0—P—OH
F |
F FF OH

Figure B.19. Example of an n:2 monoPAP/diPAP: 4:2 monoPAP

Based on the available data it can be expected that n:2 monoPAPs and n:2 diPAPs will be
degraded and transformed into Cx-PFCAs (with x= n-2, n-1, n, n+1; see references and %
PFCAs in Table B.24). n:2 monoPAPs and n:2 diPAPs follow the same degradation pattern as
the n:2 fluorotelomer alcohols forming the corresponding PFCAs, generally via an initial
hydrolysis step forming the corresponding n:2 FTOH.

o n:2 Fluorotelomer urethane (monomers)
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Figure B.20. Example of an n:2 fluorotelomer urethane monomer: hexamethylene-
1,6-di-(4:2 fluorotelomer urethane)

Based on the available data it can be expected that n:2 fluorotelomer urethane (monomers)
will be degraded and transformed into Cx-PFCAs (with x= n-2, n-1, n; see references and %
PFCAs in Table B.24). n:2 Fluorotelomer urethane monomers follow a similar degradation
pattern as the n:2 fluorotelomer alcohols forming the corresponding PFCAs (generally via an
initial hydrolysis step forming the corresponding n:2 FTOH.

o n:2 Fluorotelomer sulfonic acids (FTSASs)

F F F F
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Figure B.21. Example of an n:2 fluorotelomer sulfonic acid: 4:2 fluorotelomer
sulfonic acid

Based on the available data it can be expected that n:2 FTSAs will be degraded under aerobic
conditions and transformed into Cx-PFCAs (with x= n-2, n-1, n, n+1; see references and %
PFCAs in Table B.24). n:2 Fluorotelomer sulfonic acids follow a similar degradation pattern as
the n:2 fluorotelomer alcohols forming the corresponding PFCAs, generally via an initial de-
sulfonation step forming the corresponding n:2 FTOH or the corresponding n:2 FTAL
(fluorotelomer aldehyde) directly, depending on the conditions.

o n:2 Fluorotelomer thioether amido sulfonates (FTTA0Ss) [belonging to the PFAS
subgroup n:2 fluorotelomer-thiol derivatives]

F F F F O Hic CH3 g
N\ _OH
F /\)k K/S/
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Figure B.22. Example of an n:2 fluorotelomer thioether amido sulfonate: 4:2 FTTAoS
(ETTAo0Ss are used in aqueous film-forming foam (AFF) formulations)

Based on the available data it can be expected that FTTA0S (and similar substances belonging
to the PFAS subgroup n:2 fluorotelomer-thiol derivatives) will be degraded under aerobic
conditions and transformed into PFCAs (see references and % PFCAs in Table B.24). n:2
FTTAo0Ss follow a similar degradation pattern as the n:2 fluorotelomer alcohols forming the
corresponding PFCAs, generally via initial oxidation of the thioether-group into a sulfinyl group
followed by an oxidation/C-S-cleavage step to form a n:2 fluorotelomer sulfonic acid, followed
by a de-sulfonation step primarily forming the corresponding n:2 FTOH or the corresponding
n:2 FTAL (fluorotelomer aldehyde) directly, depending on the conditions.
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o n:2 Fluorotelomer silanes

CHs
F F F F F F
o—/
F /
Si
F / \O/\CHa
r F F F o}
H3C
Figure B.23. Example of an n:2 fluorotelomer silane:

triethoxy(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)silane

Based on the available data it can be expected that n:2 fluorotelomer silanes will be degraded
and transformed into corresponding PFCAs in the atmosphere (see references and % PFCAs
in Table B.24). Nielsen (2014) proposed a photo-oxidation-mediated mechanism in which the
corresponding n:2 fluorotelomer carboxylic acids (n:2 FTCAs) are initially formed by
oxidation/Si-C cleavage, followed by further degradation into the corresponding PFCAs (in
analogy with degradation of FTOHSs).

In a study by Zhu et al. (2019) 8:2 polyfluoroalkyl trimethoxysilane (8:2 PTrMeQSi) was
degraded in a hydroxyl radical-based total oxidizable precursor assay, Yyielding
perfluoroheptanoic acid (PFHpA, 49 = 11%) (-2 CF2), perfluorooctanoic acid (PFOA, 14 %
3%) (-1 CF2), perfluorohexanoic acid (PFHxA, 12 £ 3%) (-3 CF2), perfluorononanoic acid
(PFNA, 2 £ 0.2%) (-0 CF2) and the other shorter-chain analogues with decreasing molar
yields.

o n:2 Fluorotelomer olefins (FTOs)

F F F F

F CH2

=

Figure B.24. Example of an n:2 fluorotelomer olefin: 4:2 FTO

Based on the available data it can be expected that n:2 fluorotelomer olefins will be degraded
and transformed into corresponding PFCAs in the atmosphere via a photo-oxidation-mediated
mechanism (see Figure B.25 and references in Table B.24).
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CF4(CF,),CH=CH, + OH —> CF3(CF,),C(-)HCH,OH
CF3(CF;),C(-)HCH,0H + O, — CF3(CF,),C(00:)HCH,0H
CF3(CF,),C(00-)HCH,0H + NO —> CF5(CF,),C(O+)HCH,0H + NO,
CF3(CF;),C(O+)HCH,0H — CF3(CF;),CHO + CH,0OH
CF;5(CF,),CHO + H,0aq) — CFg(CFz)nCH(OH)z{aq]
CF3(CF2),CH(OH)aq) + OH(aq —> CF3(CF,),C(-)(OH) o)
CF3(CF,)nC(*)(OH);aq) + O(aqj2 — CF3(CF,),C(O)OH 4y

Figure B.25. Proposed atmospheric degradation pathway for n:2 fluorotelomer
olefins into PFCAs (from Nielsen, 2014)

o nh:2 Fluorotelomer-based side-chain fluorinated polymers

Figure B.26. Example of an n:2 fluorotelomer-based side-chain fluorinated polymer:
4:2 fluorotelomer acrylate polymer

Based on the available data it can be expected that the n:2 fluorotelomer-based side-chain
fluorinated polymers will degrade in the same way as the small-molecule precursors into the
corresponding PFCAs (Russell et al., 2008; Russell et al., 2010; Washington et al., 2009;
Washington and Jenkins, 2015; Rankin et al., 2014), generally via an initial hydrolysis step
forming the corresponding FTOH.

It can be assumed that the degradation mechanisms of the n:2 fluorotelomer derivatives
described above are independent from the chain length (see also Section 4.1.2 concerning
the effects of chain length, branching and cyclic structure elements on persistence). A limited
number of available degradation studies on fluorotelomer derivatives are summarized in table
2.
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Table B.24. Summary of formed PFCAs during degradation of n:2 fluorotelomer derivatives

Substance Compartment | Study C4-PFCA C5-PFCA | C6-PFCA | C7-PFCA | C8-PFCA | C9-PFCA | C10-PFCA | Reference
duration | [%] [Y%] [Y%] [%] [%] [Y%] [Y%]
n:2 Fluorotelomer iodides (FTIs)
6:2 FTI Soil 91d - 20 mol% | 3.8 mol% | 16 mol% (Ruan et al., 2010)
4:2 FTI Atmosphere + + (Young et al.,
2008; Young and
Mabury, 2010)
FTI Hydrolysis Corresponding FTOHs and PFCAs (Nielsen, 2014;
(modelling) Rayne and Forest,
2010)
Esters of n:2 fluorotelomer alcohols
8:2 fluorotelomer Ag_rlcultural 80d 0.16 0.38 1.7 mol% 0.009 (Dasu et al., 2012)
stearate monoester soil mol% mol% mol%
8:2 fluorotelomer Forest soil 94 d 0.2 mol% | 0.9 mol% 4 mol%
(Dasu et al., 2013)
stearate monoester
8_:2 Fluor_otelomer Forest soil 218 d 0.2 mol% | 0.8 mol% 4 mol% (Dasu et al., 2013)
citrate triester
n:2FT(M)A (n=2-12) | Hydrolysis Corresponding FTOHs and PFCAs (Nielsen, 2014;
(modelling) Rayne and Forest,
2010)
8:2 FTA Soil 105d <0.4 1.3 mol% 8 mol% (Royer et al.,
mol% 2015)
8:2 FTMA Soil 105d <0.4 3.4 mol% 10.3 (Royer et al.,
mol% mol% 2015)
4:2 FTA Atmosphere 10d Corresponding PFCAs (1-10 mol%) (Butt et al., 2009)
n:2 Polyfluoroalkyl phosphoric acid mono-/diesters (monoPAPs/diPAPs)
n:2 diPAPs (n = 4, Rats Corresponding FTOHs and PFCAs (D'eon and
6,8,10) Mabury, 2011)
6:2 monoPAP Wastewater 92d 0.7 2.1 8.4 mol%
and sewage mol% mol%
sludge
6:2 diPAP Wastewater 92d 1.5 6.2 7.3 mol%
and sewage mol% mol% (Lee et al., 2010)
sludge
n:2 monoPAPs (n = Wastewater 92d Corresponding FTOHs (1-2% after 92 days) and PFCAs
4,6, 8, 10) and sewage
sludge
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6:2 diPAP Soil and plant 5.5 + + + + (Lee et al., 2014)
months
6:2 diPAP Activated 30d 0.47 2 mol% 0.04 (Lewis et al.,
sludge mol% mol% 2016)
6:2 diPAP Soil 112 d 0.73 6.4 6 _ _
8:2 diPAP Soil 112 d 0.34 0.25 2.1 (Liuand Liu, 2016)
8:2 diPAP compost 108 d + + 10 %
amended soil
2.4
compost + + 62 %
amended (Bizkarguenaga et
substrate al., 2016)
in presence of 3 months + + + + +
crops (carrot)
in presence of 1 month +
crops (lettuce)
8:2 monoPAP and Hydrolysis 14 d 8:2 (D'eon and
diPAP FTOH Mabury, 2007;
Nielsen, 2014;
Rayne and Forest,
2010)
8:2 monoPAP and Rats 15d - + + (D'eon and
diPAP Mabury, 2007)
n:2 Fluorotelomer urethane (monomers)
toluene-2,4-di-(8:2 Agricultural 180 d + (from
fluorotelomer soil residual
urethane) (FTU) 8:2
FTOH)
Forest soil 117 d 0.07 0.11 0.84 (Z%alsé‘; and Lee,
mol% mol% mol%
hexamethylene-1,6- | Forest soil 180 d 0.06 0.14 0.94
di(8:2 fluorotelomer mol% mol% mol%
urethane) (HMU)
n:2 Fluorotelomer sulfonic acids (FTSAs)
6:2 FTSA WWTP- 90d 0.14 1.5 1.1 - (Wang et al.,
activated 2011)
sludge
6:2 FTSA Aerobic 90 d - 21 mol% | 20 mol% 0.55 (Zhang et al.,
sediment mol%
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Anaerobic 100 d - - - - 2016)
sediment
n:2 Fluorotelomer thioether amido sulfonates (FTTAoSs) [belonging to the PFAS subgroup n:2 fluorotelomer-thiol derivatives]
n:2 FTTAoS Soil amended 60d + + + + (Harding-
(n=4,6,8) with an AFFF Marjanovic et al.,
solution 2015)
n:2 Fluorotelomer olefins (FTOs)
n:2 Fluorotelomer Atmosphere Corresponding FTOHs and PFCAs (Nielsen, 2014;
olefins Sulbaek Andersen

et al., 2005; Young
and Mabury, 2010)

n:2 Fluorotelomer silanes

n:2 Fluorotelomer Atmosphere
silanes

Corresponding PFCAs

(Nielsen, 2014;
Zhu et al., 2019)

[+] detected, but not quantified; [-] not detected; [ ] not evaluated
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e Other PFCA precursors (majority of these PFAS subgroups were not included in the
background documents to previous PFCA restrictions)

o Perfluoroalkyl carboxylic acid halides

Based on the available data it can be expected that perfluoroalkyl carboxylic acid halides will
undergo hydrolysis with formation of the corresponding PFCAs. In the manufacturing of
PFCAs, perfluoroalkyl carboxylic acid fluorides, CnF2n+1C(O)F are hydrolysed in the last
synthesis step to yield the corresponding PFCA CnF2n+1C(O)OH (Buck et al., 2011).
Perfluoroalkyl carboxylic acid fluorides, as well as other perfluoroalkyl carboxylic acid halides,
are expected to undergo hydrolysis also under environmental conditions (Young and Mabury,
2010).

o Amides of perfluoroalkyl carboxylic acids

F F F F
FMNH\/CM
F
F FF )
Figure B.27. Example of an amide of a perfluoroalkyl carboxylic acid: N-ethyl-
perfluoro-butyramide

Based on the available data it can be expected that amides of perfluoroalkyl carboxylic acids
(CnF2n+1C(O)NRR’) can be abiotically degraded (primarily in the atmosphere via a
photooxidation-mediated mechanism) and transformed into corresponding PFCAs (mainly
CnF2n+1C(O)OH; Jackson et al., 2013; Jackson and Mabury, 2013).

o n:1 Fluorotelomer alcohols

OH

Figure B.28. Example of a n:1 fluorotelomer alcohol: 5:1 FTOH

Based on the available data it can be expected that in the atmosphere n:1 fluorotelomer
alcohols (n:1 FTOHs) can undergo OH-radical-mediated oxidation to form perfluoroaldehydes
F(CF2)nC(O)H, which can be further oxidized to form the corresponding PFCAs (Wang et al.,
2014; Hurley et al., 2004b; Hurley et al., 2006).

In a study by Hurley et al. (2004b), n:1 FTOHs F(CF2)nCH20H (n = 1-4) were reacted with Cl
radicals in a smog chamber (UV irradiation of F(CF2)nCH20H/CI2 in air; the Cl radicals
represent OH radicals). The reaction was followed by FTIR analysis. In all cases, the
perfluoroaldehyde, F(CF2)nC(O)H, was the sole primary product. F(CF2)nCOOH, C(O)F,
CFs0OH, and CFs303CFs were observed as secondary products. According to the authors,
reaction of F(CF2)nCH20H (n = 1-4) is initiated by the abstraction of hydrogen, followed by
reaction with oxygen, leading to formation of the perfluoroaldehyde, F(CF2)nC(O)H. In a
separate study by Hurley et al. (2006), it was suggested that perfluoroaldehydes
F(CF2)nC(O)H can be further oxidized in the atmosphere via initial formation of perfluoroacyl
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peroxy radicals F(CF2)nC(0O)O2 that can react further with HO:2 radicals, forming the
corresponding PFCAs. The perfluoroaldehydes can also degrade via another route, forming
F(CF2)n radicals and CO, that can react further via a chain shortening mechanism. The
authors argued that the relative importance of these two reaction pathways in the atmosphere
requires detailed knowledge of the temperature- and pressure-dependence of respective
pathway.

o Perfluoroalkyl alcohols

OH

Figure B.29. Example of a perfluoroalkyl alcohol: perfluorohexanol

Based on the available data it can be expected that in the atmosphere perfluoroalkyl alcohols
(CnF2n+10H) can undergo heterogeneous elimination of HF to give the acyl fluorides Cn-1F2n-
1C(O)F, which can hydrolyze to give the corresponding PFCAs Cn-1F2n-1C(O)OH (Ellis et al.,
2004).

o Perfluoroalkyl iodides (PFAIs)

Figure B.30. Example of a perfluoroalkyl iodide: perfluoropentyl iodide

Based on the available data it can be expected that perfluoroalkyl iodides can be abiotically
degraded and transformed into PFCAs. Perfluoroalkyl iodides are known to readily undergo
chemical reactions under certain laboratory conditions, such as gas phase photolysis, reacting
preferentially by homolytic cleavage of the C-I bond (Nielsen, 2014; Siegemund et al., 2012).
Based on this intrinsic property, perfluoroalkyl iodides can be expected to generate the radical
species CnF2n+1- under certain environmental conditions, e.g. in the atmosphere, via a
photooxidation-mediated mechanism. CnF2n+1: is a potential source for PFCAs.

o Perfluorinated olefins (with the formula CnF2n+1-CF=CF-CmF2m+1)

Figure B.31. Example of a perfluorinated olefin: perfluoropent-2-ene

Based on the available data it can be expected that in the atmosphere perfluorinated olefins
(CnF2n+1-CF=CF-CmF2m+1) can undergo OH-radical-mediated degradation forming the
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perfluoroacyl fluorides CnF2n+1C(O)F + CmFam+1C(O)F that can subsequently hydrolyse to the
corresponding PFCAs CnF2n+1C(O)OH + CmF2m+1C(O)OH (Young and Mabury, 2010, Young et
al. 2009; see Figure B.32).

OH OH O

FiC__F OH L. | .,f  +0,4+NO | LF
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F CF, |I= CF, /-NO, ||= CF3
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HO
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Figure B.32. Mechanism for the atmospheric oxidation of perfluorobut-2-ene (from
Young et al. 2009).

Young et al. (2009) investigated the expected atmospheric fate of two perfluorobutenes,
CF3CF=CFCFs and CFsCF:CF=CF2, using smog chamber techniques. Rate constants for
reaction with chlorine atoms and hydroxyl radicals were measured with relative rate
techniques. The atmospheric lifetimes of CF3CF=CFCF3 and CF3CF.CF=CF: are determined by
reaction with OH radicals and are approximately 24 and 6 days, respectively. The chlorine
atom- and OH radical-initiated oxidation of CF3CF=CFCF3 in 700 Torr of air gives CF3C(O)F in
a molar yield indistinguishable from 200%, while the oxidation of CF3CF.CF=CF. gives
CF3CF2C(O)F and COF:2 in molar yields indistinguishable from 100%. The atmospheric fate of
CF3C(O)F and CF3CF2C(O)F is hydrolysis to give perfluorocarboxylic acids (PFCAs), CF3:C(O)OH
and CFsCF2C(O)OH.

In a review article on atmospheric perfluorinated acid precursors, Young and Mabury (2010)
argued that because perfluorinated chain length has not been shown to affect reaction
mechanism in experiments with alcohols and acids, it is likely that any alkene, in which a C-
F bond and a perfluorinated alkane chain appear on one side of the double bond, would be
expected to follow this pathway, producing perfluoroacyl fluorides, and subsequently, PFCAs,
in 100% molar yield. Fluorinated alkenes form PFCAs in 100 or 200% yield, under typical
atmospheric conditions, in the presence or absence of NOx.

o Side-chain fluorinated aromatics

Figure B.33. Example of a side-chain fluorinated aromatic:
(Heptafluoropropyl)benzene

Based on the available data it can be expected that side-chain fluorinated aromatics (CnF2n+1-
Ar) can be degraded and transformed into the corresponding PFCAs (CnF2n+1C(O)OH).
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The PFAS subgroup side-chain fluorinated aromatics is a very diverse group defined as
“aromatics that have one or more aliphatic fully fluorinated saturated carbon moiety on the
side chain(s) attached to the aromatic ring(s)” (OECD, 2021). The aromatic ring can be a
phenyl group or any heteroaromatic group, with or without additional substituents. The
fluorinated side-chain can have different carbon chain lengths and branching. The
trifluoromethyl group is the most widely applied fluorinated side-chain.

There are many pesticides that contain a trifluoromethyl-substituted aromatic ring. The
corresponding PFCA, Trifluoroacetic acid (TFA), has been identified as a significant
degradation product in numerous studies conducted as part of the EU evaluation of plant
protecting active substances (with a variety of structural features), including:

Flurtamone (Figure B.34): Metabolism of flurtamone in primary crops was investigated in the
cereals/grass (wheat, barley) and in oilseeds/pulses (sunflower, peanuts) crop groups, using
14C-flurtamone (EFSA, 2016). TFA metabolite was identified as the most abundant compound
of the total residues in wheat grain (86-93% total radioactive residue - TRR), in wheat forage
(44% TRR) and in wheat straw (49% TRR), while 3-(trifluoromethyl)benzoic acid metabolite
was predominantly identified in sunflower seed (19% TRR). The metabolism of flurtamone in
primary crops proceeds mainly by hydroxylation, respectively, of the phenyl and
trifluoromethylphenyl rings, followed by conjugation with malonic acid and glucose, N-
demethylation, oxidative cleavage of the trifluoromethylphenyl moiety leading to TFA
metabolite, and oxidative ring opening of the furanone moiety with subsequent cleavage and
degradation of the carbon chain.

Figure B.34. Structural formula of flurtamone

Saflufenacil (Figure B.35): Metabolism of saflufenacil in primary crops was investigated in
maize, soybean and tomatoes, using *C- saflufenacil (EFSA, 2014). In maize, TFA was the
predominant constituent (30.5% to 88% TRR, in grain it accounted for 0.004 mg/kg). Since
the potentially corresponding *C-phenyl-labelled metabolites as counter parts of TFA were
not detected at adequate quantities, the occurrence of TFA was explained by the uptake of
this metabolite or a respective precursor molecule from the soil. In soya beans after pre-
emergence application to the soil surface, TFA was the major compound identified (65.4
%TRR (beans) to 85.2%TRR (forage)). In tomatoes TFA was also found being the
predominant constituent (48.6% TRR (in fruit) to 82.2%TRR (in tomato plant)). The
occurrence of TFA was explained by the uptake of this metabolite or of a respective precursor
molecule from the soil.
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Figure B.35. Structural formula of saflufenacil

Fluazinam (Figure B.36): Fluazinam is proposed to be used on crops that can be grown in
rotation with other crops. In the confined rotational crop studies (EFSA, 2017), TFA was the
only relevant compound in rotational crops (lettuces, barley grains, carrots). Fluazinam or
any of its primary metabolites were not found.
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Figure B.36. Structural formula of fluazinam

Fluometuron, trifloxystrobin and cyflumetofen (Figure B.37) are additional examples of plant
protecting active substances where TFA has been identified as a significant metabolite in their
respective EU evaluation (EFSA, 2019; EFSA, 2017b; EFSA 2021).
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Figure B.37. Structural formulas of fluometuron (a); trifloxystrobin (b);
cyflumetofen (c)

In a study by Scheurer et al. (2017) the potential TFA formation in wastewater treatment
plants (WWTP) was investigated for a number CFs-containing compounds, including five
trifluoromethyl substituted aromatics: the pharmaceutical active substances fluoxetine and
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sitagliptine and the plant protecting active substances flufenacet, flurtamone and fluopyram
(see Figure B.38).

F

o
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CH;

Figure B.38. The pharmaceutical active substances fluoxetine (a) and sitagliptine
(b) and the plant protecting active substances flufenacet (c), flurtamone (d) and
fluopyram (e) were examined for their potential degradation to TFA in wastewater
treatment plants during activated sludge treatment or upon ozonation (Scheurer et
al., 2017)

The TFA-evolution-potential of the test compounds by chemical oxidation were examined. A
concentration of 100 pg/L of the test compound was applied in demineralized water and two
different ozone dosages (0.4-0.5 mg/L and 4-5 mg/L) were used. Samples were taken after
contact times between 5 min and 60 min. Fluoxetine and flurtamone were rapidly degraded
by ozone and could not be detected after 5 min contact time at both ozone concentrations
applied. Approx. 40% TFA had been formed on a molar base from fluoxetine and flurtamone
after 60 min. The respective precursor compounds were completely oxidized after 5 min
contact time but a steady increase of TFA over the course of the test indicated that
intermediates are formed, which are further oxidized to TFA. A comparatively fast but
incomplete oxidation after 60 min was also observed for flufenacet and fluopyram. TFA yields
were 19% and 32%, respectively. Sitagliptine was completely degraded after 60 min contact
time in the batches with 4 mg/L, but the TFA yield was lower (4%).

The biological degradation of the test compounds was investigated by conducting a modified
OECD guideline 302 B Zahn-Wellens test. In the test, sewage sludge directly taken from the
activated sludge basin of the local WWTP was used as inoculum and were spiked with an
aqueous solution of the test compound to obtain a final concentration of 1 mg/L. Samples
were collected at least once a week and at days 27 and 28 according to the guideline. The
primary degradation of the compounds and the formation of TFA was followed by LC/MS/MS.
At the end of the test (28 d) removal of 67% fluoxetine, 56% flufenacet, 51% flurtamone,
25% fluopyram and 20% sitagliptine was observed. A steady increase of TFA was observed
and after 28 d the following TFA concentrations were measured: 1.4 pg/L (fluoxetine), 7.4
pg/L (flufenacet), 1.4 pg/L (flurtamone), 1.2 ug/L (fluopyram), 0.31 ug/L (sitagliptine). These
TFA concentrations correspond to up to 5% molar transformation of the degraded parent
compound (flufenacet).

In a mechanistic study by Khan and Murphy (2021), the microbial degradation pathways of
the pharmaceutical active substance fluoxetine by common environmental bacteria were
investigated by '°F NMR and GC-MS analyses. After fluoxetine had been incubated with
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bacteria, TFMP was shown to accumulate, and it is proposed that the ether bond in fluoxetine
is initially hydrolysed yielding 4-(trifluoromethyl)phenol (TFMP) and 3-(methylamino)-1-
phenylpropan-1-ol. The latter degraded further while TFMP remained in the culture
supernatant. In a subsequent experiment, when TFMP was incubated with bacteria separately,
it was degraded further and TFA was ultimately formed. In addition to TFA, °F NMR signals
from the meta-cleavage products were detected as well as for fluoride ions. The formation of
fluoride ions was explained by a competing photolytic degradation of the meta-cleavage
products, resulting in defluorination. The extent this defluorination pathway was facilitated by
the exposure of light. The overall degradation pathways were proposed based on these
experimental observations and predicted intermediates from  the EAWAG
Biocatalysis/Biodegradation Database (Figure B.39).
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Figure B.39. Khan and Murphy (2021) proposed the above degradation pathway for
fluoxetine based on the predicted intermediates from the EAWAG
Biocatalysis/Biodegradation Database and the experimental observations.
Degradation products that were observed with °F NMR and/or GC-MS analyses are
shown inside dashed boxes.

In a mechanistic study by Ellis and Mabury (2000), photolysis degradation experiments of 3-
trifluoromethyl-4-nitrophenol (TFM) were carried out at 365 nm in buffered deionized water
(pH 7 and pH 9) and analysed by °F NMR and HPLC-UV. The half-life of TFM at was found to
be 22 h at pH 9 yielding 5.1% TFA, and 91.7 h at pH 7 yielding 17.8% TFA. In addition to
TFA, the formation of fluoride ions was also observed and explained by competing degradation
pathways that seemed to be facilitated by a higher pH (see proposed degradation pathways
in Figure B.40). This type of defluorination degradation pathway (via the deprotonated TFM)
has been reported previously for orto- and para trifluoromethyl phenol (as the only
degradation pathway under abiotic degradation conditions; Sakai and Santi, 1973). This was
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also verified in separate experiments with orto- and para trifluoromethyl phenol within this

study.
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Figure B.40. Photolysis degradation pathways of TFM proposed by Ellis and Mabury
(2000)

Conclusions on degradation of PFCA precursors

In conclusion, all PFCA precursor share the same basic structural features: a perfluorinated
part (F(CF2)n-) (linear/branched/cyclic) attached to a degradable moiety, including for
example -CH2CHz-R, -CH2-R, -aromatic ring, -C(O)NRR'. These substances can be degraded
to PFCAs by abiotic and/or biotic processes in the environment. However, there may be a
large variation in the degradation rates, pathways and to what extent the corresponding
PFCAs are formed depending on the specific environmental conditions. For those substances
where no specific degradation studies are available, degradation pathways can in many cases
be assumed based on the chemical similarity with related substances, irrespective of chain
length or branching of the perfluoroalkyl moieties. Still, physicochemical properties like
volatility and solubility of a specific substance influences the partitioning to different
compartments in the environment.

The above conclusions are to a large extent based on the reasoning in the Background
documents to the Opinion on the Annex XV dossier proposing restrictions on PFOA (ECHA,
2018b), C9-C14 PFCAs (ECHA, 2018), and PFHxA (ECHA, 2021) which has been discussed
and approved by RAC for the purpose of these restrictions.

B.4.1.3.2. Degradation of fluorinated gases

Fluorinatedgases constitute a subclass of PFASs which end up in the atmosphere after releases
and therefore degrade under different conditions, as compared to PFASs that mainly partition
to water and soil. Following release into the environment, fluorinated gases reside in the
atmosphere where they are oxidized into a variety of degradation products. Some degrade
easily in the atmosphere, while others are more stable and require much longer times. Some
degradation routes lead to complete degradation and formation of degradation products like
CO2 and HF, while other routes lead to formation of trifluoroacetic acid (TFA) which
precipitates with rain and snow. In many cases, one substance may degrade via several
pathways.
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o Hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs)

When evaluating the degradation of fluorinated gases there are some key intermediates which
are formed from several different starting fluorinated gases. These include
trifluoroacetaldehyde (CF3CHO), trifluoroacetyl fluoride (CF3COF) and trifluoromethanol
(CFs0OH), see Figure B.41 below. For example, fluorinated gases containing one or more C-H
bonds are susceptible to attack by OH radicals in the lower atmosphere (Wallington et al.,
1994). These radical processes lead to carbonyl compound intermediates, e.g.
trifluoroacetaldehyde (CF3CHO) or trifluoroacetyl fluoride (CF3COF). It is known that the
atmospheric decomposition of e.g. HFO-1234ze (CHF=CH-CF3) yields trifluoroacetaldehyde
(CFsCHO) with 100% molar yield (Nilsson et al., 2009; Qing et al., 2018; Campbell et al.,
2021).
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Figure B.41. Degradation routes of some key intermediates from fluorinated gases.

The sequence of gas-phase reactions that follow from an initial attack of OH radicals on the
parent halocarbon are sufficiently rapid that heterogeneous and aqueous processes play no
role. In contrast, the lifetimes of the carbonyl products are relatively long (weeks) and
hydrolysis in water droplets may be relevant for the removal of halogenated halogen
compounds (Wallington et al., 1994).

Buszek and Francisco (2009) looked at the gas-phase decomposition of trifluoromethanol
(CFsOH) with water. They pointed out that it is known that trifluoromethanol quickly degrades
into carbonyl fluoride (CF20) and HF at room temperature, while the photolytic lifetime of the
substance in the atmosphere below 40 km is on the million-year scale. Hence,
trifluoromethanol in the atmosphere is acting as a sink for hydrofluorocarbons (HFCs) and
hydrofluoroethers (HFEs). However, the authors identified a catalytic mechanism with water
and OH radical to be relevant for the decomposition of trifluoromethanol and formation of
carbonyl fluoride (CF20) and HF.
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For trifluoroacetaldehyde (CFsCHO) reaction with OH radicals is important, while
trifluoroacetyl fluoride (CF3COF) is removed almost entirely into water droplets. Although acid
fluorides are almost insoluble in water, they hydrolyze quickly with formation of HF and the
corresponding carboxylic acid which are very water soluble. Hence, hydrolysis removes
trifluoroacetyl fluoride (CFsCOF) from the gas phase irreversibly as TFA. For
trifluoroacetaldehyde (CF3CHO) further gas-phase oxidation processes are important.

The atmospheric degradation of trifluoroacetaldehyde (CF3CHO) can occur via three
competing reactions: a) the OH-initiated abstraction reaction, b) hydrolysis or c) photolysis
(UBA 2021, page 106, and references therein). TFA may be the outcome of some of these
processes and subprocesses (e.g. path b, hydrolysis), with CO2 and HF indicated as the final
end products in the other processes. How important the three different degradation processes
are relative to each other is unclear, while up to 10% formation of TFA from
trifluoroacetaldehyde (CF3CHO) has been estimated in UBA (2021), page 109.

Sulbaek Andersen et al. (2018) investigated the atmospheric degradation of HCFO-1233zd(E),
E-CFsCH=CHCI in a 3-dimensional global atmospheric chemistry and transport model.
Atmospheric degradation of E-CF3CH=CHCI is initiated by reaction with OH radicals, which
leads to several chemical oxidation products. The atmospheric lifetime was estimated ta ca.
36 days, and GWP at <5. The degradation pathways were shown to go via CF3CHO as a key
intermediate, which over time degrades further to HF and CO2 or TFA. In this model TFA
formation was indicated at approximately 2%. As HFO-1234ze also degrades via the
intermediate CF3CHO, a similar yield of TFA is expected, while HFO-1336mzz(Z) degrades
with formation of 2 molecules of CF3CHO and would therefore give approximately 4% TFA.

In a comprehensive overview of the current knowledge on HFO degradation to TFA and the
consequences for human health and the environment following from increasing TFA-
concentrations in the environment, the group ATMOsphere pointed at the strong evidence for
TFA levels increasing in the environment as a result of increasing HFO use (ATMOsphere,
2022). They strongly underlined the urgent need for policymakers to take action, as it is
impossible to remove TFA from the environment at a later stage.

In conference presentations and in a preprint publication Campbell et al. (2021) looked further
into the atmospheric photodissociation of trifluoroacetaldehyde (CF3CHO) as a degradation
intermediate from HFO-1234ze. They found indications that although photolysis of
trifluoroacetaldehyde (CFsCHO) with formation of trifluoromethyl (CFs) and formyl (CHO)
radicals, which is further transformed into CO: and HF, is the dominating decomposition
pathway (79%), up to 11% of the trifluoroacetaldehyde (CF3CHO) in the atmosphere could
decompose with formation of CO and fluoroform (CHF3, HFC-23), see Figure B.42. Fluoroform
has a GWP = 12690, while its parent HFOs may have GWPs of less than 1 (e.g. HFO-1234ze).
However, the authors point at uncertainties in the study and call for experiments to
investigate these considerable findings further. The atmospheric lifetime of fluoroform (HFC-
23) is ca. 228 years (Stanley et al., 2020).
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Figure B.42. Degradation pathway for HFO-1234ze according to Campbell et al.
(2021).

In a recent study of the tropospheric photolysis of CF3CHO, Sulbaek Andersen and Nielsen
(2022) came to a different conclusion when they, in a chamber study, used broadband actinic
radiation and FTIR spectroscopy for detection of the photolysis products. No formation of CFsH
(HFC-23), was observed under any of the experimental conditions and an estimated upper
limit for the yield of HFC-23 of 0.3% was established.

The atmospheric chemistry of short-chain haloolefins (e.g. substance HFO-1234ze in Figure
B.42) was investigated by Wallington et al. (2015). They concluded that haloolefins containing
the CFsCF= group leads to TFA as a persistent degradation product, while haloolefins
containing the CF3CH= group were reported to degrade with formation of CFsCHO as the
primary key intermediate. This general rule will identify among others the substances HCFO-
1224yd(Z) (CF3CF=CHCI), HFO-1234yf (CFsCF=CH2) and HFO-1216 (CF3CF=CF2) as TFA-
precursors.

o Hydrofluoroethers (HFEs)

Tsai (2005) looked into the degradation of hydrofluoroethers (HFEs) as these are being used
as third generation replacements to chlorofluorocarbons (CFCs), hydrochlorofluorocarbons
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(HCFCs) and perfluorocarbons (PFCs). With regards to atmospheric degradation, the author
uses HFE-7100, C4F9OCH3, as a typical example and explains that OH radical initiated
hydrogen abstraction is common. Following oxidative reactions then lead to the corresponding
formate ester C4F9OC(O)H. Such substances are rather unreactive towards further radical
processes but may undergo hydrolysis in droplets. Nohara et al. (2001) found that for the
formate esters such, as C4F9OC(O)H, the formate group is cleaved off with formation of the
corresponding alcohol Cs4F9OH, which again suffers C-C cleavage and formation of the
carboxylic acid CsF7CO2H with one C-atom less in the fluoroalkyl chain. In general terms:
CnF2n+10CH3 --> Cn-1F2n-1CO2H.

o Perfluoroalkyl ketones

According to a study by Taniguchi et al. (2003) the ketone substance C2FsC(O)CF(CF3)2
(Novec 612/649/1230, FK 5-1-12)) in the atmosphere suffers photolytic cleavage which
results in CF3C(O)F and COF2. As indicated above, CF3C(O)F will be incorporated into
rain/cloud/seawater where it will undergo hydrolysis to give TFA, while COF2 will be converted
to CO2 and HF. The half-life of trifluoromethanol (CF3OH) with respect to decomposition into
COF2 was found to be 4-5 h in this study. Ren et al. (2019) found that photolysis of Novec
612/649/1230 was the dominant loss pathway in the troposphere, with the substance having
an atmospheric lifetime of 3-11 days. TFA and PFPrA were identified as degradation products.

o Perfluoroalkynitrile compounds

The atmospheric chemistry of the nitrile coumpound Novec 4710, (CF3)2CFCN, was studied
by Sulbaek Andersen et al. (2017) in FTIR/smog chamber experiments and ab initio quantum
calculations. They estimated the atmospheric lifetime of Novec 4710 at approximately 22
years and GWP at 1490. The sole atmospheric degradation products were found to be NO,
COF2, and CF3C(O)F. The latter is known to hydrolyze in droplets with formation of TFA. The
yield of formation of CF3C(O)F from Novec 4710 was indicated at 100%.

Conclusions on degradation of fluorinated gases

In conclusion, fluorinated gases have a complex atmospheric chemistry often based on radical
oxidation processes via trifluoroacetaldehyde (CF3CHO) or trifluoroacetyl fluoride (CF3COF) as
intermediates. The latter of these key intermediates is further hydrolyzed in high yield to
trifluoroacetic acid (TFA) in water droplets which precipitates with rain and snow, while
trifluoroacetaldehyde may degrade to TFA in 2 to 10% vyield in one of three degradation
pathways. Other key degradation products from fluorinated gases include longer chain
substances like PFBA which is formed from the hydrofluoroether HFE-7100 (C4F9OCH?3).

B.4.1.3.3. Degradation of PFSA precursors

The degradation pathways of several PFSA precursors into the corresponding PFSAs (mainly
C4, C6 and C8 perfluoroalkane sulfonic acids) are described in the Annex XV restriction report
for the restriction proposal on perfluorohexane sulfonic acid (PFHxS, ECHA (2019c¢)). Hence,
this section is based on the information in the PFHXS Annex XV restriction report. It can be
assumed that the degradation mechanisms for PFSAs of other chain lengths are the same as
for C4, C6 and C8 PFSA precursors.

In a literature study carried out by the University of Oslo (Nielsen, 2017), the formation of
PFBS and PFHxS through abiotic degradation of precursors was investigated. PFBS/PFHXS-
related substances were found to include PFBS/PFHXS sulfonic acid halides, sulfonic esters
(alkyl, olefinic and aryl) and sulfonamides, side-chain fluorinated polymers containing the
PFBS/PFHxS moiety, as well as subclasses of PFBS/PFHxS-related substances like sulfones
and sulfinic acids.

Abiotic degradation of the identified precursors to PFSAs may proceed either via reaction with
water or via oxidative radical processes in the atmosphere. However, in the radical processes,
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for the sulfonyl group may also be cleaved off in a different degradation pathway with
formation of perfluoroalkyl radicals that may suffer sequential CF2-loss and formation of
shorter chain-length PFCAs (this pathway has been reported for perfluoroalkane
sulfonamides, Martin, et al., 2006; D'Eon, et al., 2006; see Figure B.43). To what extent the
precursors will end up as PFSAs or PFCAs may vary with the environmental conditions and is
difficult to predict. The rate of degradation may vary for the different precursors, and in some
cases the process may take years. Little information about the rate of degradation of such
substances has been published.
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Figure B.43. Degradation scheme of a selection of PFSA precursors, exemplified by
PFHxS precursors.

A review article on the atmospheric oxidation of organic sulfur-containing substances shows
that dimethyl sulphide is oxidized in radical initiated oxidation processes in the atmosphere
via dimethylsulfoxide and methane sulfinic acid to methane sulfonic acid as the end product
(Barnes, et al., 2006). Oxidation of the relevant sulfinic acids to PFBS and PFHXxS is also
described in a study of potential precursors to PFBS and PFHxS (Nielsen, 2017). The findings
suggest sulphides, thiols and intermediate oxidation products as precursors to PFSAs, as
shown in Figure B.44.
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Figure B.44. Oxidation processes from sulphides/thiols to the corresponding PFSA

A review of the microbial degradation of polyfluoroalkyl chemicals in the environment points
out that perfluoroalkane sulfonamido derivatives may undergo aerobic biodegradation, via
the relatively stable intermediate sulfonamides, to the corresponding PFSAs as the final
degradation products (Liu and Avendano, 2013). Liu et al. (2019) investigated the
biotransformation of perfluoroalkane sulfonamide compounds in aerobic soil and looked
specifically at differences between the linear and branched isomers in the transformation of
PFOS-precursors to PFOS. However, as there are several degradation pathways for the
different precursors, there was no clear overall trend that differentiates between the linear
and the branched precursors.

In biological systems it has been demonstrated that perfluoroalkane sulfonamides like N-
EtFOSA are precursors to PFOS in fish (Tomy, et al., 2004) and N-EtFOSA was biotransformed
by earthworms to PFOS after in vivo and in vitro exposure (Zhao, et al., 2018). Further in
vitro depletion of PFOS precursors (N-EtFOSA and perfluorooctane sulfonamide (FOSA)) was
confirmed in a liver microsomal assay approach in polar bear, ringed seal and laboratory rat
(Letcher, et al., 2014). Perfluoroalkane sulfonamido alcohols like N-EtFOSE are degraded to
PFOS in activated sludge (Rhoads, et al., 2008) and levels of PFSA-precursors in sludge from
WWTP exceeded those of PFSAs itself (Eriksson, et al., 2017).

Conclusions on degradation of PFSA precursors

In conclusion, all molecules that contain a CnF2n+1S02-, CnF2n+1SO- or CnF2n+1S- moiety (Figure
B.45) can form the corresponding PFSAs (CnF2rn+1SO3H) through abiotic and/or biotic
degradation in the environment. However, concerning perfluoroalkane sulfonamides, the
sulfonyl group may also be cleaved off in a different degradation pathway in the atmosphere
with formation of perfluoroalkyl radicals that may suffer sequential CF2-loss and formation of
shorter chain-length PFCAs. For those substances where no degradation studies are available
it can be assumed that based on the chemical similarity, irrespective of chain length or
branching of the perfluorinated moieties, they will most likely be degraded in a similar way
(see also Section 4.1.2 concerning the effects of chain length, branching and cyclic structure
elements on persistence). It was also concluded in the Annex XV restriction report for PFHxS
that side-chain fluorinated polymers containing e.g., perfluoroalkane sulfonamide-based side-
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chains, will degrade in the same way as the corresponding small-molecule precursors.
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Figure B.45. Generic structures of PFSA precursors. R = any chemical group, n = 0
or higher.
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Figure B.46. Degradation pathway of 6:6 perfluoroalkyl phosphinic acid (6:6 PFPiA)

In a review by Wang et al. (2016), available information on degradation of perfluoroalkyl
phosphinic acids (PFPiAs) were evaluated. PFPiAs were found to degrade to perfluoralkyl
phosphonic acids (PFPAs) and 1H-perfluoroalkanes CnF2n+1H under various laboratory
conditions. The environmental relevance of this degradation remains however somewhat
unclear. Biodegradation of PFPiAs into PFPAs were found in some in vivo studies, while no
degradation of PFPiAa was observed in a 28-day OECD 301-F test on ready biodegradability.
1H-Perfluoroalkanes can also potentially be oxidized to form corresponding PFCAs (e.g. via
reaction with OH radicals in the atmosphere. Wang et al., 2014; Young and Mabury, 2010).

Conclusion: Based on the available data it can be expected that perfluoroalkyl phosphinic
acids can be abiotically or biotically degraded and transformed into the corresponding
perfluoroalkyl phosphonic acids (PFPAs) and 1H-perfluoroalkanes CnF2n+1H. 1H-
Perfluoroalkanes could potentially degrade further to form the corresponding PFCAs.
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B.4.1.3.5. Degradation of other precursors
Structural elements in combination

Above, the degradation patterns of different structural elements in per- and polyfluorinated
substances have been investigated for representative PFAS substances. Most often
perfluoroalkyl chains remain mainly intact, while degradation processes take place elsewhere
in the precursor molecules, especially in non-fluorinated moieties. In many cases degradation
stops when a perfluoroalkyl group attached to a functional group at its highest oxidation step
has been reached, i.e. PFAAs. However, in some cases molecules suffer loss of fluorine from
the carbon atom next to the non-fluorinated part of the substance. Persistent final degradation
products, i.e. arrowheads, have been investigated in detail in Section 4.1.2.

The degradation processes of molecules are dictated by their chemical structure and the
conditions that prevail where the substances are found. Hence, it is important to take into
consideration if a substance partitions to air, soil or water. However, under identical conditions
one specific type of functional group often behaves in the same way with similar neighbouring
groups in a molecule. The length of a perfluoroalkyl chain, branching or the presence of cyclic
structures is not expected to affect the reactivity and degradation of a functional group
considerably. The same applies for the different types of polymers within the PFAS scope,
which are in general assumed to follow the same degradation pattern for each specific
functional group. The degradability of a substance can often be assessed by looking at one
reactive structure element at the time, when these elements are separated by non-reactive
moieties, like in many PFASs.

Based on the understanding of the reactivity of structural elements in per- and fluorinated
substances, one can assess expected degradation routes of similar compounds for which
experimental studies of degradation have not been published. In combination with the
knowledge summarised in Section 4.1.2 on persistent structural elements, one can estimate
the degradation patterns, and in many cases the final degradation products, of a large part
of the PFAS universe.

B.4.1.4. Fully degradable PFASs

Generally, PFASs are either very persistent themselves or will ultimately degrade to very
persistent degradation products which are still PFASs (arrowheads). As the stability of the
PFASs is based on the stability of the carbon-fluorine bonds and the shielding effect of
fluorines surrounding perfluorinated carbons it could be, however, argued that the most
simple perfluorinated substances are less persistent than, e.g., long-chain PFCAs. Comments
were submitted in the third-party consultation providing data on degradation of some
trifluorinated and difluorinated compounds stating those PFASs as not persistent. However,
the provided information was not sufficient to carry out the necessary assessment to judge
whether some PFASs should be excluded out of the substance scope of this dossier. For the
purpose of such assessment data on degradation rates/half-lives should be available and
representative for degradation in all environmental compartments (water, soil, sediment, air)
for relevant conditions. Neither sole hydrolysis data nor fast degradation in air are sufficient
to render a substance automatically as non-persistent. Initial results provided by one
stakeholder (comment #3568) for a trifluoromethyl derivative on a soil degradation
simulation test (BRI/22/L0/35973) can be considered worthwhile following up but the data
provided were not sufficient to derive half-lives for the trifluoromethyl fragment neither to
transpose the results to the relevant temperature of 12 degrees of Celsius or to other
compartments.

It is noted that based on the available information on the substances used in fire-fighting
foams, it is strongly indicated that PFASs with only one trifluorinated or difluorinated carbon
moiety present in the substance are not relevant for fire-fighting foams. Further assessment
of potentially non-persistent PFASs is therefore not further explored in this proposal.
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B.4.1.5. Persistence of PFASs under regulatory and scientific scrutiny

The European Environment Agency stresses that the major concern of PFASs is due to their
persistence, and that PFASs either are, or degrade to, persistent chemicals, with many of
them accumulating in humans and animals, and all of them ultimately accumulating in the
environment (EEA, 2020).

The Global PFC Group points out that PFAAs are very persistent in the environment, whereas
their potential precursors are transformed in the environment abiotically or biotically into
PFCAs and/or PFSAs. PFAAs and their potential precursors are ubiquitous in the environment,
even in remote regions. Several PFASs have lately been recognised as very persistent,
potentially bioaccumulative and toxic (OECD/UNEP, 2013).

According to the Californian toxic substances' authorities, all PFASs or their degradation,
reaction, or metabolism products, are environmentally persistent. And for this reason, PFASs
as a class are regulated in certain consumer products in California (Balan et al., 2021). It is
emphasised by these authorities that persistence of a chemical in the environment promotes
sustained exposure and contributes to accumulation in the environment. Because persistence
is an inherent property of a chemical in the environment that results in increased exposure
to the chemical and consequently potential for health risks, it can appropriately be identified
as a hazard trait.

In the Helsinggr Statement on PFASs a group of scientists pointed out that the current
knowledge demonstrates that the perfluorinated parts of any PFASs are recalcitrant and will
form terminal transformation products, including PFCAs and PFSAs, which are persistent in
the environment (Scheringer et al., 2014). Extensive and increasing use and emissions of
fluorinated alternatives will lead to increasing levels of PFCAs, PFSAs and other stable
perfluorinated degradation products in the environment, biota and humans. In the follow-up
Madrid statement, it was warned that PFASs are very persistent man-made substances found
everywhere. PFASs contain perfluorinated chains that only degrade very slowly, if at all, under
environmental conditions (Blum et al., 2015).

The high persistence of PFASs allows for a wide distribution in the environment, and many
PFASs have been detected globally in the environment. A large group of scientists has reached
a consensus that PFASs are the most environmentally persistent substances among organic
chemicals and support a broad scope in restricting the use of PFASs in society (Cousins et al.,
2020b). PFASs have been given the nickname “forever chemicals” in the popular press.

Cousins et al. 2019 investigated the consequences of persistence for organic substances and
provided case studies for three different classes of very persistent substances:
chlorofluorocarbons, polychlorinated biphenyls, and PFASs. They argue that high persistence
has important implications for the behaviour of chemicals in the environment. Persistent
chemicals are distributed widely, often globally, and reach (much) higher concentrations than
short-lived chemicals emitted at the same rate.

The implications of high persistence for the levels and time trends of chemicals in the
environment were modelled using a simple multimedia environmental fate model. The model
was a so-called unit-world model with three compartments: the global troposphere (height
6000 m, volume 3.06 x 10'® m3), the global surface ocean water (depth 100 m, volume 3.62
x 10'® m3), and the global surface soil (depth 0.1 m, volume 1.48 x 10!3 m3). In each
compartment, a first-order degradation process takes place. In addition, there are three non-
degradative losses: diffusion to the stratosphere, settling to deep ocean water, and burial in
deep soil.

Substances C and D were assigned the following properties:
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Log Kaw Log Kow ti2 (days)
Substance C -1 8 2
Substance D -1 8 2000

A half-life of 2 000 days or 5.5 years is long, but not excessively high. PFASs, for example
most PFAAs, can have much longer half-lives. If PFAAs degrade, they do it so slowly that it is
not observable and their half-lives could be on the order of decades, centuries or even greater.
Log Kow for the two substances compared in the study was 8, which is typical for more
lipophilic substances.

In a first emission scenario, the same constant emission rate to air (100 mol h'!) was assumed
for each chemical and the concentrations in air, water and soil calculated at steady-state and
in @ dynamic scenario where the initial concentrations in all media are equal to zero. The
model showed that an increase in the degradation half-life by a factor of 1000 (from 2 days
to 2000 days) leads to an increase in the time to steady-state by a factor of 600-880 (from
20 days to 33-48.5 years). Similarly, the increase in the total inventory of chemical in the
model system is only around a factor of 550 to 600 because of the increasing effect of the
non-degradation losses. The long-lived chemical (chemical D) shows a marked overshoot with
increasing concentrations for more than 4 years after the emission peak in year 10
(concentration peak in year 14.5, see Figure B.47 below). Moreover, the decreasing
concentrations form a long tail that extends for many years after the stop of the emissions in
year 20. An important finding from the model results is that the Kow is of less importance and
does not modify the general implications of high persistence.

(i) chemical C: t1/2 = 2 days, log Kow =8 chemical D: t12 = 2000 days, log Kow =8
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Figure B.47. Concentrations of chemicals C (panel (i)) and D (panel (ii)) as function
of time in the scenario with dynamic emissions. For both chemicals, emissions start
in year 0, increase by 10 mol h! every year, peak in year 10 at a value of 100 mol
h-1, then decrease by 10 mol h™! every year, and end in year 20. Note the much
higher levels of chemical D compared to chemical C.

In the case that unexpected effects are caused by a short-lived chemical, it is possible to
rapidly cease environmental contamination by restricting or banning its use, which then also
means that no additional effects will be caused by that chemical. In contrast, in the case of
very persistent chemicals, it is not possible to cease environmental contamination within a
reasonable time frame by simply restricting or banning their use. Environmental
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contamination by very persistent chemicals - and the effects related to this contamination -
will continue for years to decades. This poor reversibility of contamination is because very
persistent chemicals are, by definition, difficult to degrade.

In summary, the main concerns with very persistent chemicals are:

(1) The continuous release of very persistent chemicals will lead to widespread, long-lasting,
and increasing contamination.

(2) Increasing concentrations will result in increasing probabilities that known and unknown
effects occur, be it by a single chemical and/or in a mixture with other substances.

(3) Once adverse effects are identified, it will be technically challenging, energy intensive,
and thus costly, to reverse the chemical contamination and therefore the effects. These
measures are limited to contamination hotspots, whereas, for most of the environment, no
remediation or clean-up will be possible.

It is argued that high persistence should be given particular emphasis in chemicals
assessment and management and that very persistent chemicals should be regulated on the
basis of their persistence alone (P-sufficient approach).

B.4.2. Environmental distribution

B.4.2.1. Adsorption/desorption/mobility in water
B.4.2.1.1. Factors influencing adsorption potential of PFASs
Chain length:

Sorption of PFASs in soils has been shown to increase with an increase in the chain length of
PFAS compounds. Adsorption in soils and sediments happens dominantly via hydrophobic
attraction and functional groups. EImoznino et al. (2018) demonstrated that an increase in
log Koc correlates to the alkyl chain length. Baduel et al. (2017) demonstrated a predictable
pattern for the effect of alkyl-chain length on mobility in soil for PFSAs, where the vertical
distribution is a function of the alkyl chain length, such that mobility is higher for shorter chain
lengths. In sewage sludge, Zhang et al. (2013) also recorded an increased sorption with
increasing chain length. Milinovic et al. (2015) reported that among three studied PFAS
compounds, namely PFOS, PFOA and PFBS, PFOS was the most strongly adsorbed by six
different soils. The authors attributed the strong interaction of PFOS with soil particles to
hydrophobic interaction, as indicated by a strong correlation between the log Kow values of
the three PFAS compounds, the functional hydrophilic group, i.e. sulfonic vs. carboxylic acid,
and the log Koc values of the soils. Campos Pereira et al. (2018) showed that the PFAS
sorption was further found to increase with increasing perfluorocarbon chain length with 0.60
log Koc units per CF2 moiety for C3-C10 PFCAs and 0.83 log Koc units per CF2 moiety for C4,
C6, and C8 PFSAs. Short-chained PFASs, were weakly sorbed (less than 10% on average),
while long-chained PFASs sorbed strongly (on average, 99-100%).

In general, for PFAAs with chain lengths ~C5 - ~C15 the sorption of PFAAs substances is
dependent on chain length in a predictable way, with the increase in the chain-length resulting
in an increase in adsorption.

The shorter the chain length the more important the polar-polar interaction becomes (Zhao
et al., 2012). For C2-C4 PFAAs, the adsorption on sludge increases with decrease in chain
length (Zhang et al., 2013). The interpretation of this phenomenon given by the authors is
that the hydrophobicity of short-chain PFAAs decreases with decreasing chain length so that
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electrostatic interaction was dominant for sludge-water interactions for C2-C4 PFAAs in
contrast to hydrophobic interactions, which dominate the sorption for longer chain PFAAs.
Therefore, electrostatic interactions are also an important factor though
adsorption/desorption to soils is commonly normalised to the organic carbon fraction (i.e. Koc
value) assuming hydrophobic interaction mainly governing adsorption/desorption. However,
the clay fraction is for instance also considered a relevant sorption phase for organic cations
such as the PFAAs (Droge and Goss, 2013).

Functional groups

The increase in sorption with increase in chain length at least for longer chain PFASs (C5-
C15) has been observed across all PFAAs subclasses (PFCAs, PFSAs, PFPAs, PFPiAs), in
sediments (Higgins and Luthy, 2006), sludge (Arvaniti et al., 2014, Zhou et al., 2010) and
soil (Lee and Mabury, 2017). Elmoznino et al. (2018) observed that PFSAs would partition
more strongly to effluent-derived suspended particulate matter than PFCAs with the same
number of perfluorinated carbons. The authors attribute this to differences in sorption, as log
Koc values are one and two units lower for PFHxS and PFBS, respectively, than for PFOS. Also
Campos Pereira et al. (2018) found that PFSAs sorbed more strongly than PFCAs.

Lee and Mabury concluded that PFPAs are more sorptive than PFCAs at equal chain length
(Lee and Mabury, 2017) by comparing the Kd values calculated for PFPiAs and PFPAs via
aqueous loss method and direct soil analysis in a soil-sorption experiment with those reported
in literature for other PFAAs. The differences between the sorption of PFPAs and PFSAs of
equal perfluorocarbon chain length were not consistent between the direct soil analysis and
aqueous loss method. Although there is no data available to compare the Kd of PFPiAS with
other PFAAs of the same chain length, based on the data from Lee and Malburry it is expected
that PFPiAs are at least as sorptive as other PFAAs. Differences in sorption between sediment
soil and sludge and the water phase have been reported for PFCAs, PFSAs and PFPAs with the
same chain length. The partition coefficients between sediments and the overlaying water
phase by direct analysis have been reported to be higher for PFOS than PFOA (Ahrens, 2011).
In soil, Campos Pereira et al. (2018) demonstrated that the sorption of PFSAs was stronger
than of PFCAs and the sorption increased with increasing perfluorocarbon chain length. An
increase of 0.60 and 0.83 log Koc units per CF2 moiety for PFCAs and PFSAs, respectively,
was observed. Higher partition coefficient of PFSAs over PFCAs has been also reported in
sorption experiments via the aqueous loss method in sediments (Higgins and Luthy, 2006)
and activated sludge (Zhou et al., 2010).

Cyclic structure and ether groups

Based on modelled data (COSMOlIlogic), cyclic PFAAs (C5-C7) can be (highly) adsorbed by soil
(LogKoc > 3.5), with increasing sorption with increasing number of perfluorinated carbons.

The presence of ether groups in the carbon chain does not alter the electron density in the
carbon chain. Thus, short-chain PFECAs and PFESAs are expected to behave similar as PFCAs
and PFSAs, with shorter chain substances having low adsorption potential, which is expected
to increase with increasing chain length. The high mobility of HPFO-DA (5 Carbons) is
described in the Annex XV dossier on the proposal for identification of HFPO-DA as a substance
of very high concern ECHA (2019c).

Role of the sorbent

Soils consist of organic matter, minerals and pore spaces filled with air and water (Bradry,
2010, Hellsing et al., 2016). Sand, silt and clay all provide minerals and surface area for the
sorption of PFASs. Sand, silt and clay differ in their particle size, and smaller clay particles
have colloidal properties carrying positive and/or negative charges.

Influence of ions and pH versus fraction of organic components
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PFAS sorption is influenced by the soil pH and soil solution ionic strength. Campos Pereira et
al. (2018) investigated the effect of solution pH and concentrations of Al3+, Ca2+ and Na+
on the sorption of PFASs in soils. According to this study longer chain PFASs will have the
greatest effect from pH, intermediate length PFASs (C5-C8) will be more affected by changes
to the composition of cations, especially calcium and aluminium Campos Pereira et al. (2018).
Hellsing et al. (2016) found that a negatively charged silica surface was not able to adsorb
anionic PFAS compounds such as PFHxA, PFOA, PFOS, and PFNA. On the contrary, positively
charged alumina surface adsorbed significant amounts of these compounds, indicating that
an electrostatic mechanism might come into partial effect for adsorbing PFAS compounds on
electrically charged soil components (Higgins and Luthy, 2006). One study investigated
Sorption to the phyllosilicate clay minerals Illite, kaolinite, and bentonite (Droge and Goss,
2013). The authors point out that clays and minerals can have widely differing available
surface areas for sorption and cation-exchange capacity values. It therefore would be
challenging to include a generic parameter to account for clay sorption., It has been proposed
that with an increase in the fraction of organic components in the soil hydrophobic interaction
of PFASs becomes more pronounced (Brusseau, 2018, Milinovic et al., 2015).

Influence of humic acid and formation of complexes

Humic Acid or other dissolved organic matter might form complexes with PFAS compounds in
the soil solution and inhibit sorption of those chemicals on to soil components such as clay
minerals and particulate organic matter. In river water, PFASs like PFHxS, PFHxA, PFBS and
PFOA were shown to be co-transported with dissolved organic carbon (DOC). These PFCAs
and PFSAs carry a negative charge in natural waters, and the correlation was observed only
for the shorter chained (<C7 for PFCAs and <C6 for PFSAs) and more hydrophilic substances.
The authors suggest that one possible explanation for the observed phenomenon could be
that these PFASs readily bind to positively charged ions that are complex bound to DOC (e.g.
Ca2+) with negatively charged head groups, while the longer chained PFASs (=C7 for PFCAs
and =C6 for PFSAs) rather partition to even more hydrophobic phases in the water, such as
the organic carbon fraction of suspended particulate matter (Nguyen et al., 2019).

Influence of proteins

Protein binding can also be an important factor influencing the adsorption for instance to
sewage sludge. The presence of protein lead to an increased adsorption of PFASs to sludge
(Zhang, et al., 2013). For PFSAs, unlike PFCAs, carbohydrates were found to lead to an
increase of adsorption.

B.4.2.1.2. Adsorption and desorption of arrowhead PFASs

As pointed out in Annex B.4.1 most PFASs form in the environment their corresponding
arrowhead PFASs. These PFASs are therefore looked at with regard to adsorption potential.
Please refer also to Annex B.1.3. for the physical-chemical properties.

pKa Values:

With regard to electrostatic interactions it is important to differentiate between neutral and
charged PFASs. PFCAs, PFSAs and PFPAs have low pKa values and are therefore almost
completely dissociated at environmentally relevant pH -values and therefore have a
negatively charged headgroup. In contrast perfluoroalkylamines have very high pKa values
and thus will react as bases at environmental relevant pH. Consequently, the polar=polar
interactions of perfluoroalkylamines will in contrast to the PFAAs be to negatively charged
moieties in the soil and sediment. Van der Waals interactions will however play a role for both
groups, PFAAs and amines, dependent on the length of the hydrophic carbon chain.

Because soils are generally anionically charged, anionically charged PFAAs become more
mobile whereas cationic charged bases such as perfluoroalkylamines become less mobile as
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they can be retained by cation exchange processes. However, for some soil types, such as
those with metal oxides, which can have a large anionic exchange capacity, this general rule
of thumb may not apply. In sum , an assessment merely on the Koc value may underestimate
mobility of positively charged PFAAs and overestimate the mobility of negatively charged
amines (Arp, 2019).

KocValues:

According to the physical chemical data for PFCAs, PFSAs and PFPAs (all acids) there is a
trend of increasing Koc values with increasing chain length. The increasing adsorption
potential pattern from PFCAs over PFPAs to PFSAs, as reported in the previous section,
however, is not that clearly reflected in the Koc values.

Perfluoralkanes which lack a functional group have higher Koc values than the PFAAs of the
same chain length. It is thus expected that PFASs with a lack of a functional group will be
more adsorptive. It should, however, be noted that up to a chain length of 4 carbons
perfluoralkanes have boiling points below 0 C° and their Henrys Law constants indicate that
they are volatile (see B.4.2.2 on volatilisation). It is thus more likely that these short-chain
perfluoralkanes evaporate into the air when released to the environment. The same applies
to the shorter chained perfluorethers without further functional groups. The two C4
perfluorethers (1,1,1,2,2-Pentafluoro-2-(pentafluoroethoxy) ethane and 1,1,2,2-Tetrafluoro-
1,2-bis(trifluoromethoxy)ethane) have boiling points below 2.5C° and 13 C° and their Henrys
Law constants indicate that they are volatile (see B.4.2.2 on volatilisation). HPFO-DA, a
branched C5 ether with a carboxylic group is described in the Annex XV dossier on the
proposal for identification of HFPO-DA as a substance of very high concern ECHA (2019¢). In
the dossier log Koc values for HFPO-DA are 2.48 and 1.92 based on molecular connectivity
indices and on estimated log Kow, respectively. Also, ADONA, a diether with five
perfluorinated carbons and a carboxylic functional group can be considered mobile on the
basis of its estimated log KOC < 1.3.

With respect to the carbon chain length, it should be noted that precursor substances which
have a non-fluorinated moiety are expected to degrade to arrowhead PFASs with less
carbons (see Annex B.4.1). Hence those precursors are expected to form more PFASs once
they have been released to the environment.
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Table B.25. log Koc (sediment organic carbon-normalised distribution coefficient) for PFAAs shown in dependence of the carbon
chain length.

1Carbon 2 Carbons 3 Carbons 4 Carbons 6 Carbons 8 Carbons 9 Carbons 10 Carbons | 11 Carbons
azi‘;"sﬂ“°"°a'ky'°a"b°xy"c TFA PFBA PFHXA PFOA PFNA PFDA PFUNDA
0.437 1.767 2.06 2.39 2.76 3.3 (Higgins
(Predicted (Predicted 1.63 - 2.35 (Higgins and | (Higgins and | (Higgins and a;wd Lu?hg
log Koc (sediment organic using US using US (ée uIva.do Luthy, 2006) | Luthy, 2006) | Luthy, 2006) 2006) &
carbon-normalised distribution EPA EPI- EPA EPI- ot aFIJ 2011) 1.09 (Ahrens | 2.4 (Ahrens | 3.6 (Ahrens 4.8 (Ahrens et
coefficient) Suite Suite Y et al., et al., et al., all 2010a)*
(PCKOCWIN (PCKOCWIN 2010a)* 2010a)* 2010a)* v
v1.66)) v1.66))
a':?;;'”ma"‘a"e sulfonic C-PFSA Co-PFSA Cs-PFSA C4-PFSA Ce-PFSA
0.352 1.016 1.681 2.345 3.675
(Predicted (Predicted (Predicted (Predicted (Predicted
using US using US using US using US using US
EPA EPI- EPA EPI- EPA EPI- EPA EPI- EPA EPI-
Suite Suite Suite Suite Suite
(PCKOCWIN | (PCKOCWIN | (PCKOCWIN | (PCKOCWIN | (PCKOCWIN
loa K : ; v1.66 v1.66 v1.66 v1.66 v1.66
coagrboorf-E]Sci(:\;gql?sn;dogigsat:ilgution estimate)) estimate)) estimate)) estimate)) estimate))
coefficient)
Perfluoroalkylphosphonic
acids
PFMPA PFEPA PFBPA PFHxPA
0.654 1.318 3.977
(Predicted (Predicted (Predicted
. . using US using US using US
log Koc (sediment organic _ _ _
carbon-normalised distribution EPA EPI EPA EPI n.a EPA EPIL
coefficient) uite uite uite
(PCKOCWIN (PCKOCWIN (PCKOCWIN
v1.66 v1.66 v1.66
estimate)) estimate)) estimate))
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Table B.26. log Koc (sediment organic carbon-normalised distribution coefficient)for PFCs shown in dependence of the carbon

chain length

Perfluoralkanes
1 carbon 2 carbons 3 carbons 4 carbons 5 carbons 6 carbons 8 carbons
C-PFC C>-PFC Cs-PFC C4-PFC C5-PFC Ce-PFC Cs-PFC

log Koc (sediment organic 1.687 2.352 3.016 3.681 n.a. 5.010 6.339

carbon-normalised (Predicted (Predicted (Predicted (Predicted (Predicted (Predicted

distribution coefficient) using US EPA | using US using US using US using US using US
EPI-Suite EPA EPI- EPA EPI- EPA EPI- EPA EPI- EPA EPI-
(PCKOCWIN Suite Suite Suite Suite Suite
v1.66 (PCKOCWIN | (PCKOCWIN | (PCKOCWIN (PCKOCWIN | (PCKOCWIN
estimate)) v1.66 v1.66 v1.66 v1.66 v1.66

estimate)) estimate)) estimate)) estimate)) estimate))

Table B.27. Koc (sediment organic carbon-normalised distribution coefficient) for perfluoroalkylamines

and perfluorethers

Perfluoroalkylamines

Acronym PFMAmM PFEAmM PFPrAm PFBAmM PFHXAmM
CsFoN; CsF1sN; CoF21N; C12F27N; CisF39N;
molecular formula CsFisN
[(CF3)sN] [(C2Fs)3N] [(C3F7)3N] [(C4F9)3N] [(CsF13)3N]
log Koc (sediment . 5.098 (Predicted 4.433 (Predicted
organic carbon- 3;:; Sgr‘é‘gftggl_ using US EPA using US EPA
ormaised |53 (oocu (et e L
- v1.66 estimate)) . -
coefficient) v1.66 estimate)) v1.66 estimate))
Perfluorethers
molecular formula CaoFsO C4F100 C4F1002 C6F1403 C2F40 C3FsO
. 4.706 (calculated . . .
o e mmers | 1220 e 280 predsen | LTRSIER 1ot e | 0032 rec |13 e
organic carbon- using US BPA EPI- | oy o e Chemistry EPI-Suite EPI-Suite EPI-Suite
normalised \f’?'ts%(gsct:ﬁact\év)l)'\' (PCKOCWIN '(DAee’g';l’_F;?S”t (PCKOCWIN (PCKOCWIN (PCKOCWIN
distribution ' v1.66 estimate)) | ¢ 4 v1.66 estimate)) |v1.66 estimate)) |v1.66 estimate))
CoeffiCient) oftware V11.02)
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Conclusion on sorption

Several studies have confirmed a relationship between sorption and perfluorocarbon chain
length. Although generally there is a linear relationship between the carbon chain length and
log Koc value, it should also be noted that for the substances with shorter carbon chain length,
the polar-polar interaction, determined by a functional group such as carboxylic acid or amine,
gains importance. Most of the studies investigating distribution focussed on PFCAs and PFSAs
but also PFPAs, PFPiAs, PFECAs and PFESAs and cyclic PFAAs (C5-C7) have been investigated
to some extent. PFPAs are more sorptive than PFCAs at equal chain length. Sorption
differences of PFPAs and PFSAs did not follow a systematic pattern. Because PFASs have both
hydrophobic fluoroalkyl chains and hydrophilic ionizable functional group, show complex
behaviours in the environment in terms of their sorption and desorption processes (Ahrens,
2011, Kannan, 2011). Neutral PFASs are more likely to adsorb to organic matter. It is difficult
to predict the sorption of the PFAS universe from a single sorbent bulk property. Also the
properties of the sorbent needs to be considered.

B.4.2.1.3. Mobility in water

Specific criteria have been proposed for identifying mobile or very mobile substances and are
currently under consideration for including into legislation. For example, the German
Environment Agency (UBA) has proposed the following: M is indicated by water solubility
20.15 mg/Il and log Koc <4.0 or log Kow is £4.0, and vM by water solubility 20.15 mg/Il and
log Koc <3.0 or log Kow is 3.0 (Neumann and Schliebner, 2017). In the continuing
discussion water solubility has been considered not to be a suitable property to set a threshold
for the assessment of mobility. The principal reasons are difficulties when assessing ionic and
ionizable substances, in which water solubility is dependent on counter ions (Arp, 2019, Riudel
et al., 2020). For the purpose of this restriction proposal no specific cut off values are
proposed to be used but the comparisons below are for background information.

With respect to the suggested mobility criteria as described above all PFCAs up to a chain
length of 11 carbons can be considered either vM (up to PFDA) or M (PFUNnDA). Likewise all
PFSAs up to 6 carbons can either be considered vM (up to C4-PFA) or M (PFHXS). The same
can be concluded for the PFPAs. Considering the perfluoroalkylamines only PFMAm fulfils the
M criterion based on the KOC value. With the exception of C4F1002 all perfluoroethers fulfil
either the vM or M criterion based on their KOC values. It is noted that perfluorinated olefins
perfluorinated alkanes and alkenes in general are expected to degrade to PFCAs (see Annex
B.4.1.3), which are mobile. Perfluoralkanes up to four carbons can be themselves considered
mobile. However, as mentioned above, it should be noted that up to chain length of 4 carbons
perfluoralkanes have boiling points below 0 C°. It is thus more likely that these short-chain
perfluoralkanes evaporate into the air when released to the environment. The same applies
to the short-chain perfluoroethers without further functional groups.

Three PFASs have been accepted as being mobile so far:

- PFBS has been identified as identified as a substance of very high concern based on
its equivalent level of concern: very high persistence, high mobility in water and soil,
high potential for long-range transport, and difficulty of remediation and water
purification as well as moderate bioaccumulation in humans (Commitee, 2019);

- HPFO-DA, a branched C5 ether with a carboxylic group, has been identified as a
substance of very high concern based on its equivalent level of concern due to its
mobility and persistence (Commitee, 2019);
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- RAC has agreed that PFHXA, its salts and related substances possess properties, in
particular very high persistence combined with mobility, that can be considered to
constitute an intrinsic hazard (Assessment, 2021).

Many PFASs belong to the precursors of PFAAs, which have been demonstrated above to be
either mobile or very mobile. Hence a large part of PFASs can be considered as mobile in
water, either by themselves or as result of their degradation into PFAAs. However, no or
insufficient data are available on physico-chemical properties and fate of many PFASs not
covered by these two groups. Uncertainties remain regarding mobility of several PFASs in
water.

As described in Annex B.4.2.1.3 in detail several PFASs have been detected in fresh and ocean
water as well as ground and drinking water indicating their mobility. Though routine target
analyses mainly focus on PFCAs and PFSAs and some of the precursors of these PFAAs it
cannot be cancelled out that other PFASs are in these compartments. For instance HFPO-DA,
HFPO-TA, ADONA, 6:2 CI-PFESA, 8:2 CI-PFESA, 6:2 H-PFESA and 6:2 FTSA, were ubiquitously
detected in worldwide surface waters (Wang et al., 2019c). Studies on the aquatic
environment published between 2009 and 2017 have discovered 455 new PFASs (including
nine fully and 446 partially fluorinated compounds) (Xiao, 2017). In another study 104
suspect-target PFASs were screened in drinking water samples from Canada and other
countries (Burkina Faso, Chile, Ivory Coast, France, Japan, Mexico, Norway, and the USA),
the study is the first to observe perfluoroalkane sulfonate (PFECHS) and C4-
C6 perfluoroalkane sulfonamides (FBSA, FHxSA) in drinking water (Kaboré et al., 2018).

Additionally, it is important to note that for instance also the long-chain PFAAs such as PFDAas
well as PFDS have been reported in some drinking water samples (see Annex B.4.2.1.3).
Short-chain PFASs are more likely than long-chain PFASs be distributed to drinking water
based on their properties and have also been found therein although they have been followed
only more recently in the monitoring. However, also for PFASs considered not as mobile due
to their adsorptive properties it cannot be excluded that they due to the high persistence
enter drinking water.

Mobility as a concern
Mobility is a contributing factor for

1. Potential for long range transport via water (see Annex B.4.2.5)
2. Potential for drinking water contamination (see also Annex B.4.5 and B.4.2.1.3)
3. Uptake in plants and crops (see Annex B.4.4)

4. Making very persistent substances available for increase of internal concentrations in
biota along the increase of the environmental exposures (see Annex B.4.3,
“Persistence compensating low bioaccumulation potential” and Annex 1.1.4 of the
Background Document “High potential for ubiquitous, increasing and irreversible
exposure of the environment and humans”).

For substances mobile in water phase, there are no local or intermittent sinks for the pollution
stock, and therefore mobile substances have a high potential for continuously increasing
environmental concentrations and exposure of wildlife. Oceanwater is important as a sink and
for transport of these compounds. The occurrence of high concentrations of PFASs in coastal
waters could possibly be problematic, because the substances will be bioavailable and can
accumulate in the marine food chain (Cai et al., 2012). Furthermore, it is difficult in practice
to manage exposures due to the high mobility and the fact that exposures may take place at
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a different location than where releases occurred and at a different moment in time. Mobile
PFASs may end up in drinking water, posing a potential risk to human health. Reemtsma et
al. (2016) concluded that persistent and mobile organic compounds may be of concern for
water quality because they are persistent in the environment and are not removed from water
by sorption processes due to their high polarity and excellent water solubility. A problem
which has been underestimated due to an analytical gap in the past.

Raw water which is used for drinking water is obtained either from groundwater, bank
filtration or surface waters. In average about 50 percent of the water for drinking water
production is taken from groundwater, whereas the amount from surface water is about 36
percent (European Commission, 2016). With regard to groundwater and bank filtration
adsorption and desorption in soil and sediment is thus a crucial for drinking water quality.
Due to their persistence, the residence time of PFASs in groundwater is at least the residence
time of groundwater because transport away from the site in water is the only removal
mechanism. As a consequence PFAS-contaminated groundwater can act as a long-lasting
source, leading to poorly reversible exposure (Cousins et al., 2016). Residence time of
groundwater is >40 days up to an order of millennia (Matoszewski and Zuber, 1982, McGuire
et al., 2005).

Contaminated sites -cases provided in Annex E.4.3.5.2 illustrate the long-lasting problems
and hardly reversible contaminations with groundwater and drinking water contamination.

B.4.2.2. Volatilisation

The threshold for volatile substances (HENRY > 250 Pa*m3/mol) from REACH Guidance R.16
(ECHA, 2016b). For PFASs which are below this threshold agueous compartments are more
relevant compared to the atmosphere.

Neutral PFASs can have a relatively high vapor pressure whereas dissociated charged PFASs
have a negligible vapor pressure, are soluble in water, and have a very low air—water partition
coefficient (Barton et al., 2007, Kaiser et al., 2005). Vierke and co-workers concluded in their
work on PFCAs that the extent of volatilization of PFCAs in the environment will depend on
the water pH and their pKa. Knowledge of the pKas of PFCAs is therefore vital for
understanding their environmental transport and fate (Vierke et al., 2013).

PFAAs may exist as neutral PFASs with higher volatility and lower water solubility or ionic
PFASs with lower volatility and higher water solubility. Considering their low pKa values it can
be considered that the PFAAs almost completely dissociated at environmentally relevant pH
values and are therefore charged have a low vapor pressure and higher water solubility than
their neutral forms and their volatility can be regarded as negligible. In their review on
distribution modelling the authors consider volatilization not a major concern for most PFASs
with functional groups which dissociate such as PFAAs (Sima and Jaffé, 2021).

Furthermore, it can be expected that larger molecules with a high molecular weight are non-
volatile. Largest molecules among the PFASs, e.g, side-chain fluorinated polymers, gradually
degrade into the PFAAs, and are therefore expected to have negligible volatility (see also
Annex B.4.1.3). Same applies to other PFASs which contain a large nonfluorinated aromatic
moiety.

Neutral PFASs such as the perfluorinated olefins, perfluorethers and halofluoralkanes are
volatile depending on their molecular size and water solubility (see Annex B.1.3). As discussed
in the Annex on long range transport (B.4.2.5) precursors such as Fluorotelomer alcohols
(FTOHSs) are veryvolatile due to their high vapor pressures and non-ionic status (Chen et al.,
2020)https://www.sciencedirect.com/science/article/pii/S0048969720373241?via%3Dihub -
bb0175 as well as uncharged PFASs like perfluoroalkyl sulphonamides (FASAs), perfluoroalkyl
sulfonamidoethanols (FASEs) and fluorotelomer alcohols (FTOHs) are less water-soluble and
more volatile. Also for many of these degradation (as provided in Annex B.4.1.3) to a less
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volatile and more water soluble arrowhead PFASs applies, depending on the chain length of
the resulting arrowhead.

B.4.2.3. Distribution modelling

Not assessed.

B.4.2.4. Measured levels in environmental compartments
See Appendix 10.

B.4.2.5. Long-range transport potential

The potential for environmental long-range transport (LRTP) is one major concern for
persistent pollutants. By long range transport a shift of potential risks occurs off of the point
of emission and often time-delayed.

According to the OECD definition, long-range transport (LRT) refers to the transport of
substances within the moving mass to locations distant from its sources (mainly for a distance
greater than 100 kilometres). LRT potential is indicated, if these substances are measured in
distant locations in concentrations that are of “potential concern”. The moving mass could be
air, water or particles, as discussed below.

B.4.2.5.1. Transport pathways

As outlined below contamination is not geographically limited but PFASs are found
ubiquitously in the environment. Because of non-degradability, the movement of their carriers
like leads to global drift of PFASs over long distances from the point of release. Depending on
their specific physical-chemical properties PFASs distribute between the respective
compartment. Three main hypotheses are currently proposed for the global transport of
PFASs.

- Non-charged, volatile precursor compounds could undergo long-range atmospheric

transport and be degraded to persistent arrow head PFASs being deposited via wet or
dry atmospheric deposition in atmosphere and reaching remote areas (Schenker et
al., 2008, Martin et al., 2006, Ellis et al., 2004, Wong et al., 2018).

- ionic and water soluble PFASs could be transported directly by river waters into
estuaries and coastal waters.

- additionally, PFASs can be transported by particles to which it is adsorbed or absorbed,
such as dust, sediments, or through matrices in which it is included as additive, e.g.
polymers. Above, that a long-range transport of PFASs may occur by biota/migratory
birds.

Further, due to complex interactions between a substance and the compartments and a broad
variety of environmental conditions the transport into remote areas is not limited to a single
pathway. PFASs are concentrated in different compartments to a certain extent. And, by
changing environmental conditions, a substance-shift between the compartments may occur.
However, the existing studies only focus on legacy PFASs.

Air and water

Generally, short-chain PFASs have a higher potential for long-range transport in aquatic
environments (Muir et al., 2019). The physical-chemical characteristics also influence the type
of long-range transport in the aqueous environment, e.g., sea spray, microlayer, surface
water, deep ocean water Ahrens et al. (2010a).

Early modelling studies indicated that PFAAs are more likely to be transported via oceanic
currents than the atmosphere (Wania, 2007, Armitage et al., 2006) but recent study by
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(Yeung et al., 2017) suggested that atmospheric input accounts for the majority of measured
PFOA in the Arctic Ocean. Global transport by marine ocean currents was indicated as the
major pathway of PFASs delivery to non-emission regions by both monitoring and modelling
results (Yeung et al., 2017, Stemmler and Lammel, 2010) though the single processes are
yet not fully understood.

PFASs are globally distributed in the marine environment (Yamashita et al., 2011). The
movement of PFASs, from coastal areas influenced by urban emissions, to sub-Arctic and
Arctic Ocean waters, was illustrated by (Ahrens et al., 2010c), who found Cs—Ci0o PFCAs
averaging about 700 pg/L in coastal seawater of southern Norway and at detection limits
(~10pg/L) in the open Norwegian Sea. Overall, ocean currents and related dilution effects
have a crucial influence on PFAS distribution in seawater, in which industrial and coastal areas
and atmospheric deposition are considered as sources of PFASs, and ocean waters are
important as sinks (Lohmann et al., 2013, Yeung et al., 2017) and for transportation of these
compounds (Ahrens et al., 2010b).

The transport of PFASs with water also could be time delayed. PFAS-loaded river water often
runs not directly into oceans, but into more or less enclosed estuaries and adjacent seas, like
into the North Sea, the Baltic Sea or the Mediterranean. Despite the North Sea having a wide-
open connection to the Atlantic Ocean, the exchange between both seas is partially limited
due to the morphology of the North Sea. The water circulates in the shallow North Sea
continental shelf and the formation of thermo- and haloclines further hampers the water
exchange. It is assumed that the North Sea water is totally exchanged within one or two years
(Gyory et al.) The trapping effect of persistent pollutants is much higher in areas with lower
exchange rates with the oceans due to deep basins and narrow links or due to natural barriers
to the ocean. So, the water in the Baltic Sea is exchanged every 25 -35 years (Kraatz, 2004).
The residence time of water in the Mediterranean of approximately 100 years, making the
Mediterranean especially sensitive to the increase of the pollution stock of highly persistent
substances like PFASs (Millot, 1989). Depending on water exchange rates from the adjacent
seas with the oceans the translocation of PFASs could last several decades.

Particularly volatile precursors, such as FTOHs, can undergo long-range atmospheric transport
(Ellis et al., 2004). The detection of FTOHs for instance in the Arctic and Antarctic air agreed
with the model prediction and conclusion, which supported the hypothesis of atmospheric
transport toward remote regions (Paul et al., 2009, Dreyer et al., 2009, Bengtson Nash et al.,
2010).

Finally, sea spray aerosols (SSA) could be an important source of PFASs to the atmosphere
and, over certain areas where sea spray deposition is important, a significant source to
terrestrial environments (Johansson et al., 2019). SSA formation and their subsequent
atmospheric transport and deposition have been suggested to play a prominent role in the
occurrence of ionizable PFASs in the maritime Antarctica and other remote regions. However,
field studies on SSA's role as vector of transport of PFASs are lacking. The effective
enrichment of certain PFASs, such as PFAAs and possibly other PFASs in sea spray aerosols
(SSA) was recently demonstrated in laboratory studies, suggesting that SSA is a potential
source of PFAAs to the atmosphere (Sha et al., 2022). The first field work by Casas et al.
(2020) assessed the simultaneous occurrence of PFASs simultaneously at South Bay
(Livingston Island, Antarctica) in seawater (SW), the sea-surface microlayer (SML) and SSA.
Average PFASs concentrations were 313 pg L%, 447 pg L%, and 0.67 pg m~3 in SW, the SML
and SSA, respectively. The enrichment factors of PFASs in the SML and SSA ranged between
1.2 and 5, and between 522 and 4690, respectively. This amplification of concentrations in
the SML is consistent with the surfactant properties of PFASs, while the large enrichment of
PFASs in atmospheric SSA may be facilitated by the large surface area of SSA and the sorption
of PFASs to aerosol organic matter.

The measured large amplification of concentrations in marine aerosols supports the role of
SSA as a relevant vector for long-range atmospheric transport of PFASs. The transport via
SSA may impact large areas of inland Europe and other continents in addition to coastal areas.
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Thus, SSA may currently be an important source PFASs to the atmosphere and, over certain
areas, to terrestrial environments triggering also long-range transport.

Particles and plastic debris

Several PFASs may adsorb to particles. These particles such as dust or sediments may be
easily drifted by air and water, too and could be deposited far away from the point of release.
Longer chain PFASs like PFSAs, EtFOSAA and FOSA are preferentially distributed in biota or
the abiotic environment such as sediments, which could act as a sink for PFASs (Muir et al.,
2019).

Dust can be transported vertically and horizontally. The main anthropogenic sources for
particulate organic matter are the transport and the industrial sector. About 3.1Mt/a of these
particles are emitted in Europe annually (Koolen and Rothenberg, 2019). Global annual dust
emissions are currently estimated to range between 1 000 and 3 000 Mt/a, whereas, beside
anthropogenic sources, major dust source regions include the Sahara, the Arabian and Asian
deserts (Tegen and Schepanski, 2009). As well the anthropogenic as the natural particles
could be loaded with PFASs. Dust deposition in remote areas occurs through both dry
deposition and wet deposition associated with cloud and precipitation processes. As such,
deposition involves a complex set of physical processes. Global dust deposition rates are
strongly interlinked with the origin of the particles and with the meteorological and seasonal
conditions (Knippertz and Todd, 2012).

Rivers carry enormous amounts of sediments into coastal areas. For example, the annual
transfer of sand, gravel and cobbles from the hinterland towards the Rhine delta was
estimated by Frings et al. (2014) with 0.66 Mt/a. Not only natural sediments are transported
by rivers and marine currents. The long-range transport of plastic debris and microplastics in
the marine environment has been extensively documented (Eriksen et al., 2014; Howell et
al., 2012; Maximenko et al., 2012; Obbard, 2018; Van Sebille et al., 2020). Plastics enter the
oceans in massive amounts every year (4.8 to 12.7 Mt) (Jambeck et al., 2015) and
accumulate in the oceans as plastic gyres (Eriksen et al., 2014) or in sediments.

The transport of PFASs often does not take the direct and fastest routes from the point of
release to remote areas. Depending on particles size, particles could remain for long times in
the atmosphere and a deposition may occur even many years later.

Adsorptive PFASs undergo long-range marine transport via plastic debris to a vast extent
(Rani et al., 2017; Takada, 2020; Tanaka et al., 2020a). Already a large share of larger and
microparticles found in the environment already consists of plastic debris. As well non-
fluorinated as fluorinated plastics absorb large amounts of low-molecular PFASs.
Consequently, both polymeric PFASs and low-molecular PFASs like additives can be
transported as and with plastic debris. Larger plastic particles become suspended
microplastics over time by mechanical crushing and by chemical transformation processes,
which much easier could be moved to remote areas. Due to its density PE and PP float in the
ocean surface and are easily transported by surface ocean currents and winds, whereas PVC
tends to sink near sources.

An estimated amount of about 35 000 tons of microplastics are floating in the world’s oceans
(Cozar et al. 2014 or Eriksen et al. 2014). However, according to Koelmans et al., 2017, this
represents less than 1% of the floating accumulated plastic discharge. The remaining share
is settled below the surface, at deep seafloor and in coastal sediments. The floating particles
are transported with the ocean currents and a large part is trapped in the five subtropical
gyres for about 40 years. It is estimated, that plastic debris are transported across the global
oceans for more than 70 years (Wu et al., 2021). The Arctic Ocean appears to be a dead-end
for plastic debris due to the poleward transport from sub-polar North Atlantic Ocean. The
Arctic Ocean seafloor (e.g. Barents Seas) is thus an important sink of marine plastics (Cozar
et al., 2017). It can be concluded, that PFASs associated with plastic debris are transported
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over long distances for many decades.

It has to be mentioned further, that especially PFAS loaded plastic debris (as well macro- as
microparticles) undergo long-range transport mediated by migratory species e.g. seabirds
(Takada, 2020). Moreover, substances are subject of complex exchange processes between
the different compartments. So, sediments may serve as temporary sinks for a certain time
for instance for substances which are adsorbed to particles.

B.4.2.5.2. LRTP based on physical-chemical data

PFASs can be expected to be more volatile the higher their air water coefficient logKaw is.
Volatile PFASscan undergo long-range atmospheric transport. It is highly likely that, e.g.,
fluorinated gases, short-chain fluorotelomer alcohols and perfluorinated olefins are
transported this way due to their volatility. Of these the PFASs which gradually degrade into
ionic PFCAs (see Annexes B.4.1.3 and B.4.2.1 “Mobility in water”) may change their route of
long-range transport from air to water, depending on the chain length of the resulting PFCA.
In general, uncharged PFASs like perfluoroalkyl sulphonamides (FASAs), perfluoroalkyl
sulfonamidoethanols (FASEs) and fluorotelomer alcohols (FTOHSs) are less water-soluble and
more volatile than ionic PFASs. Once released in the environment, these PFASs can be
(bio)degraded in the atmosphere or in other compartments under aerobic conditions to PFCAs
and PFSAs (Ellis et al. (2004), Martin et al. (2006), Schenker et al. (2008), Rhoads et al.
(2008), see also Annex B.4.1.3).

PFCAs and PFSAs are PFAS subgroups that exist in anionic form in water. Therefore, these
substances are highly water soluble. They could be transported by river waters and by ocean
currents to remote regions. (Armitage et al. 2009, McMurdoet al. 2008, Prevedouros et al.
2008). See also Annexes B.1.3 and B.4.2.1 for data on the properties relevant for LRTP.

Substances with higher log Koc-values (>3.5) like long-chain PFASs and cyclic PFAAs can be
(highly) adsorbed by particles. For ionic and ionizable substances, the water solubility and/or
the sorption potential is dependent on counter ions (Annex B.4.2.1). So, cationic charged
PFASs like perfluoroalkylamines also may adsorb to particles because of mainly anionically
charged soil particles. Depending on natural circumstances, such substances could be moved
either by water or adsorbed with particles. Not only natural particles serve as PFAS acceptor.
As described above, particles of plastic debris are an important vector for highly adsorptive
PFASs. Because of their small size, especially microplastics (<1 mm) have a large ratio of
surface area to volume. That promotes adsorption of chemical contaminants to their surface.
Microplastic particles therefore have a very high capacity to facilitate the transport of PFASs.

Using substance physico-chemical property data, the potential for long-range transport can
be estimated. Different models use different matrices as basis for calculation. The OECD Tool
(LRTP-Tool; ©OECD, 2009), which is used for the LRTP estimates, is a generic multimedia
box model that yields estimates of numerical indicators for LRTP like the Characteristic Travel
Distance (CTD [km]) for screening purposes. CTD is defined as the point in space at which
the concentration as a function of place has decreased to 1/e (abt. 37%) of the initial value.
The CTD is applied for water and for air (CTDwater, CTDair) (Bennett et al. 1998).

High CTD values were calculated for fluorotelomer alcohols. for the calculation an atmospheric
lifetime of about 20 days was used from Ellis et al. (2003). For degradation half-life in water
a value of 93 h from Gauthier and Mabury (2005) for 8:2 FTOH was used for all FTOHs3!. The
respective logKaw values based on Arp et al. (2006) (Episuite calculation) and the log Kow
values based on Arp’s COSMOTHERM estimations were used as input parameter to estimate

31 It is noted that this value is only used here for the purpose of LRTP calculation whereas it is not
provided here for the purpose of the degradation assessment.
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the LRTP with the OECD-tool for fluorotelomer alcohols. The models standard setting was
retained for the calculation. Based on their log Kow and the log Kaw, FTOHs are mainly
emitted to air. It is noted that with increasing chain length the CTD is decreasing (see Table

B.28).

Table B.28. Estimated characteristic travel distances of fluorotelomecic alcohols and
the respective input parameter for the OECD tool

[unit] 4:2 FTOH 6:2 FTOH 8:2 FTOH 10:2 FTOH
CAS-NT. 2043-47-2 | 647-42-7 678-39-7 865-86-1
CTD air km 9 405 6 727 3816 2 839
CTD water km 11 9 10 10
molecular g x molt 264.09 364.10 464.12 564.13
weight
logKaw 1.35 2.39 3.5 4.23
logKow 3.21 4.44 5.66 6.91
degradation | 480 480 480 480
half-life air
degradation
half-life water | " 107 93 93 93
half-life soil | h 72 72 72 72

Because FTOHs are forming corresponding PFCAs (see Annex B.4.1.3), PFCAs may be
released into the environment secondarily from a release of FTOHs within a very long distance.
For PFCAs the respective with Episuite calculated logKaw values and the log Kow values
calculated with COSMOTHERM based on Arp et al. (2006) were used as input parameters for
the OECD-tool to estimate the LRTP for perfluoroalkyl carboxylic acids. The standard half-
life’s for non-degradable substances of 10 h for all compartments, provided in the OECD tool,

were used for the calculation.
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Table B.29. Estimated characteristic travel distances of selected PFCAs and the
respective input parameter for the OECD tool

[unit] | PFPeA | PFHxA | PFHpA | PFOA PFNA PFDA
CAS-N. 2706-90-3 | 307-24-4 | 375-85-9 | 335-67-1 | 375-95-1 | 335-76-2
CTD air | km 398 785 | 667 771 | 852 725| 1010 029 | 1 042 881 | 1 045 656
CTD water | km 25917 | 18187| 11993 6 598 4005 2 249
molecular | gx | 56405 | 314.05 | 364.06 | 414.07 | 464.08 | 514.09
weight mol
logKaw ~3.04 ~2.66 2.37 -2.03 “1.79 “1.52
logKow 3.43 3.26 3.82 4.30 4.84 5.30
half-life
na h 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000
half-life
hatl h 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000
half-life
nal h 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000 | 1 000 000

CTD estimations show, that PFCAs could be transported by air multiple times across the earth,
due to their non-degradability. Furthermore, for PFCAs the long-range transport by water also
becomes important. Short-chain PFCAs like PEPeA are distributed with water more than
20 000 km. Assuming a multidirectional substance distribution, that means a distribution over
the complete earth surface. With increasing chain length, the CTD in water decreases,
however, long-chain PFCAs are still transported for several thousand kilometres (see Table
B.29).

As described in chapter B.4.2.1, PFASs with high log KOC and log KOW strongly adsorb to
particles. Highly adsorptive PFASs are PFOS, PFOA and PFBS, PFOS. Especially cyclic PFAAs
(C5-C7, and greater) strongly adsorb to soil and particles. For these substances a particle
mediated long-range transport is highly likely. It is not common to provide CTD values for
particles. But looking at data provided before, particle associated PFASs, especially those
which are adsorbed to plastic debris, may transported over the whole earth surface for many
decades, too.

B.4.2.5.3. LRTP evaluation based on monitoring data

Various PFASs are already ubiquitously detectable in remote areas like in arctic-, antarctic-
or glacier firns, at open sea or even in the higher atmosphere. These data confirm the long-
range transport. For further details of the measured data, see chapter B.4.2.4, “Measured
levels indicating potential for long-range transport”.

Data for tracking PFASs along the way from its point of release to these areas are rare. In the
following one such study is presented. In their studies Mdéller et al. (2010) investigated the
distribution and sources of 40 PFASs in the river Rhine watershed in the Rhine-Waal-Scheldt-

P.O. Box 400, FI-00121 Helsinki, Finland | Tel. +358 9 686180 | echa.europa.eu
133



ANNEX TO THE BACKGROUND DOCUMENT - PFAS IN FIREFIGHTING FOAMS

Estuary and at open North Sea. PFOS, PFOA, PFBS and PFBA usually were the main detected
substances.

In the North Sea, about 175 kilometres offshore, an average summarised PFAS concentration
of 0.35 ng/L was provided in this publication. The measured concentration of PFASs in the
North Sea seems to be low, however, if linked to the volume of the North Sea of 54,000 cubic
kilometres (areal of the North Sea 575.000 square kilometres with an average depth of 94
m) it results in 2.000 t PFASs which can’t be the result of an intense use of PFASs off shore
at the North Sea. Many large rivers drain into the North Sea. The river basins are densely
populated and large industries occur in this area. Going from open sea via river estuaries
upstream the rivers, an increasing PFAS concentration could be measured. Along the Dutch
coast, in the Rhine-Waal-Scheldt-Estuary, an average PFAS concentration of about 12 ng/L
could be detected. The average PFAS concentration at the mouth of the rivers Rhine and
Waal, in the Haringvliet, is 121 ng/l. Going further upstream the rivers, a high amount of
PFASs is released into the Nederrijn and in the river Waal (average concentration of
summarised PFASs: 260 ng/L). Large amounts of PFASs are also drained into the North Sea
by the river Scheldt. At the Scheldt rivers’ mouth (Western Scheldt) an average PFAS
concentration of 95 ng/L was measured. The highest mean concentration of PFASs was
measured in the river Scheldt with 498 ng/L. In the river Ruhr (into which the river Moehne
is drained) at the inflow into the Rhine an average PFAS concentration of 47 ng/l was detected.
Downstream Leverkusen the mean concentration of summarised PFASs raised to 181 n/L
instantaneously, compared to the average summarised PFAS concentration of about 21 ng/L
in the Rhine upstream Leverkusen.

The respective increasing PFAS concentration in the rivers Rhine, Waal and Scheldt was
obviously caused by direct industrial emissions or indirectly via wastewater treatment plants
or by the inflow of contaminated water from the several tributaries. Another source of PFAS
contamination in river water may result from application of contaminated sludge to fields. The
PFASs are eroded from the soil by rain. The substances are transported via river effluent over
long distances into the Rhine-Waal-Scheldt-Estruary. So, for example, the linear distances
from the point of emission are >200 km, from Leverkusen to a monitoring point in the North
Sea or > 300 km from contaminated soil in the river Moehnes drainage area to the same
monitoring point at the open sea. On the one hand, the substances are diluted within the
North Sea due to the large amount of marine water, but also trapped in the North Sea for a
while.

Conclusion:

Many PFASs have potential for long-range transport mainly due to the high persistence. Also
mobility in water and volatility contribute to the LRTP. Some precursors, such as FTOH, are
themselves long-range transported. Same can be expected to other volatile PFASs. Precursor
PFASs degrade over time to PFAAs which can be expected based on their physical-chemical
properties and high persistence to be long-range transported. This was demonstrated with
model calculation for selected PFCAs. The LRT pathways are different, depending on the
PFASs, and may change when a precursor degrades to the corresponding arrowhead. Volatile
PFASs such as fluorinated Gases and uncharged PFASs like perfluoroalkyl sulphonamides
(FASAs), perfluoroalkyl sulfonamidoethanols (FASEs) and partially fluorotelomer alcohols
(FTOHSs) are mainly transported via air. The long-range transport via water is the predominant
pathway for anionic PFASs like PFCAs and PFSAs). An important vector to remote areas is
plastic debris for adsorptive PFASs.

B.4.2.6. Environmental distribution of firefighting foams

PFAS compounds experience a fate and transport that can be generalised for most
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occurrences and described as follows (see Figure B.4832 below).

At the location of the active firefighting activity PFAS-laden waters enter the subsurface
resulting in PFAS-impacted soils — the source area (No. 1). The source area typically holds
the greatest PFAS mass. Precipitation supports leaching of PFAS compounds in the
unsaturated soil column to greater depth (No. 2) in the soil column eventually reaching
groundwater which is then the starting point of a PFAS plume in groundwater (No. 3).
Depending on the fuel that was extinguished, PFASs have a tendency to accumulate with free
phase products33 at the water table intersection. The plume will extend in the direction of and
grow with groundwater flow as more PFAS-mass leaches from the source area. Eventually the
plume might grow to a size extending past the property boundary (airport, oil and gas
refinery, etc.) migrating off-site. The PFAS plume size might have grown in size and extended
into areas where groundwater extraction could occur for domestic (No. 9), commercial or
public use (No. 10) including private drinking water wells, agricultural irrigation and livestock
feeds, and drinking water production facilities. Stormwater runoff from a fire training area or
live fire incident can migrate in various directions predominantly following land surface
morphology (No. 5). In consequence, surface water runoff can spread PFAS contamination in
directions beyond groundwater flow. Stormwater runoff can directly or indirectly occur via
some sort of controlled or uncontrolled overland flow or through underground utilities.
Damaged/leaking utility structures can be locations where PFASs could enter the subsurface
at a point that is in only limited relation to the actual firefighting area. Stormwater or surface
runoff could eventually discharge to a surface water body such as the sea, a lake or pond, or
a stream, river, creek or brook (No. 6). Sediments at the bottom of surface water structures
including the surface water runoff ditches, drains, channels, ponds, lakes, or the sea can have
PFAS-laden sediments as precipitated solids as part of the surface water feature (No. 7).

32 Wood E&I Solutions, 2017.

33 Common petroleum hydrocarbon-based fuels are lighter than water (light non-aqueous phase liquids
- LNAPL) and accumulate at the water table intersection when they are released to the environment at
large enough quantities. “Free phase” refers to a fuel layer on the groundwater table.
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residential  production
well well

1. Surface soil 5. Stormwater infrastructure 9. Residential well GW treatment

2. Subsurface soil containment 10.Production well GW treatment
3. Source area GW 6. Surface water
4. Downgradient GW containment 7. Sediment

8. Offsite GW impacted by surface water

Figure B.48. Overview of PFAS fate and transport from use of firefighting foams,
from (Wood E&I Solutions, 2017), in (Wood et al., 2020)

B.4.2.6.1. PFAS-containing foams

For PFAS-containing foams at legacy sites, contamination patterns normally include soil, both
unsaturated and saturated, to be impacted by PFASs at higher concentrations, because the
PFAS entry point into the subsurface occurs from above ground in most scenarios, specifically
for firefighting and training events. PFASs leaching to greater depths in the soil column by
infiltrating precipitation eventually reaching groundwater is commonly observed at legacy
sites. Leaching is supported by the physicochemical characteristics of PFASs. PFASs in shallow
soils can also be transported via overland flow by storm water run-off during precipitation
events. Storm water would either infiltrate into the ground at an area geographically
separated from the original firefighting activities, or storm water run-off can directly discharge
to a surface water body such as a river, stream, or lake, or it can be captured in a storm-/
wastewater treatment facility. Historically, storm- or wastewater facilities were not required
to analyse for PFAS compounds. It can be assumed that most PFASs have passed untreated
through a treatment works without awareness of the operator allowing for PFASs to spread
to the wider environment (NordicCouncil, 2019).

The PFAS-laden soils in the source area continue to be an emission source for groundwater
contamination for many years, if not decades. Once PFAS-compounds have reached the
aquifer or a water-bearing unit, those compounds tend to migrate laterally and in a
hydraulically downgradient direction with limited retardation from the soil matrix and
negligible, if at all occurring, breakdown through biotic or abiotic processes in the aquifer
(Concawe, 2016). As a consequence, PFASs tend to generate large plumes in groundwater.
Acceptable PFAS threshold concentrations are extremely low, and plumes can be many
kilometres long. In the Veneto region, Italy, a PFAS-production facility contaminated an area
spanning more than 200 square km (WHO, 2016). Various scenarios can result from PFAS-
impacted groundwater. Groundwater could be extracted and used as drinking water.
Extracted groundwater could also be used for irrigation of agricultural land. In addition to soil
and groundwater impacts, surface water could be impacted from historically contaminated
soils by means of surface water run-off. Under certain hydrogeological conditions,
groundwater can become surface water or interact with surface water in brooks, creeks,
streams, or river beds. PFAS-impacted ground or surface water can become a challenge when
they enter a water treatment works at privately owned locations (e.g. oil and gas sites or
airports) or public treatment works, as indicated above. In most cases PFASs are not analysed
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for in water treatment works and the presence or absence of PFASs are consequentially
unknown. Also those water suppliers which measure PFASs, only measure a minor subset
(several tens of to max around 100 specific PFASs) of PFASs (see sections on monitorability
for further details). For discussion on the water treatment, please, see Annex B.4.5. PFASs
would require in most, if not all, cases, a separate treatment step in the water treatment
works with potential requirements for additional pre-treatment (e.g. high dissolved organic
carbon (DOC) can be a problem in treating PFASs) and retrofitting of the treatment works at
a substantial cost.

B.4.2.6.2. Fluorine-free foams

Based on the definition of “remediation” and “clean-up” there would not be a remediation
scenario that includes fluorine-free foam compounds as of now. For one, replacement
products are fairly new to the market and possible/potential impacts from fluorine-free foams
to the wider environment has not yet caused long-term adverse effects. The current
expectation is that replacement products (alternatives to PFAS-based foams) do not have the
potential to contaminate soil and/or groundwater in a way that remediation can be assumed
or predicted to be needed. The analysis of alternatives has shown that the substances
contained in shortlisted fluorine-free alternatives (i.e. a set of alternatives considered likely
to be used) exhibit lower hazards than PFASs and rapid biodegradation. Even if those
alternative substances have the potential to contaminate soil and groundwater, remediation
scenarios/technologies are hard to define. Remediation in most EU countries is risk driven.
That risk from alternative products cannot reasonably be anticipated at this point to develop
a “remediation scenario” including treatment technologies and associated costs.

There was anecdotal evidence presented by one stakeholder that fluorine-free foam caused
emulsification of the run-off water in a water treatment works. Should emulsification be a
recurring issue for use of fluorine-free foams, then a separate treatment step to break up the
emulsion would need to be included at the water treatment works as a retrofit at an additional
cost.

Also, an anecdotal example was presented from another stakeholder that a permit was
granted where 5 000 litres of firewater runoff from fluorine-free foams could be discharged
directly to a sewer after “only” a fuel separator step.

B.4.3. Bioaccumulation
B.4.3.1. Procedural information

The C8-C14 PFCAs and C6-PFSA as well as the ammonium and sodium salts of C9-PFCA and

C10-PFCA, the ammonium salt of C8-PFCA, and the salts of C6-PFSA are listed as substances

of very high concern on the REACH Candidate List. C8-PFSA (PFOS) its salts and

perfluorooctane sulfonyl fluoride (PFOS-F) are included in the Annex B to the Stockholm

Convention on Persistent Organic Pollutants.

e (C11-C14 PFCAs has been assessed to fulfil the vB-criterion of REACH Annex XIII.

e (C8-C10-PFCA, as well as their salts meet the B-criterion (vB not assessed).

e C6-PFSA has been assessed to meet the vB criterion of REACH Annex XIII.

e PFOS and its salts have been assessed to meet the POP criterion for bioaccumulation
due to its potential to bioaccumulate and biomagnify in mammals and piscivorous birds

Details of the assessment can be found in the supporting documentation of the listing in the
Candidate List (European Chemicals Agency, 2018, 2017, 2015, 2013a, 2013b, 20123,
2012b).

For this dossier a review of peer-reviewed more recent articles and scientific reports was
carried out. The recent data illustrate further the specific mechanisms of bioconcentration and
biomagnification and list in particular results of PFASs not yet regulated or assessed. In the
following data from modelling, laboratory and field studies, as well as from monitoring
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campaigns are presented.
B.4.3.2. Toxicokinetics of PFAS in animals

The overall body burden and target site concentration of a chemical and its metabolites is
governed by its toxicokinetics (i.e., processes of absorption, distribution, metabolism, and
excretion, ADME). Yet available toxicokinetic data primarily focus mainly on PFAAs (De Silva
et al., 2008; Kudo, 2015; Kudo and Kawashima, 2003). Overall, there are more robust data
regarding the ADME of PFASs in humans and rats than other species, and of PFOA and PFOS
than the other PFASs. As discussed in chapter on toxicokinetic processes (B.5.1), studies with
mammalian species show that PFCAs and many PFASs are readily absorbed and distributed
especially among protein-rich tissues like liver, serum, kidney (Ahrens et al., 2009; Chen et
al., 2021; De Silva et al., 2021; Martin et al., 2003; Shi et al., 2020, 2018). Due the high
sorption capacities (e.g. Armitage et al., 2012a; Luebker et al., 2002), the toxicokinetic
behaviors of many PFASs (uptake, translocation, bioaccumulation, biotransformation,
elimination, etc.) differ considerably from the common hydrophobic and persistent organic
pollutants (Ng and Hungerbiihler, 2013). Indeed, PFAAs were found to sorb strongly to serum
albumin, a globulins, and fatty acid-binding proteins (reviewed in: Ebert et al., 2020). For
instance, PFOA and PFOS preferentially distribute to the liver in most species; PFBA and PFHxS
appear to preferentially distribute to the serum and, to a lesser extent, to the liver in animals
(reviewed Ebert et al. (2020)@:).

The enterohepatic circulation of PFASs likely contributes to their extended elimination half
lives in humans. It was demonstrated that PFBS, PFHxS, and PFOS were transported into
hepatocytes both in a sodium-dependent and a sodium-independent manner by
Na+/taurocholate co-transporting polypeptide (NTCP). PFBS, PFHxS, PFOS and PFCAs with 7-
10 carbons are substrates of organic anion transporting polypeptides (OATPs). Chinese
Hamster Ovary and Human Embryonic Kidney cells were used to demonstrate that human
OATPs can transport PFBS, PFHxS, PFOS and the 2 PFCAs (C8 and C9). In addition, it was
shown that rat different OATPs transport all 3 sulfonates. This study suggests that besides
NTCP and the human apical sodium-dependent bile salt transporter, OATPs also are capable
of contributing to the enterohepatic circulation and extended human serum elimination half-
lives of PFBS and other PFASs (Zhao et al., 2017).

As outlined in chapter B.5.1 on toxicokinetics, in mammals the major route of excretion for
PFASs is renal elimination and to a smaller extent biliary and fecal (Consoer et al., 2014;
Kudo, 2015). For instance, elimination of PFOA in rainbow trout occurred primarily via the
renal route, which is consistent with humerous studies also in mammals suggesting that fish
possess membrane transporters that facilitate the movement of PFOA from plasma to urine
(Consoer et al., 2014).

In both humans and animals, PFASs are transferred to the fetus via the placenta and to the
offspring via breast milk (e.g. Dewitt, 2015). PFASs do not readily cross the mature blood-
brain barrier. This is supported by findings from Harada et al., (2007) in which PFOA and
PFOS cerebral spinal fluid concentrations in adult humans were more than 500-fold lower than
serum concentrations. However, high levels of PFSAs and PFCAs were found in the brain of
wild mammals and birds, e.g. in polar bears or gulls (Leranth et al., 2008; Verreault et al.,
2005).

Also in birds, maternal transfer is a major exposure route for PFASs (Gockener et al., 2020;
Jouanneau et al., 2021; Kowalczyk et al., 2020) though little is known, about the extent of
the transfer of the different PFASs compounds to the eggs, especially for alternative
fluorinated compounds. A recent study by Jouanneau et al., (2021) showed that
contamination of both females and eggs were dominated by linPFOS then PFUNnA or PFTriA.
They measured PFASs, including Gen-X, ADONA, and F-53B, in the plasma of prelaying black-
legged kittiwake females breeding in Svalbard. There was a linear association between
females and eggs for most of the PFASs and maternal transfer ratios in females and eggs
suggest that the transfer is increasing with PFASs carbon chain length, therefore the longest
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chain perfluoroalkyl carboxylic acids (PFCAs) were preferentially transferred to the eggs.

PFCAs are not metabolised in animals (Kudo, 2015). Studies on PFOA as well as PFSAs such
as PFOS (C8-PFSA) and C10-PFSA in rats have shown that they are excreted untransformed
without forming any metabolites or conjugates. Thus, PFCAs are believed to represent
metabolically inert and stable end-stage products. However, certain precursors have in
rodents been shown to transform, to various extents, into e.g. their perfluorinated carboxylate
“backbone structures”, such as 8:2 FTOH that is metabolised into e.g. PFOA and C9-PFCA
(Henderson and Smith, 2007). E.g. neutral volatile atmospheric precursors such as FTOH and
FASA can biotransform in humans and wildlife, contributing to overall exposures of the
arrowhead PFAAs (including PFOS and PFOA) (de Silva et al., 2021).

Conclusion: Many PFASs are readily absorbed and distributed especially among protein-rich
tissues (especially liver, serum, kidney) and, thus, the toxicokinetic behaviors of PFASs differs
considerably from the traditional hydrophobic chemicals. Many PFASs are transferred to the
fetus via the placenta and via eggs, and to the offspring via breast milk.

B.4.3.3. Characteristics influencing bioaccumulation and toxicokinetic
behaviour

Protein binding

Some of the PFASs have been discussed as being proteinophilic rather than lipophilic
substances questioning the usual bioaccumulation assessment scheme.

As discussed in the PFHXA restriction, the relationship between structure (e.g. chain length)
and affinity to proteins is complex and thus still a matter of research

In mammals, serum albumin, fatty acid binding proteins (FABPs) and organic anion
transporters (OATs) have been identified as important to the tissue distribution, species-
specific accumulation, and species- and gender-specific elimination rates of perfluoroalkyl
carboxylates and perfluoroalkane sulfonates (Han et al., 2003; Ng and Hungerbihler, 2015;
Zhang et al., 2013).

Several biological matrices with high sorption capacities and the corresponding distribution
coefficients or binding affinities have been reported for some PFAAs. These include serum
albumin as a transport protein in blood, phospholipids as the major component of cellular
membranes, alpha globulins, and liver fatty acid binding proteins (FABPs) that belong to the
intracellular lipid-binding protein superfamily (Allendorf et al., 2019a; Armitage et al., 2012b;
Bischel et al., 2011; Droge, 2019; Han et al., 2003; Luebker et al., 2002; Sheng et al., 2016;
Weaver et al., 2009; Woodcroft et al., 2010; Zhang et al., 2013). Unlike the accumulation in
adipose tissue, binding to proteins and accumulation in specific organs has a higher potential
to cause adverse effects, since organ toxic effects may arise (B.5.1 on toxicity).

Certain PFAAs tend to accumulate in organisms caused by binding to proteins. A study with
fish (rainbow trout) showed that different Perfluorocarboxylates (PFPA, PFHxA, PFHpA, PFOA,
PFDA, PFUNA, PFDoA, PFTA) and -sulfonates (PFBS, PFHxS, PFOS) accumulate to the greatest
extent in blood > kidney > liver > gall bladder and bioconcentration can be neglected for
carboxylates and sulfonates with F-chain length shorter than seven and six carbons,
respectively (Martin et al., 2003, 2003).

Bischel et al., 2011, investigated with equilibrium dialysis the binding of PFCAs with two to
12 carbons (C2-C12) and PFSAs with four to eight carbons (C4, C6, and C8) PFCAs to bovine
serum albumin (BSA). An increase in the protein water distribution (Kpw) with increasing chain
length was observed for PFCAs with four to six perfluorinated carbons. Log Kew values for
C4 to C12 PFAAs range from 3.3 to 4.3. Affinity for BSA increases with PFAA hydrophobicity
but decreases from the C8 to C12 PFCAs, likely due to steric hindrances associated with longer
and more rigid perfluoroalkyl chains. With the exception of PFDoA over 90% of all PFAAs
were bound to BSA (Bischel et al., 2011).
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Allendorf et al., (2021) analysed a consistent set of distribution coefficients for a series of
PFAAs and 4 of their alternatives to physiologically relevant matrices including albumin,
membrane lipids, structural proteins, and storage lipids. The results of the physiologically
based distribution calculations showed that albumin with the highest partitioning coefficients
as well as membrane lipids, and structural proteins are of major relevance in estimating the
accumulation of PFAAs in different organs. Log Krw values for C7 to C11 PFCAs range from
4.6 to 4.86. For PFSAs with four to eight carbons (C4, C6, and C8) Log Kpw values are 3.34,
4,94 and 4.81 respectively. For HFPO-DA, DONA, 9CI-PF30ONS and PFECHS Log Kew values
are 3.19, 4.06, 5.14 and 4.68 respectively. The albumin/water partition coefficients for the
alternatives (HFPO-DA, DONA, 9CI-PF30ONS and PFECHS) are in the same range as for
classical PFAAs. Structural modifications such as the introduction of ether groups into the
chain do not reduce sorption to albumin, whereas the chlorine atom in 9CI-PF30NS seems to
even increase the sorption to albumin (Allendorf et al., 2019b). This study concludes that the
introduced ether groups do not considerably alter the distribution properties compared to
PFCAs.

As outlined in the monitoring Annex (B.4.2), PFASs are transferred to off-spring, milk and
eggs in many taxa, including livestock species (see review by Death et al., 2021). For
instance, Sharpe et al., (2010) showed that when zebrafish underwent a reproductive cycle
in the presence of PFOS, approximately 10% of the adult PFOS body burden was transferred
to the developing embryos, resulting in a higher total PFOS concentration in eggs
(116 £13.3ug/g) than in the parent fish (72.1 £7.6ug/g). Grgnnestad et al., (2017)
demonstrated in hooded seals (Cystophora cristata) how 8 PFASs were transferred from
mother to offspring via maternal transfer via both milk and the placenta, of which placental
transfer is the dominant pathway reaching high levels in pub plasma.

Apart from serum albumin the binding to other proteins may have an impact. In the study by
(Zhang et al., 2013b). the binding strength to a fatty acid binding protein, a high-abundance
protein in liver, was found to be dependent on the length of the fluorocarbon tail and the polar
headgroup. According to the authors, this dependence can be rationalized by the binding
mode inside the protein’s ligand-binding cavity, as revealed by molecular docking analysis.
The authors conclude that based on their calculation, the potential disruption of the uptake
and transport of fatty acids cannot be ignored.

According to previous studies, shorter chained PFAAS have a comparable high affinity to
serum proteins as do longer chained PFAAs (Bischel et al., 2011). This property is combined
with a markedly higher Kq (Gao et al., 2019). This might, beside placental transfer, also affect
other aspects of accumulation, such as passage of the blood-cerebral barrier. Notably, a
previous comparative study demonstrated occurrence of PFASs in human brain, using
autopsies of various organs that had been sampled from 20 subjects. In this study, the
concentrations of 21 PFASs (C4-C18 PFCA, C4, C6 and C8 PFSA, and perfluorohexyl ethanoic
acid (FHEA), perfluorooctyl ethanoic acid FOEA, and perfluorodecyl ethanoic acid FDEA;
perfluorooctanesulfonamide (PFOSA)) were analyzed in 99 samples of autopsy tissues (brain,
liver, lung, bone, and kidney) from subjects who had been living in Tarragona (Catalonia,
Spain). Note that PFBA levels in lung and kidney tissues are likely overestimated by Perez et
al. (2013) samples showed detectable values of at least two of the investigated compounds.
Although PFASs accumulation followed different trends depending on the specific tissue, some
similarities were observed between liver and brain, on one hand, and between kidney and
lung, on the other hand. In liver, PFHxA, PFOS and FHEA were the most prevalent compounds,
with median concentrations of 68.3, 41.9 and 16.7 ng/g, respectively. PFOS was present in
90% of the samples, while PFOA could be quantified in 45% of the samples (median:
4.0 ng/g). In brain, PFHXA was the main compound, being detected in all the samples at
concentrations ranging from 10.1 to 486 ng/g. The contributions of PFNA (median: 13.5 ng/g)
and PFDA (median: 12.4 ng/g) were also relatively important in brain samples. In contrast,
PFOS was only quantified in 20% of the samples (median: 1.9 ng/g), whereas PFOA was not
detected in any of them. In general terms, lung was the tissue showing the highest
accumulation of PFASs. In contrast, detection of PFHxS and other PFASs was much lower in
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the investigated brain samples (Pérez et al., 2013). Again, further studies are required to
clarify whether this effect is related to neurological or neurobehavioral health risks.

Protein binding is assumed as one of the main mechanisms explaining facilitated tissue
distribution. This hypothesis is supported by the findings of Numata et al., (2014). Four PFSAs
and 3 PFCAs were quantifiable in feed, plasma, edible tissues, and urine of pigs. As
percentages of unexcreted PFAA, the substances accumulated in plasma (up to 51%), fat,
and muscle tissues (collectively, meat 40-49%), liver (under 7%), and kidney (under 2%)
for most substances. An exception was PFOS, with lower affinity for plasma (23%) and higher
for liver (35%) in the body of pigs (see Annex B.4.3.2). Nevertheless, the potential to bind to
BSA may not fully explain the toxicokinetics. Transporter proteins as described above may
also have an impact on toxicokinetics. Apart from this, a study has shown that PFAAs bind to
peroxisome proliferator-activated receptors. This plays a role in lipid metabolism, induces
conformational changes of this receptor and may thus change the function of the protein
(Zhang et al., 2014).

Chain length and chemical structure

Depending on chain length and functional groups PFAS vary in their ability to bioaccumulate.
This has been mainly investigated for PFCAs and PFSAs. As discussed in the PFHXA restriction,
the affinity of PFAAs to proteins is chain-length dependent and increases up to a certain
number of perfluorinated carbons depending on the protein (Ng and Hungerblhler, 2014a;
Zhang et al., 2013).

A study with fish (rainbow trout) showed that different Perfluorocarboxylates (PFPA, PFHXA,
PFHpA, PFOA, PFDA, PFUNnA, PFDoA, PFTA) and -sulfonates (PFBS, PFHxS, PFOS) accumulate
to the greatest extent in blood > kidney > liver > gall bladder and bioconcentration can be
neglected for carboxylates and sulfonates with F-chain length shorter than seven and six
carbons, respectively (Martin et al., 2003).

Shi et al., (2018) investigated how the differential tissue distribution and bioaccumulation
behaviour of 25 PFASs in crucian carp from two field sites impacted by point sources can
provide information about the processes governing uptake, distribution and elimination of
PFASs. Transformation of concentration data into relative body burdens demonstrated that
blood, gonads, and muscle together accounted for >90% of the amount of PFASs in the
organism. Functional group was a relatively more important predictor of internal distribution
than chain-length for PFASs. This may be one reason why whole body bioaccumulation factors
(BAFs) for short-chain PFASs deviated from the positive relationship with hydrophobicity
observed for longer-chain homologues. Overall, the results of Shi et al, (2018) suggest that
TBR, RBB, and BAF patterns were most consistent with protein binding mechanisms, although
partitioning to phospholipids may contribute to the accumulation of long-chain PFASs in
specific tissues.

Ahrens and Bundschuh (2014) published a review paper on the behaviour and impacts of
different PFASs in aquatic systems, including bioaccumulation in various taxa. They showed
that the average PFOS+PFOA concentrations were typically in the ranges of 0.1-10 pg/kg ww
for invertebrates, 1-100 ug/kg ww for fish and reptiles, 1-500 pug/kg ww for birds and 5-
10,000 pg/kg ww for mammals. PFOS concentrations were typically up to 3 orders of
magnitude higher compared with PFOA. The lower bioaccumulation potential of PFOA in
comparison to PFOS was believed to be driven by both a shorter F-chain and differences in
the functional group (e.g. carboxylic acids vs. sulfonates). Branched isomers were measured
and were generally more readily excreted than linear isomers, which lead linear isomers to
appear as more bioaccumula