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The Project:
Mitigation of environmental impact caused by Durable Water and Oil Repellents’ textile finishing chemicals
(DWOR) through a comprehensive study of their associated alternative non-toxic solutions
Project objective:
The main objective of MIDWOR-LIFE is to mitigate the environmental, health and safety impacts of current
Durable Water and Oil Repellents (DWOR) and their alternatives, used in the textile industry, by analyzing
their environmental impact and technical performance in order to assess manufacturers on the best
available technologies to provide liquid repellency on textiles.
The context:
DWOR are textile finishing products made of long chain fluorocarbon polymers to give repellency to water,
oil and dirt to fabrics. These chemicals are persistent and bioaccumulative.
Many perfluorochemicals have already been listed in different European regulations to put emphasis on
their risk for humans and the environment.
These products have been used in the textile industry since many years ago and tentative to replace them
has been done since 2000.
Alternative products are currently proposed by different chemical companies for textile applications,
however, the toxicity and environmental impact of these new alternatives is still unknown.
The substitution of toxic and persistent perfluorochemicals is of high importance as they occupy a high
place in the market and almost all alternatives are perfluorocarbons based products (fluorocarbons
polymers with shorter chain length).
Main Actions:
-

Market study to determine which are the main chemical products used to provide water and oil
repellence (DWOR) and on which textiles they are applied.
Technical performance evaluation of most representative current DWORs and their alternatives at preindustrial and industrial scale in companies.
Determination of the environmental impact and risk assessment of most representative current
DWORs and their alternatives.
Identify DWORs with lower environmental impact and better performances to elaborate a road map
and policy recommendations.
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Textiles
Textiles, intended as not merely related to clothing and apparel, concern the entirety of our society, economy
and full-spectrum technology. Their evolution and continuous improvements have been faithful companions
for the whole mankind’s history, since its very beginning, and still remain inseparable from our everyday
living - across countries and continents, cultures and ages.
Textiles may dress persons or furniture, rooms and vehicles. They provide protection from adverse weather
conditions, from rain and cold to open space and war theatres, or support our health. Regardless their final
use, we share the large part of our life on Earth with textiles, and very few of our activities and industries
may leave some sort of textiles out of considerations. The downside of the coin concerns, necessarily, the
constant contact of such materials with our person: in presence of dangerous substances or pollutants, this
proximity could easily lead to the most various forms of contamination.
Chemicals in textiles may be regarded, from this particular point of view, as a border-zone issue linking
environmental, health and safety concerns and solutions. The chemical risks associated to textiles may
represent a clear harm to the consumer’s health and simultaneously deal with our deeply seated perceptions
and emotions, commonly associated with clothing.1
Despite the widespread diffusion of textiles in our current society, and regardless to the above-mentioned
risks that may adversely affect human health and the environment, there is a likewise lack of information on
relevant issues as the exposure of the general population and the textile-borne chemicals’ impact on human
health. This shortage has been highlighted by most part of the scientific literature consulted during the
drafting of this baseline scenario, and duly lamented by a remarkable amount of scientists and authors; just
for instance, Finnish researchers noted in 2011 that (…) “No studies have investigated the migration of PFOS
and PFOA from textiles into the environment through the washing process”.2 And again for example, toxic
effects are usually estimated via tests on laboratory animals, partially unreliable, though for health risks
human evidence has more direct relevance. Also, the eco-toxicological effects are usually assessed from
laboratory data on standard species.3

Contamination risks related to textile use
When talking about “textile-related risks”, we are dealing with a multitude of different, potential sources of
contamination. Specific toxic risks from textiles may be caused by PBTs, CMR dyes, endocrine disrupting
polymer additives such as APs and DEHP, or even by biocides for internal or external effect, e.g. the ones
used against fungi. Moreover, the biological impacts of chemicals in textiles are not restricted to toxic effects:
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a major category of risks presents direct threats to physical safety, potentially implying harm by suffocation,
fires or accidents due to unpractical clothing and dangerous textile surfaces.4
Antibacterial agents such as silver and triclosan are added to sports clothing, socks, stockings and footwear,
to prevent odour. Home textiles are usually treated as well: anti-mould agents and preservatives contain
many hazardous substances, such as Hg, Zn and Cu compounds, phenols and chlorinated phenols, even PCBs.
These substances can be found especially in imported textiles, and talking about import activities, containers
are usually sprayed with chemicals to protect the cargo from biological degradation or as phytosanitary
requirement of the importing country.5 For instance, perfluorohexane sulfonic acid (PFHxS) emissions are
possible from treated textiles and manufacturing.6 Perfluorohexane sulfonyl fluoride (PFHxSF) and its
derivatives exist on the Chinese market with a production volume of 20 tons per year. The perfluorohexane
sulfonyl fluoride (PFhxSF) and its derivatives is up to 50 tons per year.7
Evidence from a risk assessment of textile products in Germany concluded that the concentrations and range
of substances commonly found in final textile products generally pose minimal health risks to the consumer.
There are, however, some combinations of garments and substances that evidence suggests pose higher
risks, e.g. tight, skin contact garments coloured with allergenic disperse dyes.8

9

It should be also carefully considered that current textiles offer great performances (far greater than in the
past, due to the increasing technological advance and research) at the price of an often complicated
manufacturing process. The chronological distance, technological challenge and processing effort from raw
materials to a final product is larger than before: in ancient times, the span from bare wool or vegetal fibers
to a finished garment was incredibly shorter, if compared to some modern fabrics for technical or medical
4
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use. Today, for instance, non-woven textiles are increasingly used in hygiene, medicine, filters, geotextiles
and even to replace polyurethane. By the way, nonwovens are not woven or knitted and therefore need to
be reinforced, by chemical bonding or by other means.10
Modern textile finishing processes are engineered to improve the properties, maintenance and use comfort
of the product. Pre-treatment of textiles improves the dyeing results and the quality of the final product; to
achieve such performances, washing and bleaching are required. Current textiles are washed to clean the
fibres of spinning oils, dirt, anti-mould agents and pesticides; after all, natural fibres are more often
deteriorated by micro-organisms or insects than synthetic fibres. The most common bleaching substances
are hydrogen peroxide, hypochlorite and chlorite, as well as sodium perborate added to detergents. Dioxins
and other persistent and bioaccumulative toxic chlorinated organic substances can be formed as a residue in
chlorine bleaching.11 Cellulose-based fibres need chemical resin treatment, also for anti-wrinkle effect of the
finished textile article: these chemicals may release formaldehyde.12 Textile washing agents are divided into
soap based and synthetic detergents, the active substances being soap and tensides. Phosphates and zeolites
are used to soften the water and to improve the effect of tensides; phosphates, causing eutrophication of
waters have been replaced by zeolites. The latters, however, need additives including complexants such as
ethylene diamine tetraacetic acid, nitrilotriacetic acid and polycarboxylates. Sodium perborate and
percarbonate are used to bleach stains.13
Other processes of textiles maintenance include adding water or stain-proof coating (impregnation agents)
to shoes and other outdoor textile articles, usually in spray version for the treatment of footwear. Detergents
may contain fibre protection agents and greying prevention agents. Bleaching agents release boron, which is
hazardous to water systems; dry cleaners use organic solvents, hazardous to the environment. Most of the
releases of chemicals in the use-phase of textiles thus come from washing.14
Dyeing agents and different auxiliary substances are widely used in textile dyeing processes, to improve the
attachment of colour into the fibre; preservatives, usually synthetic organic compounds, are used in dye
pastes for printing. There are two types of dyes: textile dyes that attach into the fibres, and pigments that
are attached to the fabric. Such substances are toxic and carcinogenic.15 In other words, great numbers of
different chemicals, many of them poorly known, are added to textiles during the production and finishing
of these articles; such additions and mixtures may happen abroad, with reduced or none control by the
European importer or by the European law enforcers.
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Side-chain fluorinated polymers are widely used in the surface treatment of textiles and leather to provide
water, grease, dirt, and oil repellent properties. These repellents are mainly copolymers of fluoroalkyl
acrylates and methacrylate (Lacasse and Baumann, 2004). They are used in numerous textile and leather
articles such as sports and outdoor clothing, home textiles and upholstery, carpets as well as medical
garments. Apart from finished articles, PFOA-related substances are also used in impregnating agents for
consumer use.16
In the last decades, it emerged a constant need for developing the textile products to satisfy the customers'
demands. Textiles having performance, functional and comfort properties are highly desired and these
properties can be achieved by means of chemical and biotechnological finishes. Modern chemical finishing is
capable of producing fabrics with one or multi-functional properties, such as water and oil repellence,
antimicrobial properties, smell control, ultraviolet protective properties, self-cleaning, etc.
Fluorinated coatings are the most important class of water and oil repellent finishes for textiles, due to their
ability to provide optimum performance in terms of both hydro- and oleophobicity, without impairing the
textile's permeability to air and vapour or modifying the fabric's hand. However, conventional finishing by
such fluorinated coatings does not always show sufficient stability during use, since the finishing agents
mostly constitute only surface layers and do not develop permanent chemical bonds to the textile substrate.
New strategies for textile repellent finishing are therefore required.17
Finishes with repelling properties for water and oil are important for raincoats, as well as for carpets and
furniture, enabling an easier cleaning from water or oil based soils; a textile repellent finish repels water or
oil by reducing the free energy at fibre surfaces. Water repellence can be achieved by means of paraffin
repellents, stearic acid-melamine repellents, silicone repellents and fluorocarbon-based repellents. Paraffin
based finishes are emulsions containing aluminium or zirconium salts of hydrophobic substance, such as
paraffin wax or wax-like substances such as high molecular weights fatty acids and alcohols. Furthermore,
microorganisms may cause harmful effects for textiles and wearers: they cause staining, unpleasant odour
as well as reduction in mechanical strength for textiles and on the other hand they act as a source for cross
infection for textiles wearers. Accordingly, antimicrobial textile finishes are necessary to minimize such
harmful effects. Many finishes can be used to impart textiles with antimicrobial properties such quaternary
ammonium compounds, biguanides, alcohols, phenols, aldehydes, metal ions, metal oxides nanoparticles,
organometallic compounds, chitosan.18
Transparency and durability of surface coatings are particular requirements for textiles. Currently, a major
barrier to widespread commercial use of silane chemistry is the poor durability, in terms of washing and
abrasion fastness, of the resultant hydrophobic surfaces. The durability of water-repellent coatings after
washing, especially for those produced on cotton, remains a challenge because a post-treatment is usually
required to restore the hydrophobic properties. Laundering in fact can reduce the hydrophobicity of treated
fabric surfaces by damaging the links formed by silanes and introducing impurities such as residual
surfactants and moisture. An additional heat-drying step not only helps to remove residual moisture, but also
works to re-crystallize the long-chain alkyl groups on the fabric surface, enhancing the fabrics ability to repel
water (Roe and Zhang 2009; Daoud et al. 2004).19
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Waterproof textiles
Another useful example concerns water repellent treatment, used to lower the aspiration and permeability
of water to the textile: most part of our external layers and garments are, nowadays, waterproof to some
extent, providing at least protection from light rain. This protection, today seen as barely common by the
final customer, has been sought as a Grail for thousand years by large part of human cultures: a stunning
performance, only granted by modern chemistry, by the means of paraffins and compounds based on
chromium stearyl chloride, resins, silicone and fluorine. Current technology provides an efficient shield
against other elements and damages, beyond mere rain: resins and fluorine compounds offer stain proof
resistance, while perfluorinated compounds (PFCs) are commonly used as water, oil and stain proof coating
in textiles, in all-weather technical clothing, footwear, carpets, upholstery, tents and bed linen.20 All these
properties will be duly described, and their technical means evaluated, in this baseline scenario.

Mapping

Norway and Sweden
Norwegian and Swedish investigations of PFASs in all-weather jackets showed an
unbound content of PFCA between <5 and 400 μg/m2 of textile and an unbound
content of PFOS-related compounds between <5 and 100 μg/m² of textile. A study of
PFASs in 11 textiles (mainly all-weather apparel) marketed in Norway by the Norwegian
Pollution Control Authority in 2006 found the following levels of unbound PFASs in the
textiles (number of samples with detectable content of the substances indicated in
bracket): FASA/-FASE (FASAs: Perfluoroalkane sulphonamides; FASEs Perfluoroalkane
sulfonamidoethanols): 023μg/m² (8), PFOS: <0.02-30 μg/m² (9), PFOA: 0.4-34 μg/m².
Germany, Austria, Switzerland
Greenpeace, in 2012, found similar levels in 13 items of outdoor clothing from major
brands purchased in Germany, Austria and Switzerland. The highest concentration of
PFOA was 5 μg/m². PFOS was not detected in any of the samples.

The next frontier: a sustainable, durable oil repellence
This last improvement is of particular relevance: water, stain and oil repellent treatments represent the best
proof of the complexity of current textile’s manufacturing. Today, following significant progress in
understanding and preparation of water-repellent materials, research efforts intensified towards the
development of novel oil-repellent materials. Such materials are much more challenging to develop, since oil
presents significantly lower surface tension than water and the traditional natural examples of bio-mimicry,
like the “lotus leaf” for repelling water, cannot be applied in the same way to repel oils.21 Oil repellence is
way more difficult to achieve than water-repellence, and could be performed by controlling the surface
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chemistry, by controlling the surface texture or by introducing an intermediary liquid layer, basically in three
ways:
1) using fluorocarbon-based materials to allow oil droplets to slide due to gravity at relatively low tilt
angles;
2) combining micro/nano-textures with the aforementioned oleophobic chemistry in order to render
a surface superoIeophobic;
3) using lubricated porous/textured surfaces into a textured/porous surface.
Unfortunately, no-one of these three approaches is deemed suitable for all types of potential applications.
Due to their extreme oil-repellence, coatings can act as protective barriers to the fibres and prevent
contamination from oily substances. The research is still ongoing; for instance, Wang et al., were able to coat
polyester fabrics with a hydrolysis product from fluorinated-decyl polyhedral oligomeric silsesquioxane and
FAS. They reported that the coated fabrics showed superoleophobic behaviour and excellent durability to
acid, UV light, machine wash and abrasion.22

In-depth

DWRs and superoleophobic properties
Durable water and oil repellents are topical finishes, usually applied to fabrics to provide
protection against water, oil and soil. The required performance level of the repellent
finishes is dependent on their intended uses, the apparel products and other important
factors such as their durability to laundering and dry-cleaning, resistance to abrasion and
fabric breathability (ZDHC, 2012).23 Fluorinated finishes are a technology known to deliver
durable and effective oil and water repellence and stain and oil release properties.24
DWRs based on per- or polyfluoroalkyl side chains are the most effective water repellent
(hydrophobic) finishes for textiles. They are also unique: they can additionally deliver lipoor oleophobic properties. In industrial finishing processes DWR polymers are generally
applied as water-based emulsions through a padding process (Speke, 1954). Thereby the
untreated fabrics are immersed in an application bath (Kissa, 2001) with the DWR polymers
and squeezed in a "foulard" (device for textile treatment with two rollers) to remove the
excess liquid to the needed concentration of DWR-poIymer on the fabric. After this
adsorption of DWR polymers to the fibre materials a curing step in an oven promotes the
crosslinking reaction of the fibre reactive groups with the bonding sites on the fabric
(Schindler and Hauser, 2004). The process to form a permanent hydrophobic layer on fibre
materials is very complex and depends on the structure and chemical nature of the
individual fabrics. The end-performance of a DWR finished fabric depends on the fibre type,
the fabric construction (e.g., knit. weave. multilayer), fabric preparation and the DWR
chemistry used. Application process conditions as well as processes that occur after DWR
application (stone-washing, calendaring, embossing) may have an influence, too.
Oil repellence
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In 1997 Tsujii et al. were the first to demonstrate an artificial superoleophobic surface by
roughening aluminium with anodic oxidation and subsequently modifying its chemistry by
depositing a perfluorinated monolayer. In the following years, superoleophobic materials
attracted significant attention due to the numerous potential practical and industrial
applications. Materials that are superoleophobic and at the same time superhydrophilic are
excellent candidates for oil-water separation.25
A chemical functionalisation with fluorinated silanes will convert the surface to oilrepellent. Another alternative fabrication method for obtaining superoleophobic materials
is the electrochemical deposition of conducting polymers.26
The removal of oil-borne stains from polyester/cellulose fabrics by washing presented a
problem for years; the problem is more acute for fabrics in which the cellulose component
is cross-linked to achieve durable-press properties. Diffusion of oily soil into the oleophilic
polyester fibres, hydrophobicity of the polyester fibre surface, and reduced penetration of
the wash solution because of cellulose cross-linking are probable contributing factors in
this problem of difficult washability. To overcome the problem, stain-release finishes have
recently been developed: they are obtained from polymers containing polar groups,
insolubilized on the fabric to provide readily wettable hydrophilic coating on the fibre
surface. The durability of the newly available stain-release finishes is good, and commercial
acceptance has been immediate. Still, much progress can be expected as this new
development reaches maturity and stain-release finishes arc developed for a broader
spectrum of substrates.27
Wrinkle recovery and water / oil repellence are among the most common functional
properties, required without affecting the comfort of the cotton fabric. Market share of the
oil and water repellent finished fabric can be divided into three categories; apparel 40%
(workwear, rainwear, uniform, and outerwear), technical textile 30% (military, non-woven,
and medical), and home textile 30% (curtain, furniture, upholstery, and bed linen). In past,
many chemicals have been utilized to obtain the water repellence for the treated fabric,
which include aluminium and zirconium compounds, paraffin wax, glue and gelatine based
protein substances, pyridinium compounds, chromium and aluminium organometallic
complexes, and silicone compounds. However, most of the chemicals were not durable to
laundering, non-environment friendly, and exhibited no manifest improvement in the oil
repellence of the treated fabric.
The next step forward was the development of fluorochemical finishes and its application
in textile sector in 1960s, which successfully resolved the issue of obtaining the water and
oil repellence simultaneously. The fluorochemical-based repellents have much lower
surface energies than hydrophobic and silicone repellents, consequently imparting both
water and oil repellence together. The excellent chemical and thermal stabilities along with
low surface tension are responsible for extremely better performance of fluorochemical
finishes than other oil and water repellents. The water repellence of fabric treated with
fluorocarbon finish decreased significantly after washing. Therefore, different cross-linkers
are incorporated into the recipe to enhance the washing durability and easy care
performance of the treated fabric.
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Formaldehyde based cross-linkers are the cost and performance effective cross-linking
agents: however, there are alarming toxic issues associated with their use. Formaldehyde
can cause skin irritation, headaches, difficulty in breathing, but above all, it is
carcinogenic.28
Partially fluorinated copolymers are widely used for creating water-, oil-, and stainrepellent coatings on various substrates. Such polymers usually contain perfluoroalkyl
sidechains with CF3 terminal groups, which arrange at the solid/air interphase. Repellent
properties of the coating depend on its surface energy, which is determined by the
orientation of the fluorinated sidechain fragments and has a lower limit of about 6-7 mN/m
for the surface of densely packed CF3 groups. Reaching this limit, and obtaining a thin film
with uniformly aligned hydrophobic sidechains, is not an easy task. The polymer films are
usually applied by liquid phase techniques, which have certain fundamental limitations
caused by surface tension of liquid solvents. Surface tension and corresponding capillary
effects lead to formation of coating nonuniformities and defects, which increase surface
energy thus deteriorating repellent properties and coating durability. Moreover, using
liquids as deposition media in industrial processes such as, for instance, padding process
commonly used for water repellent finishing of textiles, leads to additional environmental
issues. In such a process, fabric is padded through a bath with a water-based dispersion of
hydrophobic copolymer and is then passed through a squeezing roller into a dryer; the
process consumes huge amounts of water as well as energy on the drying stage. However,
the above-mentioned problems may be solved simultaneously by switching from liquid
phase methods of polymer coatings application to dry deposition from supercritical C02.
Indeed, it is a cheap, non-toxic, non-flammable fluid with high diffusivity, low viscosity and
no surface tension driven effects.29
The surface tension of water is commonly larger than the oils’ one (including diesel, petrol,
and kerosene). Therefore, if the surface tension of a solid substrate lies between those of
water and oils, it might show hydrophobicity and oleophilicity. Combining the low-energy
surface with a proper surface design, surfaces with superhydrophobicity and
superoleophilicity on the same surface can be prepared. However, there are only a fewer
number of reports available on surfaces involving both superhydrophobicity and
superoleophilicity. It is considered that such surfaces can be used for the effective
separation of oil from water in a number of potential industrial and domestic applications.
In the past decade, a great number of methods have been developed to prepare
superhydrophobic surfaces of metals, inorganic, and polymers. Currently, to produce a
superhydrophobic coating on textile suffering from instability water-repellent during the
washing is an important issue for fabrication approaches.30

The first and most important step for the fabrication of an oil-repellent surface is the appropriate selection
of constituent base materials: at least one of the base materials must exhibit oleophobic properties.31 The
28

Novel one bath application of oil and water repellent finish with environment friendly cross-linker for cotton; M.
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29
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most common oleophobic substance is water; in liquid-repellent coating works, different types of
fluorocarbon-based materials are used. Such substances are very stable due to the high electronegativity of
the carbon-fluorine bond, while their polarisability is eventually low. Such systems have been recently used
for the preparation of oleophobic and hydrophilic surfaces for antifogging, self-cleaning and oil-water
separation. Regarding oil-water separation, the use of oleophobic/hydrophilic porous surfaces is more
attractive compared to the use of oleophilic/hydrophobic ones, since the process can be gravity-driven;
moreover, hydrophilic surfaces offer better fouling resistance because proteins and many other foulants are
hydrophobic in nature. Other important parameters that affect the oleophobicity of a fluoroalkyl terminated
surface are the length of their hydrocarbon chain.
Another approach for achieving oil repellence is the use of liquid-liquid interfaces, instead of the more
sophisticated solid-liquid interfaces. Usually, the presence of a perfluorinated lubricant is required, since
most of the conventional lubricants are able to repel water or aqueous liquids, but not oils. It should not be
surprising, thus, to know that the number of scientific publications related to the development of oilrepellent surfaces has exponentially increased. Another important aspect for the next generation of materials
will be the improvement of their mechanical characteristics in terms of long-term durability for indoor and
outdoor use since in most cases the performance does not meet the requirements for commercialisation.32
Recently, alternative “green” methods that do not require long-chain perfluoroalkylsilanes are in growing
demand: long chain (≥C5) perfluoroalkane sulfonic acids or sulfonates (PFSA) and (≥C7) perfluoroalkyl
carboxylic acids or carboxylates (PFCA) substances have been deemed too harmful for the environment and
the fauna, including human beings, and therefore forbidden. Concerning the phasing-out of such substances,
it should be considered a significant factor, impacting the selection of whatever chemical: its price. Another
reason against the substitution of hazardous chemicals may be the absence of real alternatives.33

Water repellence (including water-borne stains). Example of suggested products (Marks & Spencer, 2014).34

Supplier

Product

Type

Fibres

Phobotex RHP
Phobotex RSH
Phobotex RHW
Phobotex JVA

Fat modified resin

All

Phobotex WS/BC

Silicone

Synthetics/blends

Phobotex SSR*
Phobotex HSR*

Hydrophilic
copolymer

Synthetic and blends

Archroma

Arkophob FFR

Wax

All

CHT/Bezema

Zero F1

Paraffin dispersion

All

Huntsman

32
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Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
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Arristan HPC*

Hydrophilic
copolymer

Synthetics

H2O Repel

Not known

Cotton, Polyester

Itoguard NFC

Fatty acid/paraffin

Cellulosic, Synthetics

Itoguard NFC 90

Botanical extracts

Cellulosic, Synthetics

Rudolf

Ruco-dry ECO

Dendrimer

All

Sarex

Careguard FF

Not known

All

Schoeller

ecorepel

Paraffin

All

Texchem

Texfin HTF

Modified wax
dispersion

All

Baygard WRC

‘3D’ Molecules

Cotton, blends

Baygard WRS

‘3D’ Molecules

Synthetics, blends

Devan
LJ Specialities

Tanatex

*Products also offering stain release. Stain release is only available for synthetic fibres (Marks & Spencer, 2014).

According to Rudolf Group, manufacturer of PFAS-based impregnating agents based on C6 and C8 chemistry
as well as alternatives based on dendrimer technology, the dendrimer-based agents have some drawbacks
as they do not provide oil repellence. The dendrimers technically have some advantages in providing soft
textiles and excellent low-temperature curing. Prices are indicated as "very competitive".35

Comparison of performance of impregnating agents supplied by Rudolf Group as described by the Company (2010).36

Performance

C8-chemistry

C6-chemistry

Bionic-Finish ECO
Dendrimer
technology

Water repellence

Very good

Very good

Very good

Oil repellence

Good

Alike

No oil repellence

Washing durability

Very high

High

High

Dry cleaning

Good

Moderate

None

Low-temperature curing

Poor

Good

Excellent

Handle

Moderate

Slightly softer

Soft

35
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36
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Price

"Normal"

Higher

Very competitive

Similarly, Archroma, producer of an alternative impregnating agent based on encapsulation wax technology
and various PFAAS-based agents, indicates that the non-fluorinated alternatives have the drawbacks of not
providing oil and alcohol repellence, as well as oil and water-based stain release, as showed below. All types
of agents provide water repellence.37

Comparison of performance of impregnating agents as described by the Archroma (2014).38

Water
repellence

Oil
repellence

Alcohol
repellence

Stain
release *

Abrasion
resistance

Self
cleaning

F(Meth)Acrylates

+

+

+

+

+/-

-

F-Urethanes

+

+

+

+

+

-

F-Silicones

+

+

+

+

-

-

F-Particle

+

+

+

-

+

+

(Meth)Acrylates/
Urethanes

+

-

-

+/-

+/-

-

Silicones

+

-

-

-

-

-

Waxes

+

-

-

-

-

-

Dendrimers

+

-

-

-

+/-

-

Particle

+

-

-

-

+

+

Performance
Fluorinated

Non-fluorinated

* Oil and water-based stains.

Risk assessment, environmental impact and uncertainties
It is worth noting that textile-related chemicals varied widely in the last decades, and that the volume of
chemicals released to the environment from textile processing has decreased, thanks to the correct

37
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A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
38
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implementation of wastewater treatment systems (Priha and Riipinen, 2005).39 Anyway, also due to these
successes, attention shifted: these chemicals may get insufficient attention, or interest in their management
may fade, such as it happened with formaldehyde. Another key restriction and problem in framing is that it
often tends to be too rigid.40
This is not, of course, a problem only related to the chemical use in textile industry. An estimated bulk of
35,000 chemicals are on the EU market in volumes above 1 tonne per year, and over 60% (by tonnage) of
these are hazardous to some degree to human health and/or the environment. These are not just ‘chemical
products’ (paint, glue, detergents, solvents, pharmaceuticals); they virtually include all kinds of materials, as
metals, plastics, paper, glass. Millions of articles used every day consist of chemicals, are manufactured using
chemicals and are treated with chemicals (e.g., coatings, or preservatives). Hazardous chemicals are known
to be used in a vast array of consumer articles, from clothing/textiles, furniture, buildings and infrastructure,
electronics and vehicles to tinned food linings, medical devices and toys. Scientific evidence is mounting that
the exposures from everyday products, including articles, are exposing modern society to multiple hazardous
chemicals, and that these chemicals, even at low dose levels, can give rise to subtle but long-term health
effects such as reduced fertility, lower birth weights and neurodevelopmental diseases. Pathways of
exposure to chemicals in products involve indoor air as well as household dust.41
In total, two thirds of EU chemicals sales go to the manufacturing sector and one third to agriculture, services
and other industries; the chemical manufacturing industry is the third largest in the EU, accounting for 7% of
the EU’s industrial production. It directly employs around 1.2 million people and generates nearly 3.6 million
indirect jobs. In terms of chemicals sales, the EU chemical industry represents 17% of the global market,
behind China (34%) but before NAFTA countries (Cefic, 2014). The use of chemicals is ever increasing: from
1950 until 2000, chemicals production expanded 60-fold by tonnage. Global chemicals sales more than
doubled between 2004 and 2014 (from €1,458 billion to €3,232 billion) and the total value of EU sales
increased by 80% in the same period. Growth is expected to continue by 4% every year by 2020, and by 2035
global revenues are expected to have doubled compared to 2015 (Roland Berger, 2015). Over 100,000
chemicals are present on the EU market today, with some 35,000 chemicals marketed in volumes above 1
tonne per year. Moreover, the number of known chemicals continues to grow. The CAS Registry, which
already lists over 129 million unique organic and inorganic chemical substances, is reportedly updated with
another 15,000 substances every day.42
One way or another, over 60% of the whole tonnage of chemicals on the EU market are hazardous to human
health or the environment. Diseases linked to exposure to hazardous substances include cancers,
neurological disorders, allergies and other acute and chronic health effects, resulting in socioeconomic costs
for the EU. As an illustrative example, exposure to endocrine disrupting chemicals has been estimated to
cause €157 billion in annual health care costs and lost earnings (Trasande et al, 2015). There is a particular
concern for the unborn child, young children and women in the fertile age; and damage to biodiversity and
ecosystems is also of the highest concern. For instance, the use of tributyltin as anti-fouling marine coatings
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caused the decline of the population of shellfish, with an associated economic loss estimated in €22 million
per year to the UK shellfish industry alone (Giacomello et al, 2006).

43

In such a wide scenario, it should not sound surprising to know that it’s often too complicated to assess the
potential risks entailed by chemicals in textile industry alone. The environmental impacts of textile finishing
are dictated by various factors and percentages, like the chemicals actually used, their hazardous properties,
their use amounts and patterns (including the locations of application) and the subsequent treatment. The
chemicals are often released primarily to air and water: releases can take place at various stages, including
from textile wastes.
Functional chemicals may not be tightly bound to the fibers: these chemicals can evaporate, wear or be
washed out of the material over time. Released chemicals can be captured for treatment from waste waters,
solutes and other streams generated in textile maintenance, especially in cleaning operations. Some
chemicals (e.g. NPEs) can however not be readily removed from waste water by usual treatment methods,
thus they end up in the aquatic environment. Maintenance of textiles includes washing or other forms of
cleaning, mainly dry cleaning with solvents, and other means of maintenance.44
Both humans and other organisms are at risk when such substances are released in the environment, and
wildlife impacts tend to be greater: it has been endlessly showed how releases of chemicals from textiles
directly enter the environment. The emitted chemicals cycle in ecosystems, in many cases over prolonged
periods, concentrating in biota. Chemicals in textiles present a special challenge for risk management:
humans and animals alike can be exposed to textile parts, especially in the case of synthetic textiles. The
biological effects of chemicals in textiles depend, besides exposures, on their toxicity and on other properties
influencing effects.45 The frequency and timing of exposures and risks is important; risks are directed
according to the chemical, the specific textile and the use setting to precise environmental compartments.
43
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These include, of course, water courses and soil or waste matrices.46 POPs (Persistent Organic Pollutants) in
textiles have global or circumpolar distribution, through long-range transport, but other relevant risks are
posed by formaldehyde and other hazardous chemicals. Toddlers and children are highly sensitive to
chemical exposure, directly through placenta or via milk ingestion.47
In the wake of stricter environmental policies at European level, fuelled by the increasing attention of the
public opinion, chemical producers and textile manufacturers took some voluntary initiatives, like riskreducing measures and voluntary reduction in emissions.48 At all stages, some emissions of textile chemicals
occur to the environment; consumers are becoming more aware about chemical risks and environmental
impact, and various textile and garment companies were persuaded to restrict the use of certain chemicals.

Textile waste as a potential source of contamination
Ironically, even the dismissal of potentially harmful substances and treated textiles may represent a huge
environmental danger, and must therefore be dealt accordingly: for instance, textiles were identified as an
important stock of antimony (an element of intermediate environmental toxicity), AP/APEO, brominated
flame retardants, antibacterial substances and polyfluorinated compounds, etc.
Clearly, current economic and environmental concerns strongly underline the virtuous relevance of recycling,
but the reuse of textiles would also reverse and postpone this flux of chemicals to end-of-use phases. More
in detail, transforming textiles into recycled material requires a mechanical process, obtained by melting or
chemically: in the mechanical method, textiles are shredded into fibres which are spun into threads, used in
fibre fabrics or used as filling materials. In melting process, the textiles are transformed back to the original
material chemical intervention.
Regardless the process’ choice, modern and up-to-date waste incineration plants are able to treat most part
of the chemicals contained in textile wastes, breaking them down to relatively harmless residues; instead, in
absence of high-tech incinerators, or when using an insufficient emission control technology, these very same
chemicals will be surely released by the disposed textile waste. Mixed materials, often recurrent when talking
of modern textiles, may also represent a problem in the recycling process.49 The use and dispersal in the
environment of very persistent (vP) chemicals represent another significant threat to health, environment
and natural resources - water, first. Due to technical/functionality reasons, such chemicals are widely used
in a broad range of applications. However, concentrations of chemicals with a high degree of persistence will
tend to build up and eventually reach levels where harmful effects to human health and natural resources
may occur.
It should be also considered that most of DWR-finished garments undergo a reduction in repellence during
the textile's lifetime (Arunyadej et al., 1998; Leonas, 1998). The change of this macroscopic material property
is a clear argument for the loss of chemicals from DWR finished fabrics and several mechanisms are
46
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conceivable. Loss processes can occur from the surface of the fabric or from fragments like fibres (Abdullah
et al., 2006) or particles into the environmental compartments. The increased surface area of these
fragments (Abdullah et al., 2006; Browne et al., 2011; ÖzdiI et al., 2012) can result in faster loss rates.

In-depth

Stakeholder initiatives related to textile industry
The so-called Zero discharge of chemicals initiative (ZDHC) was started by six textile
brands, with the aim to phase-out the most hazardous substances. In 2015, the number
of participating brands increased to nineteen.50
ChemSec launched a guidance on identification of the hazardous substances present in
textiles by following the entire production process. In addition, they provided ideas on
phasing-out of these substances.
The NGO Greenpeace has run its so-called ‘detox’ campaign on textiles since 2011. The
campaign requests committed textile producers to phase-out 11 groups of substances
of high concern in their products by 2020. In total, 70 brands signed the commitment,
which represents 15% of global textile production, according to Greenpeace. The
campaign includes awareness raising actions and the publication of several reports
analysing the content of certain hazardous substances in clothing.51
Nanomaterials and nanotechnological applications are increasing rapidly also in
textiles, for several purposes, both technical and cosmetic. Regulatory and nonregulatory governance of nanomaterials is still very unclear and insufficient, especially
regarding environmental and health risks. Nanomaterials are, to some extent, covered
by the REACH legislation.52

Several studies (Berger and Herzke, 2006; Dinglasan-Panlilio and Mabury, 2006; Dreyer et al., 2014; Hanssen
and Herzke, 2014; Herzke et al., 2012; Knepper et 2014; Santen and Kallee, 2012a,b; Schlummer et al., 2013)
demonstrate the loss of residual PFASs (i.e. impurities: e.g., FTOHs, alkyl FASEs, PFAAs) from textiles, thus
proving the relevancy of these loss mechanisms. However, according to the producers of state-of-the-art
side-chain fluorinated polymer DWRs, the amount of PFAS residual impurities, e.g. PFOA, can be reduced to
the ppb concentration range and producers were committed to achieve these reductions under the US EPA
2010/2015 PFOA Stewardship Program (Daikin, 2016: Rudolf Group, 2016). By 2014 the companies taking
part in the Stewardship programme reported reduction in product content of PFOA its precursors, and higher
homologues in fluoropolymer dispersions, other fluoropolymers and telomer-based products, to 94-100%,
depending on product type and company (US EPA, 2014). Actual concentrations of perfluoroalkyl carboxylic
acid (PFCA) residues were reported by a few companies and were between <0.5-500 ppb (Daikin, 2016;
Rudolf Group, 2016). Several research groups investigated the degradation of fluorotelomer-based acrylate
polymers (FTACPs) in aerobic soils as a potential source of PFCAs to the environment. These polymer particles
might be related to fibre fragments that can be released from garments with side-chain fluorinated polymer
50
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DWR finishes. A study in soil by Washington et at., (2009) on degradation of grained FTACPs, estimated
degradation half-lives of 870-1400 years. Furthermore, a reduced half-life of 10-17 years was modelled for
particles that were 300 times smaller, assuming that the degradation is surface-mediated. In a follow up
study soil half-lives of commercial FTACPs, placing large efforts to minimise effects of residuals on the results,
soil degradation half-lives were determined to be 33-112 years (Washington et al., 2015).53
Various types of silicone polymers based on PDMS have been shown to contain residual levels of cyclic
volatile methyl siloxanes due to residues from manufacturing processes; e.g. octamethylcyclotetrasiloxane
(D4) (430-3360 ppm) (Brooke et al., 2009b) and decamethylcyclopentasiloxane (D5 570-3110 ppm Brooke et
al., 2009a). Hydrocarbon-based repellents made by paraffin waxes (Marino, 1998), or DWRs based on fatty
acid side chains (Lalman and Bagley, 2001) will have similar mechanisms of polymer degradation through
photo-oxidation and hydrolysis as previously discussed for side-chain fluorinated polymer DWR technologies.
In contrast to side-chain fluorinated polymer DWR products, hydrocarbon DWRs have a high chance of
complete biodegradation over time (Archroma, 2014). However, the degradation pathways of state-of-theart hydrocarbon DWRs are not fully understood and further investigations are required to obtain knowledge
about their relevancy as a release mechanism of environmental pollutants.
According to the manufactures dendrimer based DWRs are not expected to contain (Möller, 2009) or release
nanoparticles to the environment. Fabrics containing inorganic nanoparticle based DWRs will presumably
release inorganic nanoparticles to the environment as a result of abrasion (Su and Li, 2010). There are no
published studies on the loss of chemicals or particles from dendrimer or inorganic nanoparticle DWRs.54
Non-fluorinated alternative technologies such as hydrocarbon waxes and silicones can provide durable water
repellence (DWR; aka hydrophobic properties) but do not provide oil repellence or soil and stain release.
Hyperbranched hydrophobic polymers and specifically adjusted comb polymers as active components is one
example of nonfluorinated alternative technologies that can provide superhydrophobic surfaces (but not
provide oil repellence, soil and stain release). There is currently no publicity available data concerning
quantities used of alternatives on the market. It is hard to assess risks for these substances since there is little
known about their path ways into the environment and to humans.55
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56

In Europe, municipal sewage sludge containing much of the chemicals released from textiles in households
are recycled to cultivation areas; this kind of sludge is usually processed by aerobic composting or anaerobic
fermentation. Once disposed, textile waste may represent a long-period threat which may span over
prolonged periods, especially in the case of PBTs that accumulate in food-webs and may become sufficiently
concentrated in living tissues to impair their normal functions. These substances can cause exposure over
several generations, and textile fibres may be preserved over many centuries.

The usage of priority substances, defined in the EU’s Water Framework Directive and the HELCOM’s Baltic Sea Action
Plan, in Finnish textile sector or potentially occurring in imported textile articles (Finnish Ministry of the Environment,
2005; HELCOM, 2009; Mehtonen et al., 2010):57
Priority
substance

Usage in textile sector

DEHP

Plasticizer in carpets and
textiles made of flexible PVC
(e.g. coated fabrics)

Amount used in
Finnish textile
sector, t/year
150 (2008; may
include other
plastics)

BBP

Plasticizer in carpets and
textiles made of flexible PVC

Used in 2008;
amount confidential

Yes

No identified used
since 2002

Yes;
emission
potential
high
Possible

NP / NPE

Wool scouring, fibre
lubricating, dye levelling
(clothes, towels)

OP / OPE

Coatings of textiles

Not used

56

Present in
imported
textiles
Yes

Emission stages and
compartments receiving
emissions
During washing; to waste water.
During use; via volatilization to
air. Waste deposits; to leachate
and air
During use; via volatilization to
air. During washing; to waste
water. Waste deposits; to water
and air
During washing in factory and
households; to waste water

During washing in factory and
households; to waste water
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1,2dichloroeth
ane
Dichlorome
thane

Protection of cargo (during
storage and transport

SCCP
pentaBDE

decaBDE

HBCD

Minor in 2008;
confidential

Possible

During use and waste stage; to air

Glue used in manufacture of
textiles

Significant 2006;
confidential

Possible

Water-proof clothes,
industrial protection clothes
Flame retardant in special
carpets, protection clothes,
bedding with flexible PU
Flame retardant in curtains,
upholstery fabrics & carpets

Not in use

Possible

Not in use

Possible

Not in use

Possible

Flame retardant in textiles

Not used

Yes

Not used

Possible

Not used

Possible

During use; to air and waste water
waste stage; to air and waste
water
During washing; to waste water
waste deposits; to waste water
During washing; to waste water.
During use; via volatilization to air
wastes; to leachate and air
During washing; to waste water.
Waste deposits; to waste water.
Waste incineration plants; to air
During washing; to waste water
waste deposits; to waste water
During washing in factories and
households; to waste water
During washing; to waste water
waste deposits; to waste water

Significant 2006;
confidential
used in 2008;
confidential

No

During washing; to waste water

Possible

During washing; to waste water
waste deposits; to waste water

Possible

During use in factory; to waste
water
During washing; to waste water
waste deposits; to waste water

Endosulfan Cotton textiles containing
endosulfan residues
TBT, TBTO Preservative in pillows,
canvas, clothes, flooring,
wallpapers etc
Tetrachloro Cleaning agent in dry
ethylene cleaning
1,4Biocide use in finishing of
dichlorobe textiles (e.g. army clothes)
nzene
Bronopol Wetting in manufacture of
clothes
PFOS
Impregnation of textiles such
as clothes

used in 2009;
confidential
Not used anymore
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Yes

Semi-quantitative appraisals of environmental risks from key chemical classes in textiles, emphasizing chemicals
reported in Finland or commonly present in imported textiles, broader impacts, and social and management aspects.
+/++/+++ = rather/relatively/ very significant.58
Chemical
(class)

Uses

Exposures

Persistent organic pollutants
PBDEs,
++
diet, inhal.
HBCD
(dust) etc
SCCPs
++
diet, inhal.
(dust) etc
TBT
+
diet
compoun
ds
PFOS etc ++
diet, inhal.
PFCs
outsi
de
EU
PeCP
++
diet
outsi
de
EU
PBBs,
+
diet
PCBs
outsi
de
EU
Triclosan ++
diet,
dermal

Ecological risks Human
Benefits
health risks

Risk
distribution

+++

++

+++

++

(fire)
safety
technical

+(+)
(reprod)

+

technical

prolonged,
++
long-range
prolonged,
+
long-range
mediumrange ++

++(+)?

+ (also
indirect)

technical
(cooling
etc)

+ (also
PCDD/Fs)

+ (also
PCDD/Fs)

+(+), PCB
reduced

+(+), PCB
reduced

+(+), aq.
bacteria

+(+)
cancer,
hormonal
?

Toxic chlorinated aliphatic industrial chemicals
1,2-DCE, ++
+, inhal.
DCM
TCEe,
TeCEe
+
+, inhal.
(dry
clean
ing)
1,4-DCB
++
+, inhal.
+

+

+
(worker);
cancer?

long-range,
lagged (O3)

Management
implications

restrictions
restrictions
restrictions
(targeted)

++

more global
control

technical med.-range;
(preservat precursor
)

+

restrictions,
import

none
(PCBs
substitute
d)
aesth
(odor)

long-range /
young

++ (+ for
PCBs)

phased out;
dioxin links

chronic also
indirect

+(+)

more global
control

technical

immediate

+

reduce use

+

reduce use
(cleaning)

tech./safe immediate
ty
(nonflamm)
+
tech/pres intermediate
erv
Endocrine modulating industrial chemicals (in addition to some of the POPs above)
DEHP /
++
inhal., diet ++
+(+),
technical infants and
phthalate
reprod
embryos
s
NP/NPEO ++
inhal., diet ++ (textile
+(+),
tech., also infants and
s,
share?)
reprod
aesth
embryos
AP/APEOs
(dye)
Carcinogenic organic compounds
Azo dyes ++
dermal,
(-)
++
limited
chronic
(some)
outsi diet, inhal.
(cancer)
(aesthetic
de
)
EU
58

Uncertainties

+

++

substitution

++

substitution

++

global
control,
substit.

Risk management and governance of chemicals in articles. Case study textiles; Timo Assmuth, Piia Häkkinen, Jaana
Heiskanen, Petrus Kautto, Päivi Lindh, Tuomas Mattila, Jukka Mehtonen and Kristina Saarinen; 2011; Finnish
Environment Institute;
23

Sensitizing organic compounds
Formalde +++ inhal.
hyde

+++ (also
workers)

tech. +
saf.,
aesthetic
technical

immediate

+ (expo)

Isocyanat +
inhal.
(-)
++ acute,
immediate
+
es
+/wa
also
terpr
chronic
oofin
g
Biocides (other than those above; including pesticides, herbicides and other Plant Protection Products)
DMF
++,
contact +
+
++, skin
technical acute and
+
non- volatil.
burns,
(preservat allergic
EU
rash
.)
furni
t.
Aldicarb, +++ +++, cotton +++
+++,
pest
cultivation
+ (++ for far
parathion (fibr agr.
control
areas
risks)
e
prod
uct)
Toxic heavy metals and elements
Cd, Hg,
++
inhal., via
+
+ (fraction tech.,
prolonged,
+ (++ for
Pb, As
dust
of total
aesth.
chronic
expo)
intake)
(dyes)
Cr, Ni
++
direct
++,
tech.,
prolonged,
+ (++ for
contact
allergies
aesth.
chronic
expo)
(cancer/
(dyes)
Cr)
Nanoele + (in- ?
? – also
? – also
tech./envi unknown
+++
ments
creas (unknown) indirect
indirect
ron
ing)
benefits
Other textile constituents and textile treatment chemicals
Perchlora ++
diet, inhal. +
+, thyroid technical acute mainly +
te
PVC
+++ indirect
+ (also
+
technical indirect
+
physical)
(reaction
products)
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further
reduction
further
reduction

reduced in EU

biol/integrat.
pest control

more global
control
improved
implement.

regulations to
be given

improved
implement.
to be
considered

Repellents overview
Following this introduction on water, stain and oil repellence, we will deepen the current state-of-the-art on
repellents: properties, features, environmental impact, as follows.

Summary of technical main properties regarding repellence, availability price, health properties and environmental
properties.59

Type

Paraffin-based
repellents

Silicone-based
repellents

Technical properties

Durable water
repellent - no oil and
alcohol repellence

Durable water
repellent - no oil and
alcohol repellence

Availability; price *

Health properties of
impregnation agents *

Environmental
properties of
impregnation agents
**

Many products on
the market. The
agents are cheaper
compared to the
PFAS-based, but
requires a higher
dosage

The main ingredient in
most products is paraffin
oil/wax, i.e. mixtures of
long chain alkanes (linear
aliphatic hydrocarbons),
which is harmless in its
pure form. The
compositions of the
products are mainly
confidential, but some
products also contain
isocyanates, dipropylene
glycol, metal salts or
other unspecified
substances, which may
be harmful.

Most components are
readily biodegradable,
are not
bioconcentrated or
accumulated in
organisms and food
chains, and aquatic
toxicity is insignificant

Many products on
the market. Price
approximately the
same as PFAs-based

59

Not enough data for a
detailed evaluation.
Unclear which
siloxanes may be
present at trace levels
in the agents. Some
cyclic siloxanes are
PBTs. Lowmolecularweight
poly(dimethylsiloxanes)
and
Unclear to what extent
polydimethylsiloxanes
cyclic and small linear
siloxanes may be present (PDMS) have low
toxicity and are not
at trace levels in the
agents. Specifically, D4 is considered PBT or vPvB
substances.
suspected of damaging
The silicones most used
in textile impregnation
agents are based on
polydimethylsiloxanes
(PDMS). These siloxanes
are registered in REACH,
they are inert and
generally have no
adverse effects.

Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
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fertility, and D5 is a
potential carcinogen.

Dendrimerbased
repellents

Polyurethanebased
repellents

Other
repellents

Durable water
repellent - no oil and
alcohol repellence

Durable water
repellent - no oil and
alcohol repellence

Durable water
repellent - no oil and
alcohol repellence

Few products
identified. Price
range from
approximately the
same as PFAS-based
to slightly more

According to the
producer’s information,
these products should
not be labelled or
classified as harmful. The
product compositions
were not specified
sufficiently for an
assessment, but some of
the products contain
unknown siloxanes
(likely among those
discussed above),
cationic polymers,
isocyanates or powerful
irritating organic acids.

Not enough data for a
detailed evaluation.
According to the
producer’s
information, these
products should not be
labelled or classified as
harmful for the
environment.

One product
identified. Price
approximately the
same as PFAS-based
to slightly more

According to the
producer’s information,
the product should not
be labelled or classified
as harmful to health.
Nevertheless, several
health hazard precaution
phrases are mentioned
in the MSDS.

Not enough data for a
detailed evaluation.
According to the
producer’s
information, these
products should not be
labelled or classified as
harmful for the
environment.

It is indicated by the
manufacturer that the
product includes “no
reportable quantities of
hazardous ingredients".
However, no
documentation for this
was provided, and some
risk phrases were
mentioned for the
product indicating skinand eye irritating
properties and
harmfulness if
swallowed.

Not enough data for a
detailed evaluation. For
one commercial
product it is indicated
by the manufacturer
that the product
include “no reportable
quantities of hazardous
ingredients

Few products
identified. Price
approximately the
same as
PFAS-based

* Price comparison is approximate as the price of PFAS-based repellents and the alternatives vary between
specific repellents and also by specific applications.
** Concerns the substances in the agents and not trace levels of raw materials or degradation products.
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Repellents assessment60
Paraffin repellents - Environmental assessment: the products included in this group are liquid emulsions
that, according to their producers, should not to be classified as hazardous for the environment.
Silicone repellents - Health assessment: today, the mainly used silicones in textile impregnation agents are
based on poly-dimethylsiloxanes (PDMS). Various other siloxanes, especially the cyclic siloxanes known as
D4, D5 and D6 and the linear siloxanes HMDSO, MDM, MD2M and MD3M, are intermediates for synthesis of
silicone polymers used for textile impregnation.
Silicone repellents - Environmental assessment: siloxanes are persistent and are widespread in the
environment. They are found mostly in urban areas as well as in the aquatic environment. The siloxanes are
removed from the aqueous phase by sedimentation, and have a long half-life in sediments. The
bioconcentration factors and bioaccumulation factors for D4 are high, indicating D4 may have a high potential
to accumulate in aquatic organisms.
Dendrimer-based repellents - Health assessment: according to the producer’s information, these products
should not be labelled or classified as harmful. The product compositions were not specified sufficiently for
an assessment, but some of the products contain unknown siloxanes, cationic polymers, isocyanates or
powerful irritating organic acids.
Dendrimer-based repellents - Environmental assessment: according to the producer’s information, these
products should not be labelled or classified as harmful for the environment, but on the basis of the available
information, it is not possible to evaluate these statements.
Polyurethane repellents - Health assessment: according to the producer’s information, the product should
not be labelled or classified as harmful to health.
Other repellents - Health assessment: for one commercial product, described as a non-ionic polymer, ester
and hydrocarbon compound, it is indicated by the manufacturer that the product includes (…) “no reportable
quantities of hazardous ingredients". However, no documentation for this was provided, and some risk
phrases were mentioned for the product indicating skin- and eye irritating properties, and harmfulness if
swallowed. Therefore, it was not possible to verify the producers’ claim that it is a non-hazardous product.61

60

Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
61
Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
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Alternatives assessment
There has been a huge debate, in recent years, about the application of the substitution principle for
hazardous chemicals;62 for instance, concerning fire safety, increased fire hazard may arise if these chemicals
will be completely restricted.63 Many of the non-fluorinated alternatives are not very persistent and
bioaccumulative, but some of them are more toxic than the PFCs (perfluorinated compounds). However,
there is a lack of public data on the properties of the non-fluorine alternatives to the PFCs, which often are
protected by commercial secrecy, and because most part of the academic research has been focused on the
polyfluorinated chemicals.64 Various scientific works and reviews lamented the general lack of information
on all the available alternatives, or of all the properties and features of a single alternative, thus creating
strong difficulties to any possible full-scale assessment.
For instance, a recent review of non-PFAS alternatives for water repellence and stain release from the apparel
manufacturer Marks & Spencer (2014) provided a non-exhaustive list of products with an indication of
repellent types and the fibres that can be treated. The review (Marks & Spencer, 2014) also listed a few PFASfree products offering stain release. For Arristan HPC, product details were not available on how stain
repellence was achieved from the report or the suppliers’ website. Technical data sheets of the Phobotex
products disclosed that the property applies only to water-based stains and not to oil-based stains.65
Due to the increasing concern about the persistence and bioaccumulation of PFOS, PFOA and other longchain perfluorinated alkyl carboxylic acid and alkyl sulfonic acids, a number of shorter chain alternatives,
notably butane-based products (e.g. PFBS), have been introduced. These substances have been shown not
to bioaccumulate due to rapid elimination in multiple organisms tested. However, as a result of this
conversion, increasing levels of e.g. PFBS in surface waters have been observed (Buck et al., 2011). This
indicates that the alternatives are also significantly persistent in the environment.66
For most of the alternative impregnation agents reviewed, there is insufficient qualitative and quantitative
public information about the ingredients. Most products do not have information available because they are
protected by trade secrets. It is unclear to what degree these siloxanes are ingredients or impurities in the
commercial products. For all of the alternatives, hardly any information on trace levels of raw materials,
intermediates and degradation products in the final textile products is available. Furthermore, no data on
the possible formation of hazardous degradation products by waste disposal of the textiles are available.67
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Study for the strategy for a non-toxic environment of the 7th Environment Action Programme; Final Report; Milieu
Ltd, Ökopol, Risk & Policy Analysts (RPA) and RIVM; 2017; European Union, 2017
63
Risk management and governance of chemicals in articles. Case study textiles; Timo Assmuth, Piia Häkkinen, Jaana
Heiskanen, Petrus Kautto, Päivi Lindh, Tuomas Mattila, Jukka Mehtonen and Kristina Saarinen; 2011; Finnish
Environment Institute;
64
Survey of PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances; Carsten Lassen (1),Allan Astrup
Jensen (2), Alexander Potrykus (3) - 1 COWI A/S, Denmark 2 NIPSECT, Denmark 3 BIPRO, Germany; 2013; The Danish
Environmental Protection Agency;
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Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
66
Survey of PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances; Carsten Lassen (1),Allan Astrup
Jensen (2), Alexander Potrykus (3) - 1 COWI A/S, Denmark 2 NIPSECT, Denmark 3 BIPRO, Germany; 2013; The Danish
Environmental Protection Agency;
67
Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
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Since 2002, there has been a trend amongst global manufacturers and downstream users to replace longchain PFASs, in particular PFOS and PFOA, with alternative chemicals or non-chemical techniques.
Commercially available alternatives to long-chain PFAS are:68
●

●

●
●
●
●
●
●

substances with shorter per- or polyfluorinated carbon chains:
6:2 fluorotelomer-based chemicals as replacements of their higher homologues
perfluorobutane sulfonyl fluoride (PBSF)-based derivatives as replacements of chemicals based
on perfluorooctane sulfonyl fluoride (POSF) in surface treatment and coatings;
mono- and polyfluorinated-ether-functionality compounds (e.g., polyfluoroalkyl ether
carboxylic acids are alternative processing aids for fluoropolymer manufacturing);
fluorinated oxetanes;
other fluorinated polymers.
It should be noted that some PFAS-manufacturers in China and Italy have initiated the
production of perfluorohexane sulfonyl fluoride (PHxSF) and its derivatives as replacements of
POSF-based chemicals (e.g., in textile finishing agents). However, these substances are not
suitable as alternatives, since they are potential precursors of PFHxS that is also defined as a
long-chain PFSA.
non-fluorine-containing substances:
propylated naphthalenes or biphenyls (as water repelling agents for rust protection systems,
marine paints, coatings, etc.);
fatty alcohol polyglycol ether sulphate (as levelling and wetting agents);
sulfosuccinates (for surface coating, paint and varnish);
hydrocarbon surfactants (for photographic industry);
naphthalene derivatives,
siloxanes and silicone polymers (for impregnation of textiles, leather and carpets or for surface
coating, paint and varnish);
stearamidomethyl pyridine chloride (for impregnation of textiles, leather and carpets);
polypropylene glycol ether, amines, and sulphates
non-chemical techniques.

Due to confidentiality and trade secret concerns, many of the health-related and environmental profiles of
some alternatives data have not been published or made publically available.69 In summary, it can be anyway
concluded that no alternatives matching the PFAS-based repellents on all technical parameters are available.
For some applications, where repellence against oil, alcohol and oil-based dirt is not required, the alternatives
are considered to provide acceptable properties at costs at the same level as the costs of using the PFASbased agents.70 Instead, alternatives to PFOS for impregnation or coating of textiles, leather and carpets as
well as coating agents are well known. Dendrimers are used as non-fluorine alternatives to PFOS as water
proofing agents on textiles and as coating agents.71
68

SYNTHESIS PAPER ON PER- AND POLYFLUORINATED CHEMICALS (PFCS); Martin Scheringer and Zhanyun Wang; 2013;
OECD Environment, Health and Safety Publications - Environment Directorate, ORGANISATION FOR ECONOMIC
COOPERATION AND DEVELOPMENT, Paris 2013
69
SYNTHESIS PAPER ON PER- AND POLYFLUORINATED CHEMICALS (PFCS); Martin Scheringer and Zhanyun Wang; 2013;
OECD Environment, Health and Safety Publications - Environment Directorate, ORGANISATION FOR ECONOMIC
COOPERATION AND DEVELOPMENT, Paris 2013
70
Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
71
Technical paper on the identification and assessment of alternatives to the use of perfluorooctane sulfonic acid in
open applications; nn.; 2012; United Nations - Stockholm Convention on Persistent Organic Pollutants;
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Further to the previously reported main repellents’ assessment and to this first list of alternatives to longchain PFAS, an in-depth description of the main alternatives is essential, in order to outline the whole context.
This analysis has already been published in 2015 by the Danish Environmental Protection Agency:












Availability and technical properties of paraffin-based alternatives:
Many products of this kind are already available, and agents of this type have been on the market
for many years. Used for clothing and non-clothing textiles, they are effective on many types of
fibres and blends. These agents provide durable water repellence, but not oil repellence.
Health assessment of paraffin-based alternatives:
The products of this group are liquid emulsions that, according to their producers, should not be
classified as hazardous to health. However, in stark contrast with such assertion, some of the
known ingredients appear to be harmful for human health.
Environmental assessment of paraffin-based alternatives:
The main known ingredient in most products is paraffin oil/wax, i.e. mixtures of long chain alkanes
(linear aliphatic hydro-carbons), which in pure form are readily biodegradable, not
bioconcentrated or accumulated in organisms and food chains.
Main data gaps of paraffin-based alternatives:
More information about the composition of the products and the environmental and health
properties of the ingredients would be needed, for a complete, 360-degrees assessment; for twocomponent products, more information would be necessary on the reaction product.
Furthermore, other details about the composition of the products and its environmental
properties and ingredients are still lacking. For two-component products, the fate of the reaction
product is unknown. Few studies on these products and ingredients seem to point out to an acute
toxicity to terrestrial organisms, their chronic ecotoxicity in general and their potential for
bioaccumulation.72
Availability and technical properties of silicone-based alternatives:
Many products are currently available and agents of this type have been on the market for many
years. Various agents are available for different types of textiles. These agents provide durable
water repellence but not oil repellence. Some of these products are indicated as more expensive
and other as less expensive than the PFAS-based agents.73
Health assessment of silicone-based alternatives:
The most used silicones in textiles are polydimethylsiloxanes (PDMS). These siloxanes are
registered in REACH, and they are relatively inert and generally have no adverse effects; they are
volatile and therefore most exposures will occur by inhalation. Various other siloxanes, especially
the cyclic siloxanes known as D4, D5 and D6 and the linear siloxanes HMDSO, MDM, MD2M and
MD3M, may be used as intermediates for synthesis of silicone polymers used for textile
impregnation. Specifically, D4 is suspected of damaging fertility, and D5 is a potential carcinogen.
The commercial product emulsions often contain other substances such as isotridecylalcohol,
which is registered in REACH and is more harmful than the siloxanes. Some of the commercial
products contain substances that are powerful irritants.
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Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
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A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
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Other alternatives: some siloxanes will be metabolized. Siloxanes are persistent and occur in
environmental media, especially in sewage sludge. Certain siloxanes are persistent in the
environment, known to be resisting to oxidation, reduction, and photodegradation.74
Environmental assessment of silicone-based alternatives:
Siloxanes are relatively persistent and are widespread in the environment and are usually found in
urban areas and in aquatic environments, including fish livers, close to STPs. They are removed
from the aqueous phase by sedimentation and have a long half-life there. In soils, depending on
the conditions, siloxanes are transformed into hydroxylated forms, which may still be persistent.
The bioconcentration and bioaccumulation factors for D4 are high, indicating that D4 may have a
high potential to accumulate in aquatic organisms: according to an ECHA expert group, D4 met the
criteria for a PBT and vPvB substance. D5 also met the criteria for a vPvB substance in the
environment, due to its persistence in sediment and a high bioconcentration factor in fish. D6,
MM, MDM, MD2M, and MD3M were not considered as PBT or vPvB substances by the notifiers,
but the substance has not yet been evaluated by ECHA. The commercial products contained
substances other than siloxanes - some known, some unknown. Isotridecyl alcohol is less
persistent but more toxic to aquatic organisms. A quaternary ammonium compound was harmful
for the environment.
Main data gaps of silicone-based alternatives:
There are sufficient health data to evaluate the cyclic and linear siloxanes; however, data are
lacking concerning the actual silicon polymers used on the textiles. Data indicating to what extent
the siloxanes may be released during production of the textiles, use of the textiles and waste
disposal have not been identified yet. The environmental data on polydimethylsiloxanes are
insufficient and environmental data on other silicone polymers used in textile products are lacking.
Availability and technical properties of dendrimer-based alternatives:
The agents of this type are relatively new, available in few types. Application areas cover various
clothing and non-clothing textiles. The agents are currently widely used for children's clothing on
the Danish market. The agents provide durable water repellence but not oil repellence. The prices
range from comparable to the PFAS-based agents to more expensive.75
Health assessment of dendrimer-based alternatives:
There are no data available on health-related properties of these unknown active substances and
other components. According to the producer’s information, these products should not be labelled
or classified as harmful. The product compositions were not specified sufficiently, but some of the
products contain unknown siloxanes likely the ones discussed above, cationic polymers,
isocyanates or powerful irritating organic acids. In general, relevant information for health
assessment for this group of chemicals is insufficient; therefore, it is not possible to proceed to a
reliable assessment of the possible health effects of the agents.76
Environmental assessment of dendrimer-based alternatives:
The product compositions of these repellents were not specified sufficiently, but some of the
products contain unknown siloxanes, cationic polymers, isocyanates or powerful irritating organic
acids. According to the producer’s information, these products should not be labelled or classified
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Technical paper on the identification and assessment of alternatives to the use of perfluorooctane sulfonic acid in
open applications; nn.; 2012; United Nations - Stockholm Convention on Persistent Organic Pollutants;
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Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
76
Alternatives to perfluoroalkyl and polyfluoro-alkyl substances (PFAS) in textiles – LOUS; Survey of chemical
substances in consumer products No. 137, 2015; Carsten Lassen 1 Allan Astrup Jensen 2 Marlies Warming 1 - 1 COWI
A/S 2 NIPSECT; 2015; The Danish Environmental Protection Agency
31











as harmful for the environment, but it is not possible on the basis of the available information to
evaluate these statements.77
Main data gaps of dendrimer-based alternative
In general, the relevant information for health and environmental assessment of this group of
products with unknown ingredients is insufficient.
Availability and technical properties of polyurethane-based alternatives:
The agents of this type are relatively new; only one type has been identified, suitable for most
textiles. The agent provides durable water repellence but not oil repellence. Price information for
one product indicated that the price is likely comparable to PFAS-based products.
Health assessment of polyurethane-based alternatives:
Only one commercial product has been identified; its composition is not detailed, either
qualitatively or quantitatively. According to the producer’s information, the product should not be
labelled or classified as harmful to health; nevertheless, several health hazard precaution phrases
are mentioned in the MSDS. Generally, the content of organic isocyanates makes the product
potentially hazardous to skin and mucous membranes. Therefore, it is not possible to assess the
possible health effects of the agents in detail.
Environmental assessment of polyurethane-based alternatives:
The composition of the product is not detailed, either qualitatively or quantitatively. According to
the producer’s information, the product should not be labelled or classified as harmful to the
environment. However, due to lack of relevant data, it is not possible to verify these claims.
Main data gaps of polyurethane-based alternatives:
This product group shows a lack of public health and environmental data and insufficient
information about product composition, as well as on the substances formed via the impregnation
process.

It can be concluded that no alternatives matching the PFAS-based repellents on all technical parameters are
available: the available alternatives provide durable water repellence, but are useless against oil, oil-based
dirt and alcohol. Regarding health and the environment, for most of the alternative impregnation agents
reviewed, there is insufficient qualitative and quantitative public information about the ingredients. Only a
few specific ingredients have been stated and for these, limited data on health and environmental properties
are available.78

Characteristics of alternatives to PFOS and related substances for carpets, leather and apparel, textiles and
upholstery.79
Alternatives

CAS RN

References

Dendrimers : Hyperbranched hydrophobic
polymers (dendritic, i.e. highly branched
polymers)

Information gaps

[1][60][61][62]

(possibly not relevant)
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Toxicology: Dendrimers are poorly characterized; cytotoxicity studies have shown dendrimers able to cross cell
membranes. Most nano dendrimers display toxic and hemolytic activity, thought to be due to their positively
charged surface. Nano-dendrimers activate platelets and alter their morphology and function including
attenuating platelet-dependent thrombin generation. Nano-dendrimer cytotoxicity has also been observed in
human keratinocytes in vitro.
Environmental hazards: Information gaps
Alternatives
CAS RN
References
Siloxanes

556-67-2 (D4)

(cyclic: D3, D4, D5 and D6

541-02-6 (D5)

(linear: MM, MDM, MD2M and MD3M)

540-97-6 (D6)

and silicone polymers (polysiloxanes). For
more detailed information of these
substances

107-46-0 (MM)

[1][10][63]

107-51-7 (MDM)
141-62-8 (M2DM) 141-63-9 (M3DM)

Toxicology: Some siloxanes will be metabolized and the metabolites (hydroxylation metabolites) are expected to
be found in blood and urine. California State EPA notes the weak estrogenic activity of D4 combined with long half
life and uterine tumors resulting from D5 exposure. The government of Canada concluded that D4 is inherently
toxic to aquatic biota.
Degradation in the environment: Persistent. Siloxane polymers are considered as inert. The California State EPA
notes that cyclosiloxanes appear to have long half lives in people.
Emissions: Siloxanes are volatile.
Monitoring data: Siloxanes are persistent and occur in environmental media, especially in sewage sludge. In
studies conducted by the Nordic countries, D5 was the dominant siloxane in all environmental matrices sampled
except for air, where D4 dominated. A recent study of the food web in Norway from zooplankton and Mysis to
planktivorous and piscivorous fish found food biomagnification of D5. The authors noted that the biomagnification
was sensitive to the species included at the higher trophic level. The Government of Canada preliminary
assessment finds that MDM meets the criteria for persistence and bioaccumulation potential, but does not meet
the criteria for water and soil as set out in the Persistence and Bioaccumulation Regulations. Empirical and
modelled bioconcentration factors in excess of 5000 indicate that MDM also meets the criterion for
bioaccumulation potential as set out in the Persistence and Bioaccumulation Regulations. Certain siloxanes are
persistent in the environment, resisting oxidation, reduction, and photodegradation. Varying information exists on
the susceptibility of siloxanes to hydrolysis.
Alternatives
CAS RN
References
Fluorotelomer alcohols (FTOH)

2043-47-2 (4:2 FTOH)

[9][15][33][34]

647-42-7 (6:2 FTOH)

[35][56][72][73][74]

Category: precursors for fluorotelomer-based polymers.
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Toxicology: 4:2 FTOH is poorly characterized. 6:2 FTOH is well characterized. Acute and repeated-dose mammalian
toxicity, pharma- and toxicokinetics studies have been conducted. Recent research show that 4:2 FTOH is more
potent than 6:2 and 8:2 for cytotoxicity.
Degradation in the environment: The oxidation of fluorotelomer alcohols in the atmosphere by OH-radicals leads
quantitatively to the production of the corresponding polyfluorinated aldehyde, being further degraded to
perfluorinated carboxylic acids (PFCA).
Emissions: On the basis of their volatility, polyfluorinated telomer alcohols are expected to occur predominantly in
the atmospheric gas phase. However, given their low solubility in water and high sorptivity to organic solvent or
sorbent, the fluorotelomer alcohol is expected to partition to the air compartment only under conditions where no
sorptive medium is present.
Monitoring data: FTOHs were found in the North American atmosphere. However, present modelling results show
that with current estimates of chemistry and fluxes the atmospheric oxidation of FTOH can provide a quantitative
explanation for the presence of PFCAs in remote regions. FTOHs were present in the highest concentrations in a
study of office air monitoring which also correlated PFOA levels in the serum of office workers with air levels of 6:2
FTOH, 8:2 FTOH and 10:2 FTOH.
Alternatives

CAS RN

References

Perfluorobutane sulfonate (PFBS)
as processing agent for perfluorobutane sulfonyl
(PFBS)based polymers

29420-49-3

[3][4][9][13][51][52][53][55][57]
[59][67][68][69][70]

Category: precursor for perfluorobutane sulfonyl (PFBS)-based polymers and terminal degradation product.
Toxicology: The substance is well characterized. PFBS suppressed differentiation of a neuronotypic cell line used to
characterize neurotoxicity.
Degradation in the environment: PFBS is considered as persistant in the environment. PFBS is considered the
terminal degradation product.
Emissions: Poorly characterized though emissions are expected from PFBS manufacturing.
Monitoring data: PFBS has been widely detected in water and has very low sorption. PFBS is also found in
municipal landfill leachates. PFBS has been found in indoor dust from homes and offices. Monitoring near a
manufacturing facility found PFBS in groundwater, river water, and in human serum in 93% of the sampled
residents located near the plant. A study of drinking water in Germany detected PFBS in 33% of the children, 4% of
the women, and 13% of the men in city where the samples were taken. Overall, the study found that PFC
concentrations in blood plasma of children and adults exposed to PFC-contaminated drinking water were
increased 4- to 8-fold compared with controls. Observations in the Arctic may qualify PFBS as a LRT substance.
Alternatives

CAS RN

References

Perfluorohexane sulfonic acid (PFHxS)

3871-99-6

[9][14][40][41][42][57] Appendix 1

Category: precursor for perfluorohexylsulfonyl (PFHxS)-based polymers and terminal degradation product
The 4-carbon-based sulfonate chemistry is based on perfluorobutane sulfonate (PFBS) and derivatives e.g.
perfluorobutane sulfonamido-based fluorosurfactants. PFBS-based chemistry was introduced by 3M as
replacement for the PFOS-based chemistry and PFBS-based substances are today used mainly for protective
treatments (e.g. of textiles) and surfactants. Potassium perfluorobutane sulfonate based chemicals have main
applications in industrial and consumer carpet protection treatments, industrially applied corrosion resistant paints
and coatings, and high performance industrial chemical applications in the metal processing industry.80
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Toxicology: PFHxS affected the thyroid hormone (TH) pathway at multiple levels of biological organization –
somatic growth, mRNA expression and circulating free T4 concentrations. The lowest PFHxS concentration for
which an effect in mRNA expression and circulating free T4 levels was observed was 890 ng/g (injected
concentration) or 5100 ng/g ww (liver concentration). PFHxS was also found to inhibit gap junction intercellular
communication in a dose-dependent fashion. In a study of attention deficit/hyperactivity disorder (ADHD) in
children, increasing PFHxS levels were associated with increasing prevalence of ADHD (adjusted odds ratio of 1.59).
Degradation in the environment: PFHxS is considered as persistent and stable in the environment and is regarded
as degradation product of other perfluorinated compounds.
Emissions: Possible from treated textiles and manufacturing.
Monitoring data: There is a high potential for contamination of surface and ground water32. PFHxS was detected
with a range of 2-4300 ng/g in dust samples from Canada as well as a median of 2 ng/mL and 6 ng/mL in human
plasma. No substantial difference was found in levels of perfluorinated sulphonates (PFASs) between the urban
and rural regions. A study of 300 children in the US from birth to 12 years of age showed that PFHxS was present in
>92% of them with significantly increasing concentrations by age. In the marine ecosystem PFHxS was found in fish
from Japan and sediments collected from shallow water. Verreault et al (2005) detected up to 2.7 ng/g ww PFHxS
in plasma of glaucous gull from the Norwegian Arctic. This observation may qualify PFHxS as a LRT substance.81

Both USA and China describe short chain alternatives used on their markets on a regular basis as alternatives
to PFOS.82
The best alternatives to the long-chain (≥ C8) fluorinated chemicals are most often less hazardous fluorinated
chemicals, with a fluorinated alkyl chain length of ≤ C6 or fluoropolymers. Where PFOS derivatives had very
broad application areas, many of the non-fluorinated alternatives can only be used to specific applications.
A review of substitutes to long-chain polyfluorinated chemicals has been provided by “Draft Guidance
document on Alternatives to perfluorooctane sulfonic acid (PFOS) and its derivatives”, drafted by Allan Astrup
Jensen for the Stockholm Convention in 2010 (UNEP, 2010).83
The company OMNOVA Solutions Inc. produces a family of short-chain fluorosurfactants based on fluorinated
polyethers with a molecular weight greater than 1,000 and with C2F5- or CF3- perfluoroalkyl side chain
structures, under the trade name PolyFoxTM. The PolyFox product line includes anionic and non-ionic
surfactants, UV-radiation curable acrylic monomer derivatives and polyols. It seems that these surfactants
have a moderate surface tension, which is not quite as low as the conventional fluorinated surfactants. The
new surfactants are claimed to have a broad processing window, where less interference with other
compounds is experienced. Coating quality is improved as reduced foaming is achieved. The last item is an
important factor in producing and processing water-based coatings. PolyFox fluorosurfactants have found
use in aqueous and solvent-borne semi-conductor coating formulations. In a number of examples, excellent
wetting, flow and leveling properties have been afforded to semiconductor coatings. In addition, the
poly(alkylene oxide) chain of all PolyFox materials has an inherently low refractive index compared to other
commercial polymers such as acrylics. The presence of even very short (-CF3, -C2F5) side chains additionally
reduces the refractive index, and PolyFox materials are also used as antireflection layers in photoresist and
LCD screen applications. The PolyFox formulation is currently being used as a surfactant in floor polish
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products in the USA, Europe and Asia. The acute toxicities of PolyFox formulations are low (oral rat LD50 > 2
g/kg bw) but the fluorinated polyether may irritate skin and the respiratory system. Generally, there is a lack
of data. Fluorinated polyethers have a high molecular weight, making them less available for transport across
bio-membranes and therefore less biologically available. Furthermore, the polymer backbone linkage of the
PolyFox molecules is an ether link, which is more environmentally stable than e.g. the ester/amide linkages
of PFOS and telomer-based fluorosurfactants. This makes the PolyFox molecule more resistant to
degradation to lower molecular carboxylic acids. PolyFox has low acute toxicity to aquatic organisms and will
not bioaccumulate. PolyFox products seem to have reduced environ-mental impacts versus most other
fluorosurfactants commercially available.84
Siloxanes are chemical substances containing units with the general formula R2SiO, where “R” represents
either hydrogen or a hydrocarbon group. They may be straight-chain or cyclic compounds and vary in weight
from a few hundred to several hundred thousand g/mol for the polymers. Siloxanes are building blocks for
silicone products. The siloxanes of main interest from an environmental perspective are the volatile methyl
siloxanes, having a short SiO backbone, in particular the cyclic siloxanes known as D4, D5 and D6 and the
linear siloxanes, MM (or HMDS), MDM, MD2M and MD3M. Out of these commercially used siloxanes D4, D5,
and MM are chemicals of high production volume within the European Union. The first two are the most
commonly used siloxanes in the Nordic countries (Kaj et al., 2005).
Recent activities within the Nordic area have focused on investigating the environmental occurrence of the
above-mentioned siloxanes, which are used in a large number of industrial and consumer products such as
sealants, fuel, car polish, cleaners, anti-foaming agents, car waxes, personal care and biomedical products
(Lassen C et al. 2005). The widespread use of siloxanes, their broad application, high volatility and potential
for toxic effects have raised concerns about these compounds within various disciplines of environmental
science. Recent studies indicate that they may be widespread in the environment (Cousins AP et al. 2009).
Silicone polyethers are another class of silicone derivatives which have special surfactant properties; the
leading manufacturers are Bluestar, Dow Corning, Evonik-Goldschmidt, Momentive and Wacker. Other
companies sell specially formulated mixtures for specific applications. The company “Bluestar Silicones”
markets some PFOS alternatives based on silicone for textile applications with the trade name AdvantexTM.
Worlée-Chemie produces silicone polymers, which in the paint and ink industry can be used as alternative
wetting agents to fluorosurfactants in several cases. WorléeAdd® 340 is a low viscosity, non-ionic special
modified silicone polyether (contains 3-(polyoxyethylene) propylheptamethyl trisiloxane, CAS no. 67674-673) which can improve surface wetting of aqueous systems on difficult substrates like polyethylene and
polypropylene or contaminated substrates. It has a low surface tension and is claimed to be highly efficient
in improving wetting, spreading and leveling of water-borne coatings and eliminating surface defects without
foam stabilizing. It is further claimed that the compound normally has no negative effect on recoating.
Another product, WorléeAdd® 345, is a mixture of a silicone polyether (10-15%) and a dioctyl sulfosuccinate
(50-55%) in ethanol and water. This surfactant can be used to improve wetting properties of aqueous
coatings for different sub-strates, where the penetration into absorbing surfaces also is improved.
A study carried out by the National Food Institute at the Technical University of Denmark investigated the
toxic effects of siloxanes as a group in order to set a health-based quality criterion for ambient air (Greve K
et al., 2008). Eleven toxic effects of D3, D4, D5, D6, and HMDS were studied using a ‘read-across’ method,
which is based on structural similarity and its relation to toxicity. The linear siloxane HMDS appeared to have
lower potential for liver toxicity, but higher potential for lung toxicity, than the cyclic substances. Decreasing
toxicity with increasing chain length was also indicated. An ambient quality criterion of 0.01 mg/m3 was
84
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derived, based on lung toxicity, and including a safety factor of 250. The silicone industry disagrees with the
conclusions of this study.85
The company “Rütgers Kureha Solvents” produces different aromatic surfactants with the trade name
Ruetasolv®, based on propylated naphthalenes and biphenyls, which can be used as water repelling agents
for different applications, such as corrosion protection systems, marine paints, resins, printing inks, coatings,
electrical, electronically and mechanical applications. They may also act as plasticizers and film forming aids
in emulsion paints and adhesives. The various isopropyl naphthalenes and isopropyl biphenyls are highly
hydrophobic substances that are compatible with many raw materials: epoxy resins, polyurethane resins,
resin esters, hydrocarbon resins, polystyrene, elastomers, dispersions, emulsions, styrene-acrylatecopolymers, vinyl acetate and ethylene vinyl acetate polymers, mineral oils, bitumen, etc.
Several companies produce surfactants based on 50-75% of the sodium salt of di(2-ethylhexyl)
sulfosuccinate, which can be used as a wetting agent for aqueous systems of detergents, cleaners, paints and
coatings. It is also used in pesticides. In a product from BASF (Lutensit®A-BO), the sulfosuccinate is mixed
with water and ethanol, and in a product from Cognis (Hydropalat® 875) the sulfosuccinate is mixed with
water and 2,2-dimethylpropane-1,3-diol. The product from Cognis can be used as a wetting agent in aqueous
coating systems and is particularly suitable for difficult-to-wet substrates like plastics, metal, cellulose film,
silicone treated papers and glass. This surfactant may also be used as an emulsifier for emulsion
polymerization; another area where it can be used as an alternative to fluorinated surfactants is in optimizing
the color acceptance of aqueous pigment concentrates in different coatings. The product has a medium foam
formation. Münzing Chemie produces a surfactant (Edaplan® LA 451) based on a sulfosuccinate derivative in
ethanol and water, which also can be used as a wetting agent for aqueous paints and coatings. The product
is claimed to have good wetting properties, no increase in foam and good recoatability. The surface tension
is moderate.
Toxicological information is scarce; sulfosuccinates are irritants to eyes, skin and the respiratory system,
especially for prolonged or repeated contact. Dermatitis has been observed as a long-term effect as well as
CNS depression and injury to heart, liver and blood-forming organs. The substance di(2-ethylhexyl)
sulfosuccinate has low acute toxicity if swallowed (LD50 (oral, rat) = 1.9 g/kg). Information found in the HSDB
database suggests that di(2-ethylhexyl) sulfosuccinate is mildly toxic (by ingestion) to humans with a probable
oral lethal dose (human) of 0.5-5 g/kg.
A classic cationic textile surfactant is 1-(stearamidomethyl) pyridinium chloride, earlier marketed by ICI as
Velan PF. The substance is reacted with cellulose at elevated temperatures to form a durable water-repellent
finish on cotton. It was later found that the reaction was restricted to the surface of the fibers and the high
cure temperature weakened the fabric. Sodium acetate had to be added to prevent the decomposition of
the cellulose by the hydrogen chloride formed. Also, the pyridine liberated during the reaction has an
unpleasant odour, and the fabric had to be scoured after the cure. The toxicological properties of pyridine
ended its use in the 1970s when government regulations on such substances were introduced. It may be
evaluated differently at present. There is a lack of public data on this chemical.
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Possible replacements of fluorosurfactants in some applications are anionic surfactants based on aliphatic
alcohols. The BASF product Emulphor® FAS 30 is the sodium salt of fatty alcohol polyglycol ether sulfate, used
in the emulsion polymerization of acrylate and methacrylate esters, styrene and vinyl esters.86
There are alternatives to long-chain fluorinated chemicals for most applications. The technologically best
alternatives to hazardous fluorinated chemicals are short-chain and less hazardous fluorinated chemicals
with a fluorochain length of ≤C6 or fluoropolymers. In addition, some non-fluorinated alternatives, such as
siloxanes, propylated aromatics, and sulfosuccinates, can be used for specific applications. The fluorinated
alternatives are still rather persistent but much less bioaccumulative and toxic than the long-chain
homologues. The non-fluorinated alternatives are not very persistent and bioaccumulative, but some of the
substances are more toxic. In general, there is a lack of public data on the properties of the alternatives,
which are often protected by commercial secrecy, and because most academic research has been on the
polyfluorinated chemicals.87

Research projects on eco-friendlier alternatives
Continuing with this review on the most updated repellents and their characteristics, as mentioned before,
a huge attention has been shifted on the research for eco-friendlier and health-safer alternatives. Several
projects have been launched on this regard in the last years.
●

●

In Sweden, an ongoing project called “Substitution in Practice of Prioritized Fluorinated Chemicals to
Eliminate Diffuse Sources” (SUPFES)88, coordinated by Swerea IVF, has been aimed to help industry
to find suitable alternatives to replace current fluorinated chemicals in textiles. Within the project, a
number of scientific and industrial partners has been assessing the risks of different PFAS-free
finishing agents and ensuring that the new alternatives really provide the desired functionality. This
project started in the middle of 2013, and lasted until 2015.89
The Danish Technological Institute is currently conducting a project to develop environmentally
friendly impregnating agents for the textile industry, supported by the Danish EPA.90 The project,
called “Development of environmentally friendly impregnation agents for textiles” has been running
for two years and working on existing knowledge and already known alternative products. The
alternatives have been examined to determine whether they can be improved or form a basis for the
development of new repel-lent agents. So far, no agents beyond the marketed alternatives described
in this survey have been developed or tested.91
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●

●

●

Started in January 2013, the TEX-SHIELD project on "Environmental friendly and durable oil and water
repellent finish on technical textile" has been supported by funding from the European Union’s
seventh Framework Programme. The overall project aim is to provide the European textile industry
with an alternative material to C8 PFAS chemistries whilst refining comparable performance; the
project also includes finishing agents based on short-chained PFAS.92
Within the Smart Textiles framework (including University of Borås, SP Technical Research Institute
of Sweden, Swerea IVF and the Inkubator in Borås), a collaborative project between Smart Textiles
and the manufacturer of finishing agent OrganoClick has been launched. In this project, a
fluorocarbon-free, biodegradable and durable treatment has been tested in cooperation with major
outdoor apparel brands such as Haglöfs, Norröna and Bergans.93
The Danish Technological Institute, in cooperation with the Knowledge Centre for Intelligent Textiles,
released the report "Smart finishing agents” as a result of the project "More functionality in everyday
clothes". The aim of the report was to help apparel manufacturers who desire to implement more
functionality in their products. The project did not specifically focus on the identification of non-PFAS
technologies. The finishing agents identified that can provide stain-resistant and stain removal
properties all involved PFAS technologies.94
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Legislation
Worldwide textile industry has been entailing, due to its sheer volume and the many chemicals involved, one
of the highest pollution potential in mankind’s modern manufacturing processes. Therefore, it shouldn’t be
surprising to note that, of all the corpus of environmental regulations, those for waste management are in
many ways relevant for textiles.96

The REACH Regulations: characteristics and flaws
On the European side, the EU’s current legislative framework is anchored to the 2006 REACH Regulation and
CLP, defined as a (…) “major milestone in the effort to establish a regulatory framework able to keep abreast
of the challenges of ensuring a high level of protection of human health and the environment”. Such rules
should also promote the free circulation of substances on the internal market, thus enhancing innovation
and competitiveness.97
“REACH” stands for Registration, Evaluation, Authorisation and Restriction of Chemicals. An EU-wide
chemicals regulation, it contemplates as its most severe procedure the “restrictions”, which generally mean
the strict prohibition to place on the European market a product containing forbidden substances.98 This
regulation of the European Union has been adopted in June 2007 to improve the protection of human health
and environment from the risks posed by chemicals, while boosting the competitiveness of the EU chemical
industry. It also promotes alternative methods for the hazard assessment of substances, in order to reduce
the number of tests on animals. In principle, REACH applies to all chemical substances, not only those used
in industrial processes but also in our everyday lives, for example in cleaning products, paints or in articles
such as clothes, furniture and electrical appliances. Therefore, this regulation has been having a huge impact
on most companies and manufacturers across the EU.99
To comply with the Regulation, companies must identify and manage the risks linked to the substances that
they manufacture and sell in the EU. They must demonstrate how the substance can be used safely and they
must communicate the risk management measures to downstream users. If the risks cannot be managed
effectively, then authorities can restrict the use of substances in different ways. In the long run, the most
hazardous substances should be substituted with less dangerous ones (ECHA, na). The REACH Regulation
requires the registration of substances manufactured or imported in quantities of more than 1 tonne per
year (per manufacturer or importer), by the provision of information on the physicochemical and
(eco)toxicological properties of the substances put on the EU market. As of January 2017, around 48,000
dossiers, referring to over 10,000 unique substances, have been submitted.100
Unfortunately, the current legislative framework and in particular the REACH authorisation process tends to
follow a chemical-by-chemical approach, when regulating substances of concern. This often results in cases
of regrettable substitution, as companies tend to favour substances with not only similar chemical structures
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and technical properties, but also similar (eco)toxicological characteristics and the same bioaccumulation
and environmental degradation behaviour.101 Moreover, today’s EU legislation does not adequately regulate
the chemicals present in articles and material cycles: for instance, the REACH requirements for providing
information on the content of SVHCs in articles (REACH Article 7 and 33) are insufficient, poorly complied
with, and rarely enforced. Gaps exist in other critical EU policy areas, like products or waste, and in the huge
grey area lying in the interfaces between them.
Furthermore, the authorisation process under REACH does not cover the SVHCs (substances of very high
concern) in articles, provided by non-EU manufacturers and then imported into the European Union: this is
simply because the registration on REACH does not apply to articles imported into the EU.102 In this regard,
global trade poises serious difficulties to the application of the REACH procedures to various articles.
The use and production of chemicals within the EU and around the globe is ever increasing. Global chemicals
sales more than doubled between 2004 and 2014 (from €1,458 billion to €3,232 billion) and the total value
of EU sales increased by 80% in the same period; growth is expected to continue by 4% every year, by 2020.
These increases in chemical production translate into more chemicals used in products, and by consequence
in more exposures of humans, animals and environmental media, such as air and water. Exposure to a
chemical with an intrinsic hazard, such as the CMRs (meaning carcinogens, mutagens, reproductive toxins),
can lead to severe harm. But of over the 100,000 chemicals present on the EU market today, only a small
fraction has been thoroughly evaluated by authorities regarding their health and environmental properties
and impacts, and even fewer are actually regulated: for instance, REACH partially restricts or bans just about
60 individual chemicals and some groups of chemicals with similar properties, such as carcinogens, mutagens
and repro-toxic substances.103 Moreover, the phasing out of emissions of long-chain polyfluorinated alkyl
substances (PFAS) by US and European manufacturers has been offset by a geographical shift of their
manufacture and use to countries in Asia.104
Not surprisingly, then, various critiques have been voiced against current REACH regulations, starting from
their limit with the mixtures of chemicals to the huge burden of proof, entirely placed by REACH on the
companies. To comply with the regulation, indeed, companies are left alone in the duty to identify and
manage the risks linked to the substances they manufacture and sell in the EU. They also have to demonstrate
to the ECHA (European Chemicals Agency) how a substance can be safely used, committing themselves to
inform the users about its risk management measures. Moreover, current chemical safety assessments
(CSAs) don’t always contain the exposure assessment of every substance.105
Polymers may be subject to authorisation and restriction under REACH, but polymers are exempt from
registration and evaluation. Of the 623 substances on the 2007 OECD list which have been pre-registered
under REACH, only two include “polymer” in the chemical name used for pre-registering. Whereas
fluorotelomers used for production of fluorotelomer-based polymers in the EU will be registered with this
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specific use, it is not clear how the side-chains of imported polymers are dealt with.106 It has been often
remarked that current EU policies and legislation do not provide an adequate way to control substances on
the basis of their persistent properties. To address this problem, REACH and other EU legislation have
provisions to require/encourage substitution, i.e., the replacement of a hazardous substance with a less toxic
substance. Indeed, studies have shown that reducing exposure to hazardous substances is cost-effective.
However, substitution towards less toxic/safer substances is proceeding very slowly.107
Beyond REACH, the European Commission’s Decisions are fully binding to the addressed. Decisions are EU
laws, relating to specific cases: they can be issued by the EU Council (sometimes jointly with the European
Parliament) or by the European Commission. In relation to EU chemicals policy, decisions are e.g. used in
relation to inclusion of substances in REACH Annex XVII, which disciplines the restrictions. This takes place
via a so-called “comitology procedure”, involving various member states’ representatives. Decisions are also
used under the EU ecolabelling Regulation, in relation to establishing ecolabel criteria for specific product
groups. Instead, Recommendations and opinions are non-binding, declaratory instruments.108

REACH and RAPEX-related data on the European chemical market. 109
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The Stockholm Convention
The Stockholm Convention on Persistent Organic Pollutants is a global treaty to protect human health and
the environment from chemicals that remain intact in the environment for long periods, become widely
distributed geographically, accumulate in the fatty tissue of humans and wildlife, and have adverse effects
to human health or to the environment. The Convention is administered by the United Nations Environment
Programme and is based in Geneva, Switzerland.110 It was adopted on May 22, 2001 and entered into force
on May 17, 2004, thanks to the decision 18/32 of the Governing Council of UNEP, in May 1995.
This decision, based on the awareness that persistent organic pollutants pose major and increasing threats
to human health and the environment, required an international assessment process on an initial list of 12
POPs. It was also asked the Intergovernmental Forum on Chemical Safety (IFCS) to develop recommendations
on international action for consideration by UNEP Governing Council and World Health Assembly, to be
delivered no later than 1997. Following these first steps, the Stockholm Convention entered in force in 2004,
ninety days after submission of its fiftieth instrument of ratification, acceptance, approval or accession.111

Direct application of the Stockholm Convention and other laws
on Per- and Polyfluoroalkyl substances
This convention has given proof of its intervention many times; for instance, and concerning our main topic,
the Stockholm Convention has classified one PFAA, PFOS and its derivatives, as POPs or Persistent Organic
Pollutants. It also restricted their production and use in 2009. In Europe, PFOS and perfluorooctanoic acid
(PFOA), another PFAA, are classed as persistent, bioaccumulative and toxic and EU-wide restrictions on the
use of PFOS have been in place since 2006.112 Moreover, one of the largest manufacturer of PFAAs globally
phased out use of long-chain PFAAs by 2002 and seven other manufacturers agreed to similar actions by
2015.113 In 2009, PFOS was listed in Annex B of the Stockholm Convention on Persistent Organic Pollutants
(POPs), which stated that PFOS concentrations should not be equal to or higher than 1 µg m-2 of the coated
material in textiles.114 PFOS is also subjected to restriction under REACH (Annex XVII entry 53). PFOA (and its
ammonium salt APFO) in 2013 were included on the candidate list for authorisation under REACH.115
To be included in the Stockholm Convention on persistent organic pollutants (POPs), a substance must meet
the POPs screening criteria for persistence, bioaccumulation, long-range transport potential and toxicity. At
this point only 26 substances and groups of substances are covered under the POPs Convention, with another
three under consideration for future inclusion. Yet as many as 1,200 of the 90,000+ substances on the market
today could be potential POPs (Scheringer, 2012); the number of substances meeting the POPs criteria for
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persistence alone is surely much higher. Especially the per- and polyfluorinated alkyl substances known
collectively as PFASs are very stable and durable, which makes them useful for a broad range of applications.
However, scientific tests to determine their degradation half-lives have found almost no degradation during
the testing period, meaning they will persist in the environment for hundreds or even thousands of years.

In-depth

Persistent Organic Pollutants (POPs)
POPs are organic compounds which do not break down easily in the environment.
They accumulate through the food web, reaching peak concentrations in species at
the top of the web, and pose a risk of harm to human health and wild animals: POPs
presents a threat the world over. Many POPs were once commonly produced for a
range of purposes including agriculture, disease control, manufacturing and industrial
processes.116
There are also newly recognised and emerging POPs, such as perfluoroalkylated
substances (PFASs), a group of industrial chemicals, and polybrominated diphenyl
ethers (PBDEs), also known as brominated flame retardants, which have either been
regulated more recently, are due to be regulated or are under consideration for
regulation. It is known that some (such as PFASs) tend to behave in a different way to
older POPs.117 Some POPs are known to disrupt endocrine (hormonal) processes.118
Certain POPs, such as perfluoroalkylated substances (PFASs) are still used widely and
bioaccumulate in humans and marine mammals. Regulations on PFASs have been
made, with PFOS added to the Stockholm Convention and restricted in Europe. The EU
restricts the use of PFOA through Regulation (EU) 2017/1000, which regulates PFOA,
its salts and certain related substances as a new entry to Annex XVII of REACH.119 Two
recent studies present a decline in atmospheric levels of most POPs in northern
regions. Levels of PFOS - 0.9 ng/g for halibut and 2.7 ng/g for shrimp - were also well
below EU guidelines for safe daily intake. So, it is unlikely that consumption of other,
non-seafood products would increase PFAS exposure enough to exceed the EU
guidelines; however indoor air and consumer products are also sources of PFASs.120

Also due to this legislative trend, in conjunction with global regulators, several major manufacturers have
agreed to discontinue the manufacture of “long-chain” fluorinated products and move to “short-chain”
fluorinated products.121
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Perfluoroalkane sulfonic acids like perfluoroctane sulfonic acid (PFOS) and its derivatives are strictly
restricted by the POPs regulation (Regulation EC No. 850/2004), which as already mentioned is the main
implementing instrument of the Stockholm Convention in the EU. The Regulation includes a few exemptions
which are more or less identical to the “acceptable purposes” listed in Annex B to the Stockholm Convention.
Moreover, PFOS and its derivatives are included in the list of substances subject to waste management
provisions, but without specific concentration limits.122 In other words, PFOS is classified as a substance of
very high concern (SVHC) under the REACH umbrella. Its use was prohibited in the EU in 2008.123
PFOS also meets the PBT criteria of the EU (persistent, bioaccumulative and toxic substances), since besides
persistence (P) and toxicity (T) a very high bioaccumulation (B) in aquatic organisms has been proven.
According to EU criteria, however, the bioconcentration factor for PFOA is clearly below the critical value,
and PFOA is therefore not regarded in the EU as a PBT substance.124 Sweden has proposed that, due to its
widespread circulation, PFOS should be classified as a persistent organic pollutant (POP).125 Moreover, PFOS
and PFOA are classed as “reproduction-toxic Category 2"; both compounds are regarded under REACH as
“substances of high concern" and thus perfectly fulfil the condition for inclusion in the list of substances
subject to authorization.126
Also the European Union Directive 2006/122/EC3 of the European Parliament and of the Council of 12
December 2006 laid down restrictions on the marketing and use of PFOS for new products in the non-food
area, which have been applied from 27 June 2008 onwards.127 However, PFOS-related substances have been
phased out in most OECD countries, in favour of other fluorinated compounds, like C6-fluorotelomers and
PFBS, silicone-based products, stearamidomethyl pyridine chloride, perfluorobutane sulfonate for leather,
or dendrimers.128
Of the 960 substances included on the 2007 OECD list of PFOS, PFAS, PFOA, PFCA and related compounds
and chemicals that may degrade to PFCA, 623 substances are included in the list of pre-registered substances
under REACH (ECHA, 2012) and may potentially be relevant in an EU context.129
Perfluorooctanoic acid (PFOA, 8-carbon chain) is an important representative of the substance group of perand polyfluorinated substances (PFASs). The hazard profile of PFOA is well known: it is a persistent,
bioaccumulative, and toxic (PBT-) substance, which may cause severe and irreversible adverse effects on the
environment and human health. PFOA has been provided with a harmonised classification in Annex VI of
European Regulation (EC) No 1272/2008 on classification, labelling and packaging of substances and mixtures
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(CLP) as Carc. 2, Repr. 1B and STOT RE 1 (liver). Due to its PBT and CMR properties, PFOA and its ammonium
salt (APFO) have been identified as substances of very high concern (SVHC) under REACH by unanimous
agreement between EU Member States in July 2013.
PFOA and other PFCAs are currently somehow less regulated than PFOS, but a range of these substances are
under close scrutiny for the identification of six substances as Substances of Very High Concern (SVHC), due
to CMR or PBT properties (possibly leading to Authorisation or Restriction requirements) and five with
submitted or intended harmonised classification and labelling proposals indicating similar human health
problems as with PFOS and similar substances.130 Perfluorooctanoic acid, its salts and PFOA-related
substances have been identified by the Member State Committee PFOA as a persistent, bioaccumulative and
toxic substance (‘PBT’) in accordance with Article 57(d) of that Regulation.
On 20 June 2013, PFOA was included in the Candidate List of Substances of Very High Concern (‘SVHC’); on
17 October 2014, Germany and Norway submitted to the European Chemicals Agency a dossier proposing to
restrict the manufacture, placing on the market and use of PFOA, its salts and PFOA-related substances, in
order to address the risks to human health and the environment.131
The Agency's Committee for Risk Assessment (‘RAC’) adopted its opinion concluding that subject to
modification of the scope and conditions proposed in the Annex XV dossier, a general restriction on
manufacture, use and placing on the market of PFOA, its salts and PFOA-related substances, is the most
appropriate Union-wide measure to address the identified risks in terms of effectiveness in reducing those
risks. SEAC suggested longer deferrals of the restriction for latex printing inks, textiles for the protection of
workers, membranes intended for medical textiles, filtration in water treatment, production processes, and
effluent treatment, certain plasma nano-coatings and non-implantable medical devices. SEAC also suggested
to exempt from the proposed restriction the fire-fighting foams already placed on the market before the date
of application of the restriction, and semiconductor manufacturing equipment. 132
As mentioned, PFOA has been classified in 2008 in accordance with the CLP (Classification, Labelling
and Packaging) regulation:133
Acute Tox. 4
Eye Dam. 1
Acute Tox. 4
Carc. 2
Repr. 1B
Lact.
STOT RE 1

H302
H318
H332
H351
H360D
H362
H372

Harmful if swallowed
Causes serious eye damage
Harmful if inhaled
Suspected of causing cancer
May damage the unborn child
May cause harm to breast-fed children
Causes damage to the liver through prolonged or repeated exposure
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As mentioned, perfluorooctane sulfonic acid (PFOS) is listed as persistent organic pollutant (POP) in Annex B
of the Stockholm Convention. All manufacturers and importers of chemical substances > 1 tonne/year have
to register their chemicals with the European Chemicals Agency (ECHA). The 1st of December 2008 was the
deadline for pre-registration of substances that will be produced or imported in volumes of more than 1
tonne per year and company in the EU.
PFOS and related substances are classified carcinogenic and toxic to reproduction and should consequently
be registered according to the REACH Regulation by November 2010, if manufactured or imported in
quantities above 1 tonne. Polymers are exempt from registration. This means that the majority of the
relevant fluorinated substances would not be registered. However, monomers and any other substance(s)
ending up chemically bound to the polymer, and for which the corresponding tonnage is above the tonnage
limits, are to be considered for registration (ECHA, 2012). According to the most recent OECD survey, total
release of PFOS (and related substances) to the environment from the manufacture by seven companies in
five countries replying to the survey was <1.5 t/y in 2009.134
PFOS has been therefore classified, in accordance with the CLP (Classification, Labelling and Packaging)
regulation (no harmonised classification has been made for PFOSA):135
Acute Tox. 4

H302

Harmful if swallowed

Acute Tox. 4

H332

Harmful if inhaled

Carc. 2

H351

Suspected of causing cancer

Repr. 1B

H360D

May damage the unborn child

Lact.

H362

May cause harm to breast-fed children

STOT RE 1

H372

Causes damage to the liver through prolonged or repeated exposure

Aquatic Chronic

H2 H411 Toxic to aquatic life with long lasting effects

Besides PFOA, other substances in the PFASs group have properties of concern, which are targeted by various
international regulations, as follows. Perfluorinated carboxylic acids with a carbon chain of eleven to fourteen
carbon atoms are listed as substances of very high concern on the REACH candidate list, because of their very
134
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persistent and very bioaccumulative properties. The former restriction of PFOS under REACH and the current
entry in Commission Regulation (EU) No 757/2010 (implementing Annex B of the Stockholm Convention) do
not only cover PFOS itself, but also PFOS-related substances, which are outlined by the chemical formula:
C8F17SO2X (X=OH, metal salt (O-M+), halide, amide, and other derivates including polymers). The reason for
this is that these PFOS-related substances can be degraded to PFOS in the environment.136
Article 16 of the Water Framework Directive requires the Commission to identify priority substances among
those presenting significant risk to or via the aquatic environment. In 2001, a first list of 33 priority substances
was adopted and in 2008 the EQSs for those substances were established.137 Anyway, broadly speaking,
proposed regulatory or risk management controls for long-chain PFCAs in North America and Europe are
generally moving towards restrictions and bans on use and production, in addition to controls for handling
and releases.138 On an international context, it’s also available a review of regulatory approaches / risk
management actions for PFCAs, undertaken by different countries as well as by international bodies:139
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Overall, literature identifies a need to move towards a policy combining legal provisions strict enough to
provide a strong incentive for proactive substitution and supportive and enabling factors, such as increasing
the knowledge base, providing access to knowledge and information, developing and making available tools
for substitution, comparative assessment and possibly also more direct support in actual substitution
activities. ChemSec (2016) identifies that anticipation of regulation is a strong driver for innovation with
regulatory processes sending signals to the market and acting as an incentive for innovation.140
To the problems highlighted by the literature, the gaps and deficits suggested by the consulted stakeholders
also need to be addressed in order to foster a more effective substitution of hazardous chemicals, in the
interest of health and environmental protection, and a more stable and reliable framework for investments
in innovative alternatives. This may also be an important contribution to create non-toxic material cycles and
a circular economy. These problems relate to the large number of hazardous substances used in industrial
processes and products and consumer products, which may result in multiple exposures during the
production, use and waste stage of the substances.
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●

●

Available tools for dealing with these gaps and deficits have also been suggested by different
stakeholders (authorities, industry, NGOs and academia), both during the consultation process
and in the literature. These range from measures to strengthen and streamline the legislative
framework (a process started since the first review of the REACH Regulation in 2012) to the
provision of support, training and information. In particular, the promotion of functional
substitution and the scaling up of the adoption of grouping strategies may ensure a more
effective and efficient phasing out of substances of concern.
Economic instruments, better enforcement and the enhancement of the monitoring
programmes have also been suggested as initiatives that would benefit the transition towards
a non-toxic environment.141

The appropriateness of those tools, and their potential impacts, need to be assessed in a further step, taking
into account the tools identified in the better regulation agenda. Here are some ideas for improvement:142
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A wider and comprehensive comparison of current European and national (Danish) laws on PFASs is also
available below:
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Substances listed under the EU POPs Regulation. They are subject to prohibitions in manufacture and use.148
Substance

Main uses

Aldrin

Pesticide applied to soils to kill termites, grasshoppers, corn rootworm, and other
insect pests.

Chlordane

Used to control termites and as an insecticide on agricultural crops.

Chlordecone

Historically used as an agricultural pesticide.

DDT (1,1,1 -trichloro-2,2bis(4chlorophenyl) ethane)

Pesticide used to control insects that spread diseases, such as malaria, and also on
crops, especially cotton.

Dieldrin

Used to control termites and textile pests.

Endrin

Insecticide used on the crops such as cotton and grains, also used to control rodents.

Heptabromodiphenyl ether

A main component of commercial flame retardants.

Heptachlor

Primarily used to control soil insects and termites.

Hexabromobiphenyl

Used as flame retardant.

Hexabromodiphenyl ether

A main component of commercial flame retardants.

Hexachlorobenzene

Used to kill fungi that affect food crops.

Hexachlorocyclohexanes (HCH),
including lindane

Used as a broad-spectrum insecticide for seed, soil, plant and wood treatment and
against parasites in both livestock and humans.

Mirex

Insecticide mainly used to control fire ants.

Pentabromodiphenyl ether

Used as an additive flame retardant.

Pentachlorobenzene

Used in PCB products, in dyestuff carriers, as a fungicide, a flame retardant and as a
chemical intermediate. Also produced unintentionally during combustion, thermal
and industrial processes and present as impurities in solvents or pesticides.

Perfluorooctane sulfonic acid and Used in electric and electronic parts, fire-fighting foam, photo imaging, hydraulic
its derivatives (PFOS)
fluids and textiles.
Polychlorinated Biphenyls (PCB)

Range of compounds used in industry as heat exchange fluids, in electric transformers
and capacitors, and as additives in paint, carbonless copy paper, and plastics.

Tetrabromodiphenyl ether

Used as an additive flame retardant.

Toxaphene

Insecticide used on cotton, cereal grains, fruits, nuts, and vegetables. Has also been
used to control ticks and mites in livestock.
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PFAS
Per- and poly-fluoroalkyl substances, also known as “PFASs”, are a wide group of man-made chemicals that
have been widely used in hundreds of common household products and specialty applications, including in
the manufacture of non-stick cookware, fabric, furniture and carpet stain protection applications, food
packaging, some industrial processes. Their use also includes photographic film, surfactant in fire-fighting
foams, surfactant for alkaline cleaners, emulsifiers in floor polish, mist suppressant for metal plating baths,
surfactant for etching acids, pesticides, and of course as dirt-repellent treatments for textiles.149,150,151

PFAS or PFA

PFAA
PFCA
Example: PFOA
FTOH: Precursor to PFCA

PFSA
Example: PFOS
POSF: Precursor to PFSA152

PFAS is the collective name of a vast group of fluorinated compounds, including oligomers and polymers,
which consist of neutral and anionic surface active compounds with high thermal, chemical and biological
inertness. Perfluorinated compounds are generally hydrophobic but also lipophobic, and will therefore not
accumulate in fatty tissues as is usually the case with other persistent halogenated compounds.153
The highly fluorinated chemicals (especially the per- and polyfluorinated alkyl substances known collectively
as PFASs) are very stable and durable, which makes them useful for a broad range of applications, as we have
already seen. Unfortunately, scientific tests aimed at the determination of their degradation half-lives found
almost no degradation during the testing period, meaning that they will persist in the environment for
hundreds or even thousands of years. They are capable of long-range transport and were found in the biota
of remote regions, far from any direct source, including in top predators such as polar bears. Studies on Arctic
food chains have found indications of bioaccumulability.154
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Great Lakes region (USA/Canada)
Perfluoroalkyl substances are globally distributed and ubiquitous in water, air, and biota
of the Great Lakes region. Because of the relatively small vapor pressure and greater
water solubility of PFA compounds such as PFOS and PFOA, questions remain as to how
these compounds have become globally distributed.

Mapping

Several researchers have hypothesized that neutral PFA precursors may be responsible
for transporting perfluoroalkyl substances long-range in the atmosphere. Significant
biomagnification is not expected in the aquatic food web of the Great Lakes, however
two recent reports suggest otherwise. Surprisingly, the lowest trophic level organism,
Diporeia, had the highest concentrations of PFAs. In the mainly pelagic food web, most
PFAs showed evidence of biomagnification. Additionally, PFOA, PFHxS, and FOSA were
also detected in these predators, indicating that terrestrial animals have a greater
accumulation potential for all PFAs than aquatic organisms.155
United States
The use of PFAS-based fire-fighting foams in training exercises at major airports and
other industrial uses has led to a widespread contamination of water resources
throughout the USA. When the US EPA established lifetime health advisory limits for
PFOS and PFOA in 2016 and compared them to levels of PFAS found in drinking water,
over six million US residents learned they were being supplied with water exceeding
those limits. PFAS has also been found in drinking water in Sweden, Germany, the UK,
the Netherlands and Italy, but because no EU-wide monitoring for PFAS contamination
has been carried out to date, how many EU citizens also drink water contaminated by
PFAS is not known.156

In the 1950s, when highly fluorinated compounds were first commercialised, the focus was on long-chain
PFASs: the so-called C-8 substances used in the manufacture of Teflon-coated cookware, water- and stainresistant textiles, and fire-fighting foams. In the 1980s and 1990s, evidence emerged of the toxicity and
bioaccumulability of the long-chain PFAS, such as PFOS and PFOA. Human epidemiological studies found
positive associations between PFASs and hepatocellular damage, affecting liver function in adults,
obesogenic effects in females, liver and kidney cancer, low birthweight and reduced length of gestation.
Regulatory pressure has led to phase-out of the manufacture and use of long-chain PFAS in Europe and the
USA. As a result, many manufacturers have replaced the C-8s with short-chain homologues, the C-6s and C4s. PFAS producers argue that the short-chain PFAS are “safer” in that they are not as bioaccumulative as the
long-chain PFAS. However, they are just as persistent, and evidence is emerging that the short-chain
alternatives are also problematic in terms of risks to health. Today, more than 3,000 different types of PFAS
are estimated to be on the market. They are found in cosmetics, food contact materials, inks, medical devices,
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mobile phones, pharmaceuticals and textiles, and they are used in pesticide formulations, oil production and
mining. They are capable of long-range transport and are found even in remote locations.157
As we already saw, the increasing regulatory pressure has led to phase-out of the manufacture and use of
long-chain PFAS in Europe and the USA. As a result, many manufacturers have replaced the C-8s with shortchain homologues: C-6s and C-4s. PFAS producers argue that the short-chain PFAS are “safer”, meaning that
they are not as bioaccumulative as the long-chain PFAS. However, they are just as persistent, and evidence
is emerging that the short-chain alternatives are also problematic in terms of risks to health.158
The main application area of the PFASs and the side-chain fluorinated polymers is as surfactants and surface
protection agents. Surfactants are compounds that lower the surface tension of a liquid, the interfacial
tension between two liquids, or the tension between a liquid and a solid. Surfactants may act as detergents,
wetting agents, emulsifiers, foaming agents, and dispersants. Besides the surfactant properties, the
substances are characterised by high thermal and chemical stability. The strong carbon-fluorine bond makes
the perfluoroalkyl chain present in the PFASs extremely stable and nonreactive. PFASs resist even strong
acids and high temperatures.159 Concern is especially mounting in this latter regard, since it’s nowadays clear
that PFAS are extremely persistent and will remain in the environment for hundreds of years. They are highly
mobile and have been found in the groundwater commonly used for drinking water intake across Europe, as
well as in remote areas such the deep sea. The thousands of new short-chain PFAS marketed by producers
as “safer” than the long-chain PFOS and PFOA are also extremely persistent, and evidence of their toxicity
and presence in the environment is increasing.160
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PFAS use and presence in textiles
PFAS can lessen the surface tension of water more than hydrocarbon-based surfactants and are thus more
powerful wetting agents. In addition, fluorinated surfactants have a greater chemical stability to acids,
oxidizing agents, and alkalis compared to hydrocarbon-based surfactants.161 Perfluoroalkyl and
polyfluoroalkyl substances (PFAS) are used in numerous industrial and consumer products, precisely because
of their special chemical properties, for instance the ability to repel both water and oil.162
Finishing agents based on polyfluoroalkyl substances (PFAS) are widely used in textiles in order to achieve
water, oil and dirt repellence of the material: the use of PFAS in textile production accounts for about 50%
of global use of PFAS. PFAS-based agents for impregnation of textiles are polymers which consist of a nonfluorinated backbone with polyfluoroalkyl side chains. PFAS extracted from textiles have varying chain
lengths as demonstrated in many studies (e.g. Herzke et al., 2009; Knepper et al., 2014), and similarly, the
side-chain-fluorinated polymers probably have fluoroalkyl side-chains of varying length. PFAS extracted from
textiles with agents based on C8 chemistry have been demonstrated to include significant amounts of
substances with longer chain lengths. Due to increased attention to the harmful effects of C8 substances on
human health and the environment, the application of polymers with polyfluoroalkylated side chains based
on short-chain fluorine chemistry (C4-C6 chemistry) has been growing in recent years.163 The main issue is to
what extent PFASs are present in trace concentrations in the textiles or formed from side chains released
from the fluorinated polymers: in this regard, a 2008 survey (Jensen et al., 2008) quoted Norwegian and
Swedish investigations of PFASs in all-weather jackets, showing an unbound content of fluorotelomer
alcohols (FTOH) of 25 to 1000 µg/m2 of textile, an unbound content of PFCA between <5 and 400 µg/m2 and
an unbound content of PFOS-related compounds between <5 and 100 µg/m2 of textile.164 Anyway, one of the
main concerns regarding the PFAS-based impregnating agents is the formation and release of persistent PFAS
or precursors for persistent PFAS.165
Today, beyond the just mentioned textile uses, more than 3,000 different types of PFAS are estimated to be
on the market. They are found in dozens of product cathegories: cosmetics, food contact materials, inks,
medical devices, mobile phones, pharmaceuticals and textiles, and they are used in pesticide formulations,
oil production and mining.166 To increase the complexity of this first description, PFASs can be divided into
two large categories, based on the perfluoroalkyl moiety chain length: they are usually called long-chain and
short-chain. The long-chain PFASs have been defined as having an alkyl chain containing six or more carbons
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in molecules that are precursors to or are PFSAs, and seven or more carbons in molecules that are precursors
to or are PFCAs (Buck et al., 2011).
Different types of compounds are included, as mentioned, under the “PFAS” term:167

168

167

Study for the strategy for a non-toxic environment of the 7th Environment Action Programme; Final Report; Milieu
Ltd, Ökopol, Risk & Policy Analysts (RPA) and RIVM; 2017; European Union, 2017
168
Study for the strategy for a non-toxic environment of the 7th Environment Action ProgrammeFinal Report; Milieu
Ltd, Ökopol, Risk & Policy Analysts (RPA) and RIVM; 2017; European Union, 2017;
66

As widely mentioned, due to growing concern regarding the adverse effects of long-chain PFASs on human
health and environment (Filipovic et al., 2013; OECD, 2013; Vierke et al., 2012) a process of substitution of
long-chain PFASs with short-chain PFASs or non-fluorinated alternatives has been started (Lassen et al., 2015;
UNEP 2012; Wang et al., 2015): we already saw that available non-fluorinated DWR chemistries include
paraffin waxes, silicones and other chemistries like dendrimers and inorganic nanoparticles (Namligoz et al.,
2009; Schindler and Hauser, 2004: UNEP, 2012; Zero Discharge of Hazardous Chemicals (ZDHC), 2012).
Several of the major actors in the chemical and textile industries voluntarily phased out PFOA in 2015
(Bluesign, 2012; US EPA. 2013; Zero Discharge of Hazardous Chemicals (ZDHC), 2014). Comparisons of
technical performance of different DWRs are rendered difficult by the dependence not only on type of
chemicals, but also on fabric composition and finishing technology, as well as discrepancies between
laboratory testing and field trials (Gibson. 2008). With regards to the environmental performance, a number
of important data gaps hindering proper risk assessment have been identified for the short-chain PFAS (Comis
et al., 2015: Scheringer et al., 2014; Wang et al., 2015). Additionally, the non-fluorinated alternatives have
been studied to varying degrees, but also for these types of chemicals relevant data for hazard and risk
assessment are lacking (Lassen et al., 2015: UNEP, 2012). Diffuse emissions of chemicals from consumer
products are being recognised as an important source of exposure for both humans and the environment
(Molander and Rudén, 2012).169
Short-chain (≤ C6) PFASs are alternatives already used as substitutes of PFOA and PFOA-related substances.
Overall, the use of short-chain PFASs is increasing, indicating a general shift of some parts of the market away
from the use of PFOA and PFOA-related substances. In terms of technical feasibility, industry confirmed that
it is feasible to achieve a similar technical performance with short-chain PFASs compared to PFOA and PFOArelated substances in various applications. However, for some specific uses that require an exceptional
technical performance (e.g. strong oil and dirt repellence) or for niche market products (e.g. photographic
films), it might not be possible to substitute PFOA and PFOA-related substances.
Based on currently available data, short-chain PFASs are considered to be less hazardous compared to PFOA
and PFOA-related substances, even though there are concerns about their persistence and mobility in the
environment. Apart from the use of short-chain PFASs, there are also fluorine-free alternatives already used
by industry (e.g. to achieve water repellence in sports clothing). The use of short-chain PFASs as well as
fluorine-free alternatives will entail costs due to their higher price (compared to PFOA and PFOA-related
substances) and/or higher quantities that have to be used to achieve a similar technical performance. The
total substitution costs are estimated to be between < 2 - 160 million €/a with a central estimate of 36 million
€/a. This range reflects the high uncertainties related to the cost estimates, which mainly originate from
diverging information received from industry on substitution cost, but also from uncertainties related to the
estimated volumes of PFOA and PFOA-related substances.170

Overview of major historical and current uses of non-polymeric per- and polyfluoroalkyl substances (PFASs). It should
also be noted that some uses may be obsolete and replaced by (non)fluorinated alternatives:
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AFFF = aqueous film-forming foams, FFFPs = film-forming fluoroprotein.171

It has been shown that PFASs resist heat and hydrolysis, although some degradation from longer to shorter
C-chains occurs when exposed to UV light.172 Because of the high-energy carbon - fluorine (C - F) bond and
their highly oxidized state, PFAS are largely resistant to biotic and abiotic degradation mechanisms such as
hydrolysis, photolysis, microbial degradation, and metabolism. Because of this, PFAS are environmentally
persistent.173
PFASs consist of carbon chains of different chain length, where the hydrogen atoms are completely
(perfluorinated) or partly (polyfluorinated) substituted by fluorine atoms. The very stable bond between
carbon and fluorine is only breakable by a high energy input. Therefore, perfluorinated acids, like PFOA and
other ones, are not degradable in the environment. Polyfluorinated substances can be degraded to persistent
perfluorinated substances like PFOA under environmental conditions and are therefore considered as
precursors. Due to their outstanding technical properties in providing water, oil and grease repellence, manmade PFASs are used in various consumer products as well as in industrial applications. All these uses lead
to the wide-dispersive release of PFOA, its salts and related substances into the environment. To limit the
risk of ubiquitous and long-term exposure of humans and the environment with PFOA, its salts and PFOArelated substances, a phase-out of these substances is the only effective measure. To achieve this phase-out
171
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a total ban of manufacture, marketing and use is needed. Especially, the import of articles and mixtures
containing PFOA, its salts and PFOA-related substances can only be controlled in this way.174 Moreover,
companies in downstream sectors are closer to consumer demands for safer and greener products and thus
have different perspectives on how to develop and implement safer chemicals and non-chemical
alternatives. Hence the challenge for Europe today is how to ensure steady progress towards sustainability
with respect to the production, use, materials reuse, and safe recycling and disposal of synthetic chemical
substances in combination with retained competitiveness.175
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PFAS general toxicity assessment
PFASs disclose many hazard properties of concern, particularly their environmental persistence, although the
newer, short-chain PFASs (related to the short-chain sidechain fluorinated polymer DWRs) seem less
bioaccumulative than their long-chain analogues. Their equally and exceptionally high persistence is a
motivation to limit the release of these substances to the environment, which will otherwise result in poorly
reversible exposures on local (e.g. contaminated groundwater) and planetary scales (MacLeod et al., 2014).176
Little information on environmental partitioning is available for most of the PFAS that have already been
measured in the environment;177 concerning human beings, the greatest concentrations of PFAS in tissues
are usually measured in blood, kidney, liver and gall bladder.178 PFAS also have high absorption and slow
elimination: the half-life of PFAS in human bodies is estimated to be around 5 to 8 years. Due to their
oleophobic character, PFAS bind to protein rather than accumulating in fatty tissues, and they have often
been detected in human blood.179 Some researchers analysed 15 PFASs but, unlike lipophilic POPs, they bind
to blood proteins and are mainly stored in the liver, kidneys and bile system.180 Human epidemiological
studies have found positive associations between exposure to PFASs and hepatocellular damage affecting
liver function in adults, obesogenic effects in females, liver and kidney cancer, low birthweight and reduced
length of gestation. Exposures to low levels of highly fluorinated chemicals have also been linked to reduced
immune response to routine childhood immunizations. However, data concerning the specific health effects
such exposures may be having on biota is sparse. Links have been found between foetal exposure to PFOA
and significant delays in puberty, and between PFAA exposure in general and hepatotoxicity.181
In the blood, PFASs are bound to plasma/serum proteins (Bischel et al., 2010).182 These results suggest that
sex hormones exert an inhibitory effect on urinary elimination of PFASs in rats and fathead minnows.183
The mean blood elimination half-lives for PFASs depend on the chemical and animal species and sex. The
blood half-lives of PFASs:
• are longer for sulfonates than for carboxylates,
• are shorter for branched isomers,
• are often shorter in females mainly due to the difference in renal clearance (and hormones),
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• increase with chain length for carboxylates,
• in rodents were hours or a few days,
• in monkeys were a little longer, and
• in humans blood half-lives were measured in years.184
In biota, PFAS can cause peroxisomal proliferation, increased activity of lipid and xenobiotic metabolizing
enzymes, and alterations in other important biochemical processes in exposed organisms. In wildlife, PFAS
accumulate primarily in blood and in liver tissue. Therefore, while the major target organ for PFAS is
presumed to be the liver, other organs such as the pancreas, testis, and kidney could also be affected.185

PFAS investigation technologies
Current methodologies for the analysis of PFAS in water or tissue are predominantly based on highperformance liquid chromatography and negative electrospray ionization tandem (triple quadrupole) mass
spectrometry. Concentrations of PFAS in water can best be analyzed by use of solid-phase extraction followed
by elution with methanol, before analysis by high performance liquid chromatography, electrospray negative
ionization or tandem mass spectrometry.
One of the first reliable methods for determining the concentrations of PFAS in tissues was the ion pairing
method of Hansen. Concentrations of PFOS in tissues, such as liver and blood plasma have been measured
using high-performance liquid chromatography (HPLC) with electrospray mass spectrometry.186

PFAS intake: food & food packaging
PFAS intake seems to follow a precise pattern, strictly linked to the dietary route and especially to foods with
a high protein content, such as fish, meat, eggs and milk. Moreover, their presence can derive from the
materials used in food packaging; fish and seafood appear to be the most contaminated matrices. At lower
concentrations, PFAS have also been detected in different types of meat and eggs. The few studies that
investigated milk, have proven that it can be a source of exposure of these pollutants. PFAS can be
accumulated by milk-producing animals and easily eliminated through mammary excretion, because of their
binding to ß-lactoglobulins.187 In a study of migration of PFASs from food contact materials, the Danish
Veterinary and Food Administration analysed the content of PFCAs, PFSAs, PFSAAs, FTOHs, monoPAPs,
diPAPs and S-diPAPs in 66 samples of paper and cardboard (DVDA, 2012). In 10 of the samples, the
concentration of one or more PFASs was above the detection limit. For these 10 samples, migration to the
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food and to a food simulator of 50% ethanol was measured: the migration of the substances to the simulator
was generally higher than the migration to the food items.
For instance, in a Danish-led research, the highest PFAS migration was found originating from packaging and
parchment paper to cakes: it was detected for all five cake samples and, in one of the samples, migration of
six different PFAS was found. In popcorn popped in packaging with a content of PFHxA and PFBA, the latter
substance was found in a concentration of 24 µg/kg popcorn.188

EFSA’s survey outcomes on PFAS detected in food.189
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According to EFSA, across food groups, PFASs were reported more frequently in fish and other seafood, in
meat and meat products and to a lesser extent in other food groups. The highest concentrations for the
different PFASs were found in edible offal and in particular in liver. Individually quantified values ranged from
a low of 0.00034 μg/kg for drinking water to a high of 3480 μg/kg for wild boar liver. However, generally food
with the highest concentrations does not have the greatest impact on exposure, because the quantities
consumed are usually very low (e.g. liver from wild animals). Fish from fresh water were more highly
contaminated than marine fish and diadromous fish (fish living in both salt and fresh water).190

PFAS ecotoxicity
A major source has been the use or spillage of PFAS-containing aqueous film firefighting foam (AFFF); in the
EU PFAS-contaminated waters have been documented in the Netherlands, UK, Germany, and Sweden.
Groundwater contamination would likely be found in other countries with major airports also, if monitoring
were carried out. Discharges from industrial production processes, wastewater treatment and landfill
leachate are also important sources.191 Moreover, PFASs can be released to the environment through the
whole lifecycle, from production, through product use as well as via the disposal of the same products.
Important point sources are sewage treatment plants and landfills; atmospheric deposition is considered to
be major. PFASs have been found in more than 90% of all European rivers and have also been detected in
drinking water, which represents one of the potential exposure pathways to humans.192
According to a US-led research, the concentrations of PFASs in groundwater changed insignificantly from
2009 to 2013, implying little or no temporal change in either the source or the magnitude of the source.
Rainwater was not deemed to be the major source of contamination.193 It is generally known that the
attenuation of organic compounds in the aquifer is governed by a set of factors, including advection,
dispersion and adsorption to aquifer solids.194

Case study: former Wurtsmith Air Force Base (Michigan, USA)
Mapping

The Former Wurtsmith Air Force Base was part of the Strategic Air Command (SAC). B52
bombers and Kc135 tankers operated out of the Base until its closure in 1993.
Decades of operations at the base resulted in numerous releases of hazardous
substances to the environment. Large groundwater plumes were created from these
releases: chlorinated solvent, fuel constituents and landfill leachates constituted the
major types of plumes created by leakage from the storage and conveyance
infrastructure and from disposal practices.
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The use of firefighting foams at the Former Wurtsmith Air Force Base resulted in wide
spread PFAs contamination. In some areas the contamination is extremely high. Beyond
the PFAS contamination created by firefighting foams, other sources of PFAS
contamination also have impacted the ground water, surface water, fish, and tree
swallows. PFAS release has resulted in historical and continuing human and ecological
exposures to these chemicals. None of the current remedial actions is sufficient to
prevent ecological exposure, nor reliably prevent human exposure.
Although levels of PFOS and PFOA in human blood are documented, information on
elimination of these chemicals is limited.195

There are few public available data on the ecotoxicity of the short-chain PFASs. The short-chain PFASs (e.g.
butane-based) appear to be persistent but not to bioaccumulate to the same extent as the long-chain
homologues, as they are excreted rapidly from the organisms studied. The ecotoxicity may not be a critical
issue, but data are not available. A recent Danish risk evaluation of perfluorinated compounds in sewage
concluded that the PFOS levels observed in Danish sludge may pose a long term risk to soil ecosystems, where
the sludge is applied and that more information on the fate and effects of PFASs is needed.
Broadly speaking, the risks and threats of PFOA and long-chain homologues to the marine environment are
currently difficult to estimate, due to the lack of ecotoxicological information. In general, the knowledge
about the human toxicology of most perfluorinated compounds is rather sparse, and it will take some years
and much effort, before sufficient information for evaluation of the full impact of the present levels in
humans is available. EFSA concludes that, based on further results from toxicological evaluations, the
relevance of various PFASs to human health could be better established, thus allowing for the definition of a
set of priority PFASs for future monitoring. The use of analytical methods with improved sensitivity would be
required to monitor such priority PFASs in order to increase the proportion of quantified results and thereby
the reliability of expo-sure assessments. Population studies have discovered positive associations between a
number of adverse effects at commonly prevalent exposures to the PFCs.
If PFAS use and release continues, levels and thus exposures will increase over time in some parts of the
environment and effect thresholds will ultimately be breached. Substances related to the silicone DWRs were
classified with high hazard in human health, ecotoxicity and fate endpoints. In this sense they seem almost
as hazardous as the long-chain PFASs. However, in comparison to the PFASs they are less persistent and
studies of the environmental fate of these substances indicate that the actual risks associated with their
release may be reduced due to their partitioning to air where they are eventually removed by reaction with
hydroxyl radicals (Graiver et al., 2003). Given that some of the substances associated with hazard
characteristics of concern are relevant due to their presence as impurities in the DWR formulations, risks
associated with their release could be reduced if the presence of impurities is reduced in the manufacture of
the DWR. The manufacturing industry is improving processes to reduce or eliminate PFCA and FTOH in its
formulations (Daikin, 2016; Reisch, 2011; Rudolf Group, 2016; US EPA, 2013, 2014). Similar actions have been
taken for the silicone based DWRs and were mentioned already in 2011 (Reisch, 2011).
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In-depth

The current DWR chemistry
Following the phase-out of long-chain per- and polyfluoroalkyl substances (PFASs), the
textile industry had to find alternatives for side-chain fluorinated durable water
repellent (DWR) chemistries that incorporated long perfluoroalkyl side chains. This
phase-out and subsequent substitution with alternatives has resulted in a market
where both fluorinated and non-fluorinated DWRs are available. These DWR
alternatives can be divided into four broad groups that reflect their basic chemistry:
side-chain fluorinated polymers, silicones, hydrocarbons and other chemistries.196
Durable water repellent (DWR) finishes are mostly applied to fabrics after dyeing and/or
printing, but before the fabrics are made into garments. The PFAS-based repellents are
polymers with pendant fluoroalkyl chains attached to the polymer backbone. The sidechain fluorinated polymers are applied as a thin film on the fabric surface, usually in
combination with other finishing auxiliaries, by a pad-dry-cure process (as reviewed by
Knepper et al., 2014). An optimized water and oil repellent finish is designed for a
specific fabric based on its fibre type and fabric construction. The requirements as to
breathability exclude various polymer coatings used to waterproof textiles as possible
alternatives.197
There are large differences in performance between the alternative DWRs, most
importantly the lack of oil repellence of non-fluorinated alternatives. For all
alternatives, impurities and/or degradation products of the DWR chemistries are
diffusively emitted to the environment. Hydrocarbon-based DWR is the most
environmentally benign, followed by silicone and side-chain fluorinated polymer-based
DWR chemistries. There is a lack of information on the hazards associated with DWRs,
in particular for the dendrimer and inorganic nanoparticle chemistries.
Durable water repellent DWR impregnation is applied in textile finishing to impart
water and, depending on impregnation chemicals, oil and stain resistance to the textile.
The water repellence of the external fabric is achieved by its modification with
hydrophobic polymers (Dechant, 1985), dendrimers or nanoparticles (Wong et al.,
2006) and rain drops are repelled and drip off easily from a garment, thus avoiding
"wet-out" the fabrics penetration by water). Wet-out can cause significant cooling of
the wearer and under extreme conditions this can be life threatening. In addition, there
are situations where repellence of other liquids than water becomes vitally important,
like the protection against harmful liquids (e.g. acids or oils), for example chemical
production or on oil rigs. These liquids often have properties that differ from water and
therefore a special DWR finish is necessary. DWR agents are therefore applied as
aqueous emulsions on the external fabric of a garment to deliver a non-polar fibre
modification. During the last decades, DWR chemistries based on polymeric per and
polyfluoroalkyl substances (PFASs) and more precisely "side-chain fluorinated
polymers", have been common (Kissa, 2001, cited in Zero Discharge of Hazardous
Chemicals, 2012) since side-chain fluorinated polymer DWRs are highly durable and
both water and oil resistant (see e.g. Buck et al., 2011). Polyfluoroalkyl (or possibly
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perfluoroalkyl) chains, usually based on either perfluoroalkane sulfonyl fluoride or
fluorotelomer based chemistries, are attached to a non-fluorinated polymeric
backbone.198

Samples of consumer products and preparations were collected in Norway, with supplemental samples from
Sweden. Notable was that perfluorooctanesulphonate (PFOS), which has been strictly regulated in Norway
since 2007, was found in amounts close to or exceeding the EU regulatory (REACH Annex XVII) level in 4 of
the 30 analysed products, all within the leather or carpet product groups. Consumer products like sprays,
treated carpets and food contact materials may also lead to consumer exposure of PFOS, but as also for PFOA
the spray sources today are probably due to the restricted use less important for most consumers/the
general population.199
As an overall recommendation, side-chain fluorinated polymer DWRs should only be used in applications
where oil/stain repellence is really essential. Otherwise, the non-fluorinated DWRs, especially hydrocarbon
DWRs, are preferable for everyday uses where water repellence alone is required because they are relatively
less hazardous. Silicone DWRs could be made less hazardous if residual levels of cyclic methyl siloxanes could
be reduced further. There are huge data gaps in the currently available literature, both regarding the
specifications of the DWR technologies on the market, which are of course often trade secrets, and data on
diffuse emissions and hazard characteristic.200

Mapping

Mediterranean Sea
In 2014, a research team analysed samples of Mediterranean seawater taken from 16
locations in the centre of the Western basin. Fifteen PFASs were detected altogether.
In combination, concentrations ranged between 246 and 515 picograms per litre of
water (pg/L) in surface water samples, with an average concentration of 357 pg/L. Other
most abundant substances were PFHxA, PFHpA and PFHxS. Total PFAS concentrations
in the deep-water sample were 141 pg/L, which is a relatively small difference from the
average surface concentrations.201
Nearly all water entering the Western Mediterranean comes from the Atlantic, and
PFAS concentrations in this study were similar to concentrations found in the Atlantic
near the Strait of Gibraltar. Some of these rivers, especially the Rhône, which flows
through Switzerland and France, and the Ebro, which flows through Spain, are highly
contaminated because they drain some of the most populated and industrialised
regions in Europe.202
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Sweden
Sweden has a national monitoring programme of hazardous substances in sewage
sludges which includes PFASs (Haglund and Olufson, 2010). In 2009, the average
concentrations of PFOS and PFOA in sludge from eight different WWTP were 15.9 (1.637.4) and 4.9 (0.8723.9) µg/kg dry weight, respectively. Generally, the concentrations
have been stable over the last five years, but with a small tendency to decline.
Compared to the data from the Nordic countries, significantly higher concentrations of
PFOS have been reported from the USA and Germany.203
Levels of 26 per- and polyfluoroalkyl substances (PFAs) were also measured in 502
water samples originating from Swedish groundwater, surface water, sewage
treatment plant (STP) effluents and landfill leachates. In drinking water source areas,
the average ∑26PFAS concentration was 8.4 ng L-1. It was exceeded in 2% of the national
drinking water. In water not used for drinking water, ∑26PFASs average concentration
was 142 ng L-1. PFOS concentrations exceeded the Annual Average Environmental
Quality Standard (AA-EQS) of the EU Water Framework Directive in 42% of the surface
water samples. For drinking water source areas from Halland, Skåne and Västra
Götaland 4 samples from Halland and Skåne exceeded the guideline value of 90 ng L1 204
. At least 1 PFAS was detected in 449 of the 502 analyzed samples:

Detection frequency of A) ∑26PFASs and B) ∑7PFASs in samples from drinking water sources areas
(n =172). The blue and green pie chart shows the percentage of A) ∑26PFASs and B) ∑7PFASs below
and above the method detection limit (MDL). The red and orange pie charts presents the A)
∑26PFASs and B) ∑7PFASs above and below the guideline value of 90 ng L-1 for drinking water from
the National Food Agency in Sweden (the guideline value is for the ∑7PFASs including PFPeA,
PFHxA, PFHpA, PFOA, PFBS, PFHxS, PFOS).205
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Figure 2. Detection frequency of A) ∑26PFASs (n = 5) and B) ∑7PFASs (n = 4) exceeding 90
ng L-1 in samples from drinking water sources areas in individual County Administrative
Boards (Länsstyrelser).206

As FOSA, PFNA, PFDA, and 6:2 FTSA were frequently detected in drinking water source
areas, it is reasonable to consider the inclusion of these in the Swedish drinking water
guideline. For the groundwater and surface water sites, potential PFAS sources were
identified by CABs and Swedish EPA including the categories firefighting site, unspecific
industry, STP, landfill/waste deposal, skiing area and urban area. For groundwater, the
composition profile was dominated by shorter perflurocarbon chain PFCAs, PFHxS and
FOSA.207
Surface water showed very different composition profiles, compared to the
groundwater, and was dominated by the shorter perflurocarbon chain PFCAs. The
detection of FOSA, PFNA, PFDA and FTSA is in particular problematic, since they are
currently not included in the Swedish drinking water guideline and not regulated. FOSA
is a PFAS precursor and can degrade to PFOS.208

Germany
In Germany, the mean concentration of PFOS in 61 wastewater treatment plants in
2008 was reported to be 271 µg/kg (range 14-2,615 µg/kg) (UBW, 2009 as cited by
Jensen et al., 2012).209
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PFAAs
Perfluoroalkyl acids (PFAAs) have been manufactured since the 1940s and their water-, oil- and dirt-repellent
properties have made them useful in a wide range of industrial processes and consumer products: firefighting foams, cleaning products, waterproof textiles and upholstery.211 The physical properties of PFAAs
makes these chemicals ideal surfactants.212
PFAAs are highly persistent in the environment, whereas their potential precursors such as fluorotelomer
alcohol (FTOHs) and perfluorooctane sulfonamido ethanols (xFOSEs) are transformed into PFCAs and/or
PFSAs, abiotically or biotically. As we will see in individual cases, listed below, PFAAs and their potential
precursors are ubiquitous in the environment, even in the most remote regions on Earth. Short-chain PFAAs
are generally more mobile than their long-chain homologues; they are not retarded in soil and have already
been detected in groundwater. Among all environmental media, open ocean water is, sadly, the largest global
reservoir of PFAAs such as PFOA, PFNA and likely the other PFCA homologues; water currents transport these
PFAAs into remote areas, such as to the very far side of the world - the Arctic.213
The family of PFAAs includes perfluoroalkyl carboxylic, sulfonic, sulfinic, phosphonic, and phosphinic acids.
All of them are relevant, both because they are highly persistent substances that have been directly emitted
to the environment or are formed indirectly from the environmental degradation or metabolism of precursor
substances, and because they (or their salts) are used in a wide variety of industrial and consumer
applications. Depending on their acid strength (pKa value), PFAAs will dissociate to a greater or lesser extent
to their anions in aqueous environmental media, soils, or sediments; the protonated and anionic forms have
very different physicochemical properties. For instance, the perfluorooctanoate anion is highly water-soluble
and has negligible vapor pressure, whereas perfluorooctanoic acid has very low water solubility and sufficient
vapor pressure to partition out of water into air (Kaiser et al. 2005; Kaiser et al. 2006; Webster and Ellis 2010;
Webster et al. 2010). However, for perfluoroalkyl carboxylic acids, there is an ongoing debate regarding what
is the environmentally relevant pKa, with measured and estimated values varying by several log units for
PFOA (Burns et al. 2008; Goss 2008; Cheng et al. 2009; Rayne and Forest 2010a).214
Thousands of samples of biota have been analyzed in the last years in search for PFAAs and, generally, the
highest concentrations of PFAAs have been found in the livers of fish-eating animals living near industrialized
areas: in Asia, for instance, highest liver concentrations were reported for the common cormorant
(Phalacrocoracidae). Human biomonitoring of the general population for PFAAs in various countries around
the world began in 2000; such surveys broadly demonstrated that in most cases, workers occupationally
exposed have serum levels of both PFOA and PFOS approximately one order of magnitude higher than those
reported in the general population. PFAAs has been also detected in breast milk, liver, seminal plasma and
umbilical cord blood. Samples have been collected in the United States, Japan, Canada, Peru, Colombia,
Brazil, Italy, Poland, Germany, Belgium, Sweden, lndia, China and Australia.215
Despite the relevance of such global findings, very little data are available on trends of PFAAs in human
populations. Epidemiological and medical surveillance conducted on workers occupationally exposed to
POSF-based fluorochemicals revealed mortality and cancer incidence. The scientific opinion on PFAAS’ health
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issues is still mixed and, in some ways, conflicting: some authors tend to underline that no consistent
association between serum fluorochemical levels and adverse health effects has been directly observed,216
while other works stress that PFAAs are associated with toxicity to the immune, nervous and reproductive
systems, among other health issues. It has been anyway proved that PFAAs can pass through the placenta to
the foetus, and that babies can moreover be exposed through the ingestion of breast milk.217 Various PFSAs
and PFCAs are present in the blood of the general human population, of which PFOA and PFOS are the most
frequently detected species. PFOA and PFOS both have long residence times in human blood of more than
1000 days. Besides blood, these two PFAAs are enriched in the lung, liver and kidneys.218
The developing human brain is particularly vulnerable to chemical exposures, with major windows of
development vulnerability occurring in utero, during infancy and early childhood. During these three
sensitive life stages, exposure to neurotoxins such as lead, arsenic, mercury, PCBs, pesticides, and solvents
(of which more than 200 have been identified, with many more suspected to exist) can cause functional
deficits and life-long adverse health effects, even at low levels of exposure that would have little or no
adverse effect in an adult.219 From this point of view, it is deeply alarming to notice that, of the 16 PFAAs
found in a study in the blood of pregnant Danish women, seven long-chain PFAAs were found in over 50% of
the blood samples. Between 2008 and 2013, the researchers found that all seven had decreased over this
time period. Since 1996-2002, the levels of PFNA, PFDA and PFUnA have increased in Danish pregnant
women, which might indicate that some of the regulated PFASs are being substituted with other PFASs.220
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As described, PFAAs have thus been detected worldwide in organisms, especially in fish, polar bears and
seals. Long-chain PFCAs are bioaccumulative and can biomagnify along terrestrial food chains. It should be
noted that aquatic organisms take up PFASs from both water and contaminated food, whereas terrestrial
organisms take up PFASs through food and air.222
In summary, human and wildlife monitoring studies have identified perfluoroalkyl acids (PFAA) worldwide.
PFAAs are different from another class of perfluorocarbons, the perfluoroalkanes which are primarily used
clinically for oxygenation and respiratory ventilation.223
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Perfluorocarbons (PFC)
PFCs or perfluorocarbons are a large class of synthetic fluorinated chemicals, widely used in many industries
including aerospace, automotive, construction, manufacturing, electronics, and textiles; their production
greatly increased under the global industrial and scientific impulse given by WWII, even if they were already
known before the hostilities. PFCs have been used since the 1940s as manufacturer-applied oil and water
repellants on a wide range of products such as clothing, upholstery and in paper mills. They are also used in
the production of fluoropolymers for non-stick cookware. PFCs surfactant qualities were also utilized in mist
suppressants that can be added to metal plating baths to prevent air releases and to fire-fighting foams for
flammable liquids.224 The structure of PFCs increases their resistance to degradation: the carbon-fluorine
bonds require a lot of energy to break, and the fluorine atoms shield the carbon backbone.
Up to 2002, perfluorocarboxylic acids and perfluorosulfonic acids were largely produced electrochemically.
An American company, which until 2002 was the worldwide leading manufacturer of PFCs, ceased production
of PFOS in that same year. Since then, the Italian company Miteni claimed to manufacture the worldwide
largest share of perfluorinated chemicals on the basis of the ECF process.225
The term PFC brings together perfluorinated and polyfluorinated chemicals. PFCs comprise carbon chains of
varied length, in which hydrogen atoms have been wholly (perfluorinated) or partly (polyfluorinated)
replaced by fluorine atoms. There are many familiar trade names behind which PFCs are to be found. They
are very popular due to their unique properties, and they are therefore found in many everyday products.226
After WWII, PFCs knew an even larger exploitation: they have been synthesized in industrial and commercial
applications since the 1960s, to produce everyday goods such as carpets, leather, textile, paper and
packaging, coating materials, cleaning products, pesticides, insecticides and some kinds of particularly
advanced firefighting foams.227 The widespread use of PFCs is due to their outstanding physico-chemical
characteristics, such as resistance to degradation, thermal stability, and various surfactants properties unavailable in other compounds.228
Most PFCs contain an alkyl chain typically between 4 and 12 carbon atoms, where all or most of the hydrogen
atoms have been replaced by fluorine. The strong fluorine-carbon bonds make the chain very stable and nondegradable in the environment. The substances also contain a more reactive functional group, which may be
an alcohol, a carboxylic acid, a sulfonic acid, a phosphoric acid, or their derivatives. According to OECD, about
one thousand of polyfluorinated compounds (PFCs) are in use today. Any of these surface-active substances
shows an extremely low surface tension; they repel water, grease, and dirt.
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229

These properties are useful for a rather large degree of applications, such as dirt repellents in e.g. clothes
and carpets, grease-proof paper in food packaging, in fire-fighting foams and many other industrial purposes
such as in the semiconductor industry, in the photo industry, and as mist suppressants in the metal plating
industry.230 The drawback of such a performing and reliable technology is, of course, on the environmental
and healthcare side. PFCs have been detected in remote areas, such as the Arctic and Antarctic; these
chemicals are present in the atmosphere, in our bodies and in our foods.231
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Locations that may have been contaminated with PFCs may include:
●
●
●
●
●

Firefighting training areas,
Aircraft crash sites,
Metal coating and plating facilities,
Water treatment systems and receiving water bodies,
Airport hangars and other facilities storing fire-fighting foams or having been witnesses of their
release, for training drills or emergency use.232

Products that may have used PFCs when they were made or that might contain PFCs include:
●
●
●
●
●
●
●

Furniture and carpets treated for stain resistance,
Treated clothing that is stain resistant or waterproof,
Foams used to fight fires,
Fast food or packaged food containers, such as French fries’ boxes, pizza boxes, hamburger wrappers,
and microwave popcorn bags,
Makeup and personal care products, such as dental floss, pressed powders, nail polish and shaving
cream with ingredients with “perfluoro” in the name,
Floor care products,
Cleaning products.233

In most cases, PFCs are not regulated by the U.S. Environmental Protection Agency (EPA). Because of their
widespread use, most people in the U.S. have some PFCs in their body.234
The Organisation for Economic Cooperation and Development, or OECD,235 prepared surveys of the
production of PFCs in its member countries in 2004, 2006 and 2009. The most recent, the 2009 survey,
focuses on the long-chain PFCs, their precursors and the emissions from the production (OECD, 2011). Of the
73 substances surveyed, 42 were manufactured and/or formulated into products in 2009. The response rate
of the 27 companies surveyed was 33% and no responses were obtained from non-OECD countries.
Unfortunately, an overview of the production of PFCs in the EU does not exist.236
As mentioned, PFCs include perfluorooctane sulphonates (PFOS), and fluorotelomers. Since the EU restriction
of PFOS, due to their persistence and environmental hazards, they have been replaced by other fluorinated
chemicals, such as perfluorobutane sulphonate (PFBS) and fluorotelomer alcohols (FTOH). PFOS is, however,
still used for textile coatings in other countries (China is the major importer).237
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54 PFCs were registered in the Danish Product Register in 2012, against 92 substances in the 2008 survey:
their total registered quantity was 3.3. tonnes, 13.2 tonnes less than the 16.5 tonnes registered in 2008; 48
of the substances registered in 2009 were not registered in 2012. 11 of the substances registered in 2012
were not registered in the 2007 survey, partly because they were not included in the 2006 OECD list used for
this survey. The total import plus production of these 11 substances was 0.2 tonnes, while 0.0 tonnes was
exported. For all except one substance, the data were confidential. For 21 substances in the 2012 survey, the
data were confidential. The total quantity for these substances was 0.2 tonnes. None of the substances in
the database of registered substances or the list of 2013 intentions, which are not on the OECD 2007 list,
were registered in the Product Register. None of the substances are registered under REACH or on the list of
2013 intentions.238
In other words, limited information is available at EU level on the use of PFCs other than PFOS and PFOA by
application area; the registrations under REACH provide limited information on the current use of the
substances in the EU. The total registered tonnage is in the range of 15-150 t/y, but the total consumption of
PFCs with end-uses, considering global production, is likely in the 2,000-4,000 t/y range. In Denmark, the
total consumption with mixtures registered in the Product Register has decreased from 16.5 tonnes in 2007
to 3.2 tonnes in 2012. A significant part of the decrease was due to a reduction in the use of “releasing agents”
from 7.2 t/y to nearly zero. The total in 2007 was estimated to be in the range of 14 to in excess of 34 t/y (no
upper limit indicated).239

PFC in the environment
As we have seen, PFCs are persistent, bio-accumulative and toxic substances that have been detected all
around the world.240 A scientific survey, performed in Germany, found for instance that concentrations of
PFCs in houses, flats and offices were 30 to 570 times higher than in outdoor air.241 A team of German
scientists discovered that volatile PFCs occur in considerably higher concentrations in the atmosphere in
Europe than off the coast of South Africa. The further their research ship sailed from Europe, the fewer were
the PFCs detected in the atmosphere.
Surprisingly, PFCs are also found in the remote areas very far from human activities such as Arctic.242
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PFC concentrations in the Arctic

Mapping

High PFC concentrations in wildlife have been reported for a wide range of animals
globally, including in the Arctic and the Antarctic. Temporal trend studies have been
performed on archived biological materials, in general covering time spans from the
1970s-1980s to the present. PFCs concentrations, especially those of PFOS, have been
found to gradually increase up to the present years. In a study from the Canadian Arctic,
a decrease in PFOS concentration has been observed after 2000, explained as a rapid
response after the stop of PFOS production in the USA. However, such a decline has not
been found in Greenland.243
PFC concentrations in high seas
Water-soluble PFCs, such as PFOS and PFOA, are mainly emitted into water, irrespective
of how they get into the environment. In oceans, in most rivers and in lakes, in places
where chemicals are manufactured, processed or used, water bodies are more heavily
polluted. This applies, in particular, to industrialized countries. Tokyo Bay, for instance,
is polluted with concentrations of certain PFCs that are up to 400 times higher than in
the water of the open Pacific.244
Ahrens et al. (2010) examined the spatial distribution of 15 PFCs in surface water in the
North Sea, Baltic Sea and Norwegian Sea. In the North Sea, the highest concentration
was found near the coast, whereas the PFC concentration decreased rapidly from 18.4
to 0.07 ng/L towards the open North Sea. The river Elbe could be identified as a local
input source for PFCs into the North Sea, whereas perfluorobutanoicacid (PFBA) was
transported into the sampling area with the easterly current. In contrast to the North
Sea, the distribution of PFCs in the Baltic Sea was relatively homogenous, where diffuse
sources dominated. In general, the composition profile was influenced from local
sources caused by human activities, whereas atmospheric deposition of PFCs were
negligible, but according to the authors, the deposition could possibly have an influence
on lesser-contaminated sites like the open North Sea or Norwegian Sea.245
Houde et al. (2011) notes in a review of monitoring of PFCs in aquatic biota, that the
most notable observation made was the preponderance of long-chain PFCAs found in
organisms, particularly from East Asia and northern latitudes. PFCs detected in livers of
tuna collected from the Pacific rim were predominantly PFOS and PFUnA, whereas
PFDA and perfluorododecanoate (PFDoA) were also commonly identified. The
predominance of PFUnA was also observed in livers of dolphins and porpoises, fish, and
water bird eggs from several sites in Asia. In addition to Asian sites, the long-chain PFCA
profile was also observed in Arctic regions: high proportion of C11-C15 PFCAs were
found in Arctic seabirds and PFCA concentrations in polar bear liver were composed
largely of C9-C11 with much lesser amounts of PFOA, PFDoA, and perfluorotridecanoate
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(PFTrA). The contamination profile may suggest specific sources of emission in East Asia
dominated by long-chainPFCAs followed by long-range transport via ocean and
atmospheric pathways to Northern regions of the globe, according to the authors. The
overall observations made in aquatic wildlife worldwide seem to indicate that PFCA
levels may surpass those of PFSAs in the future.246
PFC in Norwegian population
Fifty-seven pooled archived human serum samples were analyzed to assess the time
trends in the period 1976 to 2007 as well as the influence of age and gender of 19 PFCs
in Norwegian residents (Haug et al., 2009). A 9-fold increase in the serum
concentrations of PFOS, PFOA, and PFHpS was measured for men (40-50 years) from
1977 to the mid 1990s, where the concentrations reached a plateau before starting to
decrease around year 2000. A similar trend was also seen for PFHxS, PFNA, PFDA and
PFUnA, but no clear decline was observed for these PFCs in recent years. The highest
concentrations were found for PFOS and PFOA, with levels around 30 ng/mL and 5
ng/mL, when the concentrations peaked around year 2000 for men of the age group
40-50 years. In 2006 the concentrations in pooled serum samples from men, age 40-50
years were in decreasing order: PFOS (12 ng/mL), PFOA (2.7 ng/mL), PFHxS (1.4 ng/mL),
PFNA (0.55 ng/mL), PFDA (0.22 ng/mL), PFPeDA (0.11), PFHpA (0.078 ng/mL), ng/mL),
PFTrDA (0.071 ng/mL), and PFHpS (0.055 ng/mL). Other analysed PFCs were below the
detection level.247
PFC in Chinese rivers
A Chinese study examined the concentrations of 14 perfluorinated compounds in water
samples taken from the Pearl and Yangtze Rivera. Samples from the Yangtze River near
Shanghai (the major industrial region in China) had the highest concentrations.248

Canadian researchers detected volatile PFCs (for instance, fluorinated telomer alcohols or FTOH) - in the
Arctic atmosphere in concentrations to 29 pg/m3 air and showed that under the prevailing conditions,
without the help of man, they are converted into perfluorcarbon acid and washed out of the atmosphere by
precipitation.249 Other spreading mechanisms should still be fully understood: a study from USA showed that
the mass flow of PFCs was higher in winter than in summer.250
PFCs have been found worldwide in soil, groundwater, surface water, rain, ice caps, air, plants, animal tissue
and blood serum; the highest concentration found in the environment tend to be associated with direct
discharge from industries where PFCs are in use. Fresh waters in the vicinity of these industries have been
documented to have concentrations of PFCs ranging from 1-1000s parts per trillion (ppt). Oceanic
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concentrations of PFCs are several orders of magnitude lower, ranging closer to 0.01-0.1 ppt. Interestingly,
despite not being volatile, PFCs have been detected in Arctic air, sediments and fauna - in areas
geographically separated from any possible human sources.
PFCs are mobile in soil and leach into groundwater: it is not completely understood how the compounds are
transported from industrial facilities or consumer products. Three hypotheses have been presented
regarding the method of their long-range transport: one possibility is direct ocean transport of PFCs. The
second postulates that PFCs are transported directly as marine aerosols, supported by some evidence surfactants accumulate on the surface of water bodies. In addition, a third hypothesis is that volatile
fluorotelomer alcohols travel great distances in the atmosphere, and then degrade into PFOS and PFOA.251

Mapping

Germany
Once released into the environment, perfluorinated chemicals (PFCs) remain there for
a long period: they are persistent. PFCs are emitted into the environment through
production processes and as residues in a number of products, during all their use and
disposal. Concentrations, which could arouse concern about long-term health risks,
have been achieved only in isolated cases, such as in Sauerland.
A report focused on Elbe river shows strikingly that municipal sewages, mainly coming
from private households, discharge water-soluble PFCs into the Elbe. In the
Hochsauerland district in North-Rhine Westphalia, drinking water in the Möhne
reservoir was contaminated with PFCs. Farmers in the Hochsauerland district of the
State of North-Rhine Westfalia in Germany make use of sewage sludge as a fertilizer,
which contains very high residue level of perfluorinated chemicals.252 The values
measured in human blood are only a fraction of those of concentrations in animal
experiments. Follow-up examinations of affected persons from the Hochsauerland
district appear to confirm that this half-life period applies also to persons in general.
Rats, dogs and monkeys, on the other hand, excrete PFOA within a few days. It can
therefore presently be assumed that the human body is exposed to these substances
for a considerable longer period.253
Scientists from Ruhr University in Bochum examined blood samples of the population
in the District of Arnsberg, as well as from the Brilon and Siegen region. The blood of
the inhabitants of Arnsberg contained five to eight times higher concentrations of PFOA
than that of the neighbouring communities of Brilon and Siegen. In the Hochsauerland
district in North-Rhine Westphalia, drinking water in the Möhne reservoir was
contaminated with PFCs.254 Raw water aimed at the production of drinking water is
endangered not only by leached polluted soil, as occurred in Hochsauerland; PFCs can
also infiltrate into the soil or enter groundwater from polluted waters, through bank
filtration. PFC contamination of the raw water of German drinking water reservoirs lies
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mostly in the single- or two-digit ng/l range. Most of the drinking water sources
investigated in Bavaria lie below the precautionary value laid down by the Drinking
Water Commission. In reservoirs in the neighbourhood of Gendorf, the important
fluorine-chemical location in Bavaria, however, PFOA concentrations exceeded the
precautionary value of the Drinking Water Commission of 0.1 µg/l. In the
Hochsauerland district, drinking water has to be purified of PFCs with activated carbon
filters in order to meet the target value.255
In Gendorf industrial park, measured concentrations were >0.2 to 15.4 µg/kg for PFOA
and >0.2 to 18.9 µg/kg for PFOS; the highest values were measured in eel. Investigations
in the highly contaminated Hochsauerland region indicate that plants take up PFOA and
PFOS - and probably other PFCs - through their roots; human beings can absorb PFCs
through the consumption of meat or milk. It has been also reported accumulation of
PFCs in eggs and milk in the Gendorf region.256
Most PFCs are not degraded in sewage treatment plants. ln 47 treatment plants (30%),
PFC contamination >100 µg/kg of sewage sludge was measured. In all, findings were
between 5,136 und 102 µg/kg of sewage sludge.257
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PFC’s toxicology
PFCs have been shown to bioaccumulate in animals, including humans. Traces of them are found in blood,
organs and in muscle tissue: interestingly, this is in contrast with other persistent organic pollutants that tend
to accumulate in the fatty tissue. PFCs have been detected in polar bears in Greenland, giant pandas in China
and albatrosses in the middle of the Pacific Ocean.260
PFCs, such as fluorotelomer alcohols, are found in indoor air as well as in the atmosphere. They are mainly
taken up into the body through the lungs. Moreover, textiles finished with PFCs (upholstery, seat covers and
carpets) can contribute to an increased concentration of PFC elements in indoor air and dust. It is
questionable whether wearing of coated or membrane-fitted clothing would also lead to the direct uptake
of PFCs. It has still not been shown that consumers are realistically exposed to PFOA and FTOH from clothing
fabrics.261 Anyway, once PFCs entered in a person’s body, it takes from two to four years, before their levels
decrease by half, even if no more substances are ingested or otherwise taken in.262 Other authors double the
period of persistence in humans, since these chemicals are not easily excreted, and may remain in the human
body for years (estimated 4-8 years). There is also no way to remove PFCs from the body other than the
body’s normal elimination processes.263
They have been shown to be toxic to laboratory animals, and there is inconclusive evidence that they might
cause cancer in animals; human toxicity is still being debated. In addition, PFCs do not degrade in the
environment and are not removed by conventional water treatment methods, such as in-situ pump and treat,
soil vapour extraction and air sparing.264 An investigation found that drinking well or public water with
detectable levels of PFCs may contribute to an increase of blood PFC levels; older people may have higher
blood PFC levels than other tested. At this time, we do not have enough information to say what level of
PFC’s in the blood may surely lead to health issues. Recent studies have found possible links to some PFCrelated health problems.265
It is difficult to translate the health effect studies of PFCs on animals to humans, since PFCs have a very short
half-life in animals (for instance, 17-19 days in mice), and a much longer half-life in humans (3-5 years). It is
anyway well known that long-chain PFCs, such as PFOS, tend to bioaccumulate in animal species as they move
through the food chain.
The human body does not metabolize or rapidly rid itself of these chemicals. The question of toxicity in
humans arises from the fact that studies of industrial/chemical workers exposed to these compounds have
shown few adverse health effects, and have generally shown inconsistent results. A C8 Science Panel’s study
of West Virginia and Ohio populations exposed to PFOA contaminated water from a nearby manufacturing
plant showed probable links between PFOA exposure and testicular cancer, kidney cancer, clinically elevated
cholesterol in adults and children, changes in thyroid hormone levels, pregnancy induced hypertension, and
ulcerative colitis. Studies of the general public with PFCs in their blood indicated that PFOA may be associated
with decreased sperm count, low birth weight, and current thyroid disease. Studies of pregnant women who
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had been exposed to PFOA found a possible link between the chemical and low birth weight and
developmental effects. Studies of PFOA exposure in mice performed by Lau revealed possible links between
the chemical and increased maternal liver weight, low birth weight, early pregnancy loss, compromised
postnatal survival, and delays in growth and development.266
Researches indicated that humans can be exposed to PFCs through two main routes:
a) Occupational exposure. Levels of PFCs in the blood of people who work where PFCs are manufactured
or used are always much higher than others. Inhalation and dermal contact are the most common
exposure entry routes.
b) Non-occupational exposure. PFCs contamination of food and air is likely to be responsible for most
of the non-occupational exposures in industrialized nations.
A number of works focused on PFCs findings in tap water, and aside from those drawn from already
contaminated sources, most have found concentrations below detection.267 Several PFCs, including PFOS and
PFOA, are not removed in the standard WWTPs (wastewater treatment plants) on each plant’s influent.
Instead, all PFCs were reduced following micro-filtration and further reduced to below quantification after
reverse osmosis.268

Denmark

Mapping

Few biomonitoring studies have been conducted in Denmark measuring the levels of a
broad range of perfluorinated substances. A recent study reported the levels of eight
different perfluorinated substances in serum from young women planning their first
pregnancy (collected during 1992-1995). Among the women who got pregnant (n =
129), the concentration of PFOA was 5.61 ng/ml. For young Danish women planning
their first pregnancy (serum collected during 1992-1995), the concentration of PFOS
was 36.3 ng/ml. The median serum levels were similar to most levels reported for US
populations during this period. The consistent finding of the studies is that cord blood
has lower total PFOA than maternal blood; but several perfluorinated substances are
able to cross the placenta barrier to foetal blood and PFOA seems to cross the placenta
most easily.
The known critical PFCs, such as PFOA and PFOS, are being increasingly replaced by
other, less familiar and less analysed PFCs. Also these newer chemicals are detectable
in mother's milk.269
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Alternatives to PFC
Alternatives to long-chain PFCs exist for most applications: broadly speaking, the technologically best
alternatives to long-chain fluorinated chemicals are short-chain chemicals with a carbon chain length of ≤C6
for perfluoroalkyl sulfonates. In addition, some non-fluorinated alternatives, such as siloxanes, propylated
aromatics and sulfoccinates, can be used for specific applications.
It should be always reminded that the non-fluorinated alternatives are in general less persistent and
bioaccumulative, but some are toxic, too: some short-chain compounds are less toxic, but nevertheless
persistent. In general, there is a lack of public data on the properties of these alternatives, partly because the
data are protected by commercial secrecy, partly because most scientific research focused on the
polyfluorinated substances.270 Recently, the use of short-chain PFCs has increased: though the enrichment
potential of these substances in the body is lower, they are also not degradable. Short-chain PFCs adsorb
fewer particles and distinguish themselves through high soil mobility; PFOS and PFOA consist in each case of
8 carbon atoms. Short-chain PFCs have better water-soluble properties, bind less well with surfaces and thus
have an increased infiltration potential.271
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272

PFC in food
With regard to food as the source of PFC exposure, Fromme et al. (2009) reviewed PFC concentrations in
indoor and ambient air, house dust, drinking water and food. They concluded that dietary exposure is the
dominant intake pathway, responsible for 96% (PFOS) and 99% (PFOA) of the total intake of the general
population, using mean intake data. House dust is responsible for 2% (PFOS) and 0.6% (PFOA) of the total
intake, while air (indoor and outdoor together) is responsible for only 0.3% (PFOS) and 0.08& (PFOA). One or
more PFCs could be detected in all food categories examined. Out of 14 PFCs, most PFCs were detected in
crustaceans, followed by lean and fatty fish and butter and flour.273
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Drinking water may be a significant source of PFCs. For this reason, drinking water was incorporated next to
food in the intake calculation. Indicative values for the concentrations of PFOS and PFOA in drinking water
are 7 pg/g for PFOS and 9 pg/g for PFOA.274

PFC removal from the environment
Many PFCs are hardly or not at all degradable in the environment. Some of these compounds can only be
destroyed by high-temperature combustion and disposed of with subsequent waste-air purification.275
How do PFCs get into sewage sludge? Everyday the metal, paper and textiles industries use a wide range of
products containing PFCs. These chemicals are discharged into sewage treatment plants, washed away with
wastewater; private households are a contamination source, too. Due to its high nutrient content, sewage
sludge is in great demand as an agricultural fertilizer; PFCs are then discharged into soil and groundwater. It
is certain that other chemicals, still not studied, enter soils by this very same way - as in the case of PFCs.
Sewage sludge is therefore a potential source of further groundwater contamination: it is really difficult and
expensive to rehabilitate soils, once they have been contaminated with PFCs. The technical and financial
costs would exceed any limit of reasonableness. Also for this reason, in some federal German Länder, limit
values for PFCs in sewage sludge used as an agricultural fertilizer are already in force. Sadly, this limit was
exceeded in 30 per cent of the sewage treatment plants investigated.276 Many researchers have reported
that the conventional wastewater treatment processes, especially the biological processes, are not effective
to remove PFCs from domestic and industrial wastewater.277
There is also some conflicting evidence from the monitoring studies on the ability of drinking water treatment
processes to remove PFCs. The study of Lake Maggiore in Italy gave similar very low levels of PFOS and PFOA
in both lake and drinking water, thus the authors concluded that the treatment was ineffective in removing
these chemicals. The installation of GAC (granular activated carbon) filters into the wastewater treatment
system of a PFC production facility in Minnesota, USA, successfully removed PFCs. Results using other options
shows no measurable photolysis with UV alone or hydroxyl radical oxidation (from the addition of hydrogen
peroxide).278
Closed water cycles should be utilized if PFC are used, or even better, PFCs in proximity of wastewater plants
should be replaced by alternative compounds. This is easier said than done: just for instance, for certain fire
classes (i.e. for fuels and chemical fires), no PFC-free extinguishing agent of comparable efficacy is available
on the market. The discussion about alternatives to PFCs is difficult and should never forget that the qualities
of PFCs are up to now almost unique. Possible alternatives frequently involve a loss in convenience (PFCbased products are superior to all other extinguishants).279

274

Intake of PFOS and PFOA from food and drinking water in The Netherlands; C.W. Noorlander | J.D. te Biesebeek |
S.P.J. van Leeuwen | M.J. Zeilmaker; 2010; National Institute for Public Health and the Environment - P.O. Box 1 |
3720 BA Bilthoven, The Netherlands
275
DO WITHOUT PER- AND POLYFLUORINATED CHEMICALS AND PREVENT THEIR DISCHARGE INTO THE
ENVIRONMENT; 2009; German Federal Environment Agency Press Office, PO Box 1406, 06813 Dessau
276
DO WITHOUT PER- AND POLYFLUORINATED CHEMICALS AND PREVENT THEIR DISCHARGE INTO THE
ENVIRONMENT; 2009; German Federal Environment Agency Press Office, PO Box 1406, 06813 Dessau
277
Worldwide surveys of perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) in water environment in
recent years; Chinagarn Kunacheva; 2012; Water science and technology;
278
Perfluorooctane suplhonate and perfluoroctanoic acid in drinking and environmental waters; Rumsby PC.; 2009;
Philosophical Transactions - Royal Society;
279
DO WITHOUT PER- AND POLYFLUORINATED CHEMICALS AND PREVENT THEIR DISCHARGE INTO THE
ENVIRONMENT; 2009; German Federal Environment Agency Press Office, PO Box 1406, 06813 Dessau
98

Studies of PFCs in primary and secondary wastewater treatment have shown them to be inefficiently
removed, and in some cases increasing in effluent relative to influent. The limited efficiency or secondary
water treatment technologies has meant that PFCs have been detected in finished tap water from various
countries at parts per trillion ranges; some success has been reported utilizing activated carbon for removal.
A number of novel destruction techniques have been shown to be successful, such as sonochemical
degradation and oxidation with persulfate radicals.280 Available treatments consist of de-nitrification, several
stages of ozonation, coagulation/flocculation, dissolved air flotation, sand filtration and biologically activated
carbon filtration. Unfortunately, such procedures are not always used, due to cost and technological
availability.
An Australian study, focused on two wastewater treatment plants, found that longer chain PFCs, greater than
10 carbons, were not detected in the influent of either plant. Concentrations of PFOA and shorter PFCAs
remained relatively consistent throughout each treatment step, whereas removal of PFOS and the longer
PFCAs, PFNA and PFDA is observable during the treatment process. In this instance the biologically activated
carbon failed to completely remove any of the PFCs. This was judged to be due to the age of the carbon,
which was 1.5 years old at the moment of sampling. Additionally, it may have be related to the contact
time.281
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Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA)
Among other substances, two PFAAs (perfluoroalkyl acids) recently became matter of great interest, due to
their particular features and, above all, to their dramatically extended traceability in the environment. These
are PFOS (perfluorooctane sulfonate) and PFOA (perfluorooctanoic acid), man-made chemicals belonging to
the larger group known as Per- and poly-fluoroalkyl substances. PFOS and PFOA have been increasingly used
mainly to repel dirt, water and oils; maybe for this reason, or for their widespread diffusion in all the kinds of
environment, these two PFAAs seem to have ubiquitously achieved international fame in scientific works and
surveys.283 Accordingly, to such a scientific and literature preminence, both these substances will be in-depth
and individually analyzed in this baseline scenario; here, as introduction, a brief summarisation of their
common features.
PFOS and PFOA are highly stable, water and oil repellent, and resistant to hydrolysis, photolysis,
biodegradation and metabolism. They have been used extensively for various applications, including textiles,
paper, packaging, pesticides, products, decorations, additives, surfactants, and foam extinguishers. PFOS and
PFOA are a new class of persistent organic pollutants (POPs), which are toxic, persist in the environment for
a long time, and bioaccumulate in the food chain. Both substances are persistent in humans because they
are poorly metabolized and excreted.284

In-depth

PFOA, PFOS as well as other PFAAs are primarily produced by two methods: the Simons
Electrochemical Fluorination process or, as alternative production, by telomerization of
tetrafluoroethylene units.285, 286
More in detail, PFAS have historically been manufactured using four distinct routes.
Today PFAS are principally manufactured by two different processes: electrochemical
fluorination (EFC) and telomerisation. Electrochemical fluorination (ECF) is a technology
in which as organic raw material undergoes electrolysis, leading to the replacement of
all the H atoms by F atoms. The ECF process has traditionally been used to produce
PFOS (via POSF) and PFOA (via perfluorooctanoyl fluoride). Telomerisation is a
technology in which a perfluoroalkyl iodide (PFAI) is reacted with tetrafluoroethylene
(TFE), to yield a mixture of perfluoroalkyl iodides with longer perfluorinated chains.287
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Global PFOA emissions, 1951-2030.288

PFOS and PFOA in the environment
As mentioned before, PFAS in polymers can break down to PFOS and PFOA. The relative importance of such
precursors to the current environmental load of PFOS and PFOA is, as yet, still unknown.289
PFOS, PFOA and perfluorohexane sulfonate (PFHxS) belong to the same great group of chemicals: they are
all very stable, and they share the tendency not to break down in the environment. PFOS and PFOA are stable
to hydrolysis in the environment based on half-lives of 41 and 92 years, respectively: available information
indicates that perfluoroalkyl compounds are also resistant to aerobic biodegradation. These
perfluoroalkylated substances are all present in the environment;290 water is expected to be the primary
environmental compartment where PFOS and PFOA are to be found. Adsorption to soils, sediments and
sludge is uncertain.291 Once PFOS and PFOA are released into the environment, these chemicals persist for
many years and are able to travel long distances without breaking down: as we will see later in this baseline
scenario, they have been found in both the Polar ice covers, thousand miles away from any industrialized
site, city or waste dump.292 Problem is, they can persist for a long time, both in the ecosystem and in human
beings. PFOA and PFOS can remain in the human body, particularly in our blood, for several years; and in
animal experiments, PFOA and PFOS have proven to be a danger to reproduction.293
Long-chain homologues to PFOA (C9-C12 or longer) are found in relatively high concentrations in the
environment, but hardly any information on the use of these substances and their possible precursors is
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available.294 Anyway, the U.S. EPA, Health Canada and many national agencies have already issued
preliminary human health risk assessments on PFOA, PFOS or PFOS- and other PFOA-related substances.295

PFOS and PFOA: general intake routes
Human exposure to soil-borne contaminants generally occurs through two routes: direct exposure (ingestion,
inhalation of fugitive particles and dermal absorption) and indirect exposure (leaching through soil to
groundwater that, unfortunately, also serves as a source of drinking water).296 Indeed, recent studies have
reported the presence of PFOS and PFOA in the air, water, sediment and sludge, food, food packaging and
textiles.297
Indeed, PFOS and PFOA have been evaluated as environmentally-persistent chemical compounds,
increasingly found in all the possible kinds of environments: even the European Food Safety Authority
(EFSA)298 has been asked to evaluate the importance of food to the human exposure to these substances. In
short, according to EFSA’s Contaminants Panel (CONTAM) various kinds of food, in particular fish and fishery
products, seem to be a significant source of exposure to these contaminants. For PFOA, it was found that
other non-food sources, such as indoor air pollution, also contribute to total exposure; EFSA’s CONTAM Panel
acknowledged that there were significant data gaps on multiple issues, such as the contribution of different
foodstuffs to human exposure and that further research and data collection would be necessary. Anyway,
working on the available data, the Panel established Tolerable Daily Intakes (TDI) for both PFOS and PFOA
and concluded that the general population in Europe is unlikely to suffer negative health effects from dietary
exposure to these chemicals. However, high consumers of fish may be slightly exceeding the TDI for PFOS.
Whilst a lack of consistent data precluded the CONTAM Panel from making a comprehensive risk assessment,
experts considered there to be sufficient scientific data to establish a precise TDI for both PFOS and PFOA:
for PFOS, the Panel established a TDI of 150 nanograms per kilogram of body weight per day and for PFOA
1.5 micrograms (1,500 nanograms) per kilogram of body weight per day. These data will be further deepened
in the toxicological analyses of this baseline scenario, for both the substances.
Concerning exposures, the basic rule sounds something as: “the dose makes the poison”. It is not a joke, or
an underestimation: exposure scenarios are extremely complicated to assess, generally depending on the
chemical and its occurrence in textiles or other materials after release, its bioavailability as well as on the
vulnerability of the organisms exposed. Non-human animals are exposed to textile chemicals mainly in
wastewater recipients: at treatment plants and waste disposal sites and in the watercourses, running below
these. Exposures include accidental releases in fires, both in storages and in end-use localities or even in air
crashes. Exposures are determined by the level and the duration of exposure. The internal exposures in terms
of critical tissue doses are modified by toxicokinetics, depending on the substance and the biological target
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system.299 In human beings, a high exposure to PFOS and PFOA may have a harmful impact on health and can
damage the liver, also causing developmental and possibly reproductive problems. Certain laboratory
experiments on rats have indicated some potential to cause cancer, but it is still unclear if these results have
implications for human health.300
PFOS and PFAS have been demonstrated to bioaccumulated in fish (Martin et al., 2004a; 2004b). Thus fish is
potentially an important dietary source of these PFCs for consumers, in particular high fish consumers.
Generally PFOS has been found at higher levels in fish than PFOA.301 PFOS and PFOA have proven to be
moderately toxic after brief contamination by way of food, air and the skin. However, both compounds
enhance the development of liver, pancreatic and Leydig cell tumours. PFOA and PFOS are not mutagen; this
means, they do not alter the human genom.302
For substances other than PFOS and PFOA, the link between the use of these substances and the
environmental and human exposure is poorly understood. It is not clear at what extent perfluorinated sidechains of the side-chain-fluorinated polymers are released from various articles, and at what stage of the
lifecycle of the substances these releases may occur. For instance, analysis of packaging and textiles
demonstrates that a range of substances can be extracted at low levels from the articles, but the significance
of this in terms of possible human exposure and releases to the environment is not known.
Anyway, if PFOS and PFOA are increasingly being found in the food chain, it’s because of the environmental
pollution, directly or indirectly deriving from industrial practices. As already mentioned, these substances
have been widely used in industrial and consumer applications, including stain- and water-resistant coatings
for fabrics and carpets, oil-resistant coatings for paper products approved for food, fire-fighting foams, floor
polishes and insecticides, and lots of other applications, in a decades-long timespan.
Unborn children can be significantly exposed to PFOS and PFOA, for example, because they can cross the
placenta from the mother. PFASs also showed regional differences, with higher levels of PFASs found in
northern and eastern Inuit women compared to women from the southern and western regions. The Inuit
pregnant women had slightly higher levels of PFOS and PFOA than pregnant women from Northern Norway
during 2007-2009, and Canadian non-Inuit pregnant women during 2007-2008 for PFOS. A research found
that perfluorinatedalkyl acid (PFAA) levels in the blood of pregnant Danish women decreased between 2008
and 2013.303
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Mapping

In soils, sediment, wastewater and sludge, PFOS and PFOA have been detected in
various countries: West Virginia, San Francisco Bay, Japan, Spain, Austria. Even more
dramatically, due to their distance from whatever possible production plant or waste
disposal site, PFOA and several other PFAAs have been detected in the High Arctic ice
caps, in concentrations ranging from the low-to mid-pg/l range.304 It has been proved
that, surprisingly, some Arctic populations are more exposed to certain contaminants
than people anywhere else on Earth. Various studies in Antarctic confirm that melting
glaciers are an important secondary source of POPs, which seemingly originated from
distant sources.305 The prediction of the distribution and ultimate fates of perfluoroalkyl
substances is further complicated by their hydrophobic and lipophobic properties.306
Fær Øer Islands
In abiotic environmental samples, PFOS was the only perfluoroalkyl sulfonic acid (PFSA)
detected in marine sediments in the Faroe Islands, in concentrations just higher than
the quantification limit (ND-0.11 ng/g ww, Butt et al., 2010) (NM, 2013). The
importance of local emission sources was assessed by analysing soils adjacent to
airports and remotely from the airports, yet in the same region.307
Japan
PFOS and PFOA were also monitored in the Yodo River basin, in Japan. PFOS and PFOA
have been detected in the sludge from Japanese sewage treatment works in the range
of 200-500 ng1-1. Raw and tap water were also monitored, from 14 Osaka drinking
water treatment plants, in summer and winter. PFOS and PFOA were detected in 811
raw water samples at concentrations ranging from 0.26-22 ng1-1 to 5.2-92 ng1-1.
Italy
An Italian study of PFOS and PFOA concentrations in Lake Maggiore in Northern Italy
and in local drinking water reported that the concentration was very similar. The
removal systems of sand filtration and chlorination were inefficient at removing PFOS
and PFOA. Levels of these compounds in drinking water produced from Lake Maggiore
were almost identical with those found in the lake itself, revealing the poor
performance of sand filtration and chlorination applied by the local waterworks. Serious
concern raises about drinking-water quality, when contaminants are not removed by
water-treatment plants.308
South Korea
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In South Korea, PFC8 were monitored in the streams of the industrial areas on the west
near Lake Shihwa and Gyeongö Bay. Local industrial sources were considered to be the
origin of the high concentrations detected of PFOS and PFAS.309

Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
(PFOA): end uses
More in detail, the current end-uses of PFOS and PFOA in articles and products are hereby listed, according
to a 2013 Danish EPA survey and to other sources:
●

●
●
●
●

●

Hard chromium plating: PFOS is used in non-decorative hard chromium plating in Denmark,
which is one of the few exempt applications of PFOS, still allowed in connection with the REACH
Annex XVII restriction. Around the year 2010, 10-28 kg of PFOS was used annually in hard
chromium plating in Denmark only.
Paint and lacquers: fluorinated substances are widely used as paint’s surfactants.
Impregnated clothing: the fluorinated agents are typically used for clothing for outdoor uses to
make the clothing water and soil repellent.
Carpets: they have historically been the major application area for PFOS in the whole EU.
Cleaning products: a survey of the chemical substances in cleaning products for ovens, cookers
and ceramic hobs from 2010 did not find PFOS in the four mixtures analysed for the content of
PFOS.
Fire extinguishers: PFOS-related substances have traditionally been used in firefighting foams in
Denmark, as well as in other countries. The remaining PFOS-containing foams were allowed to
be used until June 2011.310
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Perfluorooctane sulfonate (PFOS)
Perfluorooctane sulfonate (PFOS) is a completely fluorinated compound, containing eight carbon atoms and
a sulfonate group. Due to its surface-active properties, it is used in a wide variety of applications.312
In the past, perfluorooctane sulfonic acid and its derivatives have been used for a wide range of products and
processes. Among these were pesticides, plumbing fluxing agent, medical applications and devices, flame
retardants, coatings and coating additives, adhesives as well as uses in rubber and plastics, upholstery, and
the leather and carpet industries.313 PFOS derivatives are also used in the photographic industry as
ingredients per film, paper, plates; the concentration of PFOS in films is indicated at 0.1 - 0.8 µg/cm2.314
Another relevant use concerns fire resistance of furnishing textiles, strictly required by law in vehicles, public
buildings and certain working clothes. Different salts can be used as fire proof agents, but they are washed
off the textiles. Chemical fire proof treatment is used for natural fibres and mixed materials, not for clothing
textiles. Most of the substances used for fireproof treatment are hazardous, containing chlorine, bromine,
formaldehyde, phosphorus and nitrogen. These compounds are persistent, some of them bioaccumulative,
and toxic.315
Carpets have historically been the major application area for PFOS in the EU. A 2008 Danish survey estimated
that carpets may likely be the major application area of the fluorinated substances in Denmark. It was
confirmed by manufacturers that fluorinated agents were used for the carpets, and it was assumed that
between 56 and 90% of the carpets in Denmark were impregnated with fluorinated substances, but
information on which specific substances were used was not given.316
In 2009, perfluorooctane sulfonate was added to the Stockholm Convention for Persistent Organic
Pollutants;317 the use of PFOS and substances that may degrade to PFOS is currently restricted by the
European POPs regulation. The main issues concern management of PFOS-containing waste (solid waste and
sewage sludge), remaining exempted uses of the PFOS and PFOS-contaminated soil. The POP Review
Committee under the Stockholm Convention considers PFOS to meet all the POP criteria (persistence,
bioaccumulation, long-range transport potential and toxicity), as stated by UNEP, in 2006.318
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Other PFOS-related compounds:320

N-methyl perfluorooctane sulfonamide
MeFOSA

N-ethyl perfluorooctane sulphonamide
EtFOSA

N-methyl perfluorooctane sulfonamidoethanol
MeFOSE

N-ethyl perfluorooctane sulfonamidoethanol
EtFOSE

The Organisation for Economic Co-operation and development (OECD) published a hazard assessment of
PFOS and its salts in 2002: this important report concluded that PFOS is persistent, bioaccumulative and toxic
to mammalian species. The OECD also identified a no-observed-adverse-effect (NOAEL) of 0.1 mg/kg b.w. per
day, based on the results from a two-generation study in rats.321 Their report included this fundamental
description of PFOS’ properties, hereunder proposed:
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With respect to past uses, upholstery and carpets are considered relevant due to their long lifetime regarding
PFOS entering the waste stream. This sentence should, however, be carefully contextualized. Industries
producing shorter lifetime-items, such as textiles, paper and cardboards, do not significantly influence the
current waste stream anymore, even if they still contribute to current and future PFOS emissions, in particular
as releases from waste disposal or contaminated sites. Industries which used PFOS during their production
processes with end-products not containing PFOS, such as the mining industry, do not pose a current input
of PFOS to waste streams. In the years up to 2002, an estimated 146 tonnes of PFOS per year were used for
production of carpets in the EU27, and the average concentration of PFOS in PFOS-impregnated carpets was
88 mg/kg. It is also estimated that about 146 tonnes per year of PFOS will be disposed of in the period from
2012 to 2016 in a waste volume of 1.9 million carpets (both with and without PFOS) with an average content
of 75 mg/kg.323
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If the use of PFOS in Denmark corresponds to the use in a number of EU countries up to 2016, about 1-2
tonnes of PFOS will be disposed every year in carpets, with an average concentration of around 75 mg
PFOS/kg. Similarly, it is assessed that there may be smaller quantities of PFOS that will be disposed of with
leather furniture, containing an average concentration of around 80 mg PFOS/kg (Danish EPA, 2012).325 Data
from the Danish Product Register show that six of the registered substances are included in the OECD
category of substances that may degrade to PFOS. The total registered production and import was 0.52 t/y.
The known consumption for exempt applications, process chemical in hard chromium plating, is only about
0.02 t/y.326
Perfluorohexane sulfonate (PFHxS) is the PFOS homologue with a 6-carbon chain. Due to its toxicological
profile it is considered among the long-chain perfluoroalkane sulfonates. The substance has been detected
in waste water, environmental samples, food, human blood and breast milk, but in lower concentrations than
PFOS. The substance is not regulated or addressed in the registry of intentions under REACH.327
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In the years up to 2002 about 6 t/y of PFOS were used in the EU27 for leather furniture, and in 2010 a
corresponding amount was disposed of with this furniture in a total waste volume of about 71,000 tonnes of
upholstered furniture (both with and without PFOS), with an average content of PFOS of 2.4 mg/kg.
Considering the uncertainty of the lifetime estimates and the fact that the leather articles are generally more
expensive, there may still be amounts to be disposed of in 2012 and the following years.328
Within the framework of the Stockholm Convention, alternatives to perfluorooctane sulfonate (PFOS) and its
derivatives are currently reviewed by the Persistent Organic Pollutants (POPs) Review Committee. The review
includes, among other applications, the use of PFOS and its derivatives in textiles. Although the PFAS-based
repellents for textiles are not based on PFOS, the review includes information on some of the chemical groups
considered alternatives for PFAS-based repellents. The chapters on human health and environmental
assessments of alternatives make reference to the most recent draft version of the review (UNEP, 2013).329
Emission to the environment from current processes (0.4 t/y) is dominated by metal plating (90%); other
relevant source sectors are the photo industry (7%) and hydraulic fluids from aviation (4%). The leather and
carpet sector do not contribute to PFOS emissions to the environment. PFOS discharge to waste is dominated
by waste resulting from the carpet industry (93%), followed by the leather industry (4%), metal plating (1%),
sewage sludge (1%), photo industry (1%) and hydraulic fluids for aviation (0.5%).330
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PFOS production. Technology, methods and whereabouts
In the year 2000, the production and use of PFOS (estimated of 3500 metric tons) dwarfed those of PFOA
(about 500 metric tons). However 3M, the major manufacturer of PFOS, phased out its production in 2002:
the global production of this chemical dropped precipitously to 175 metric tons by 2003. In contrast, the
global production of PFOA escalated to 1200 metric tons per year by 2004 and, today, it has probably became
the most common PFAA in commerce.332 Production of PFOS and similar perfluorooctyl products was phased
out in the USA and Europe in 2000-2002, however ongoing production continues elsewhere. A complete
phase-out was sought by 2015.333
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Currently, global production stands at a fraction of the peak production in 2000. PFOS is still, however, the
main PFC to be usually found in the highest concentration in municipal waste water, in environmental
samples of surface water, sediments and biota, in food and in human blood and breast milk.335 New data
suggest that PFOS and PFOA are being substituted with other PFASs.336
China started larger-scale production of PFOS in 2003 (Carloni, 2009). Since 2005, China’s annual output has
grown rapidly due to the increase of the applications of PFOS in the country and overseas demand. The
cumulative PFOS production for the period 2003-2008 is estimated at 250 tonnes; of this, 200 tonnes were
locally used in China. In 2006, POSF was produced by 15 Chinese enterprises; the accumulated global
production of PFOS and related compounds for the period 2003-2008 was 410 tonnes, and China accounted
for more than half of this. Japan and Germany ranked second and third with cumulative productions of 100
and 25 tonnes, respectively. The 2009 OECD survey reported on production of 2.5 t/y of PFOS and related
substances. The results showed that products containing PFOS are used mainly in the photolithography
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process as antireflective coatings, as intermediates in industrial applications, and as precursors for
ammonium PFOS production.337
An important difference between developing and developed countries seems to lay in the number of sectors
in which PFOS is currently used. China, for example, used PFOS in a large range of applications in 2008:
textiles, fire fighting foams, pesticides, metal plating, semiconductors and cleaning products - as happened
before in other industrialized countries, before phasing out these substances. In 2008, it has been reported
that 100 tonnes of PFOS were used for textile treatment in China (Lim et al., 2011).338

In-depth

AFFF and fire-fighting foams
In 1966, for the first time, a substance called acqueous film forming foam (AFFF) was
patented as a method for extinguishing liquid hydrocarbon fires (Tuve & Jablonski,
1966). In 1969, the Department of Defense (DoD) issued the Military Specification MilF-24385, which included the requirements for AFFF liquid concentrate fire extinguishing
agents, consisting of PFOS. Then, AFFFs meeting Mil-F-24385 specifications were
developed by seven manufacturers since the 1960s (3M, Ansul, National Foam, Angus,
Chemguard, Buckeye and Fire Service Plus, Inc.) for the use as extinguishers at military
bases, airports, oil refineries, and firefighting training facilities throughout the US.
Between 2000 and 2002 the 3M Company, the largest manufacturer of AFFF in the
world, voluntarily phased out its production. AFFF has not been manufactured in the
United States since 2002, while AFFF products containing PFOS may be still in use.339
Certain types of fire-extinguishing foam produced before 2002 may contain PFOS.
Based on information on the operational lifetime of fire extinguishing foam, the EU
study estimates that the amounts of PFOS in fire extinguishing foam stored in the EU
fell from 122 tonnes in 2004 to about 84 tonnes in 2011, and that at the cut-off date of
27 June 2011, between 54 and 87 tonnes of PFOS in fire extinguishing foams were still
being stored. After this date, the fire extinguishing foam containing PFOS was to be
destroyed.340
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PFOS-related substances have traditionally been used in fire fighting foams in Denmark,
as well as in other countries (Havelund, 2002); the remaining PFOS-containing foams
were allowed to be used until June 2011. In a 2008 survey, 400 kg/y of PFCs were
registered in use in fire-fighting foams. In 2012, three different PFCs were registered as
used for this application area in the Product Register, but names of the substances and
the registered quantities are confidential. According to a study of alternatives to PFOS
and PFOA from 2005, both PFC-based fire-fighting foams and fluorine-free foams were
used in Denmark at that time (Poulsen et al., 2005). The foams were based on C6
fluorinated compounds and protein-based foams or synthetic detergent foams
(Poulsen t al., 2005). In 2005, all fire extinguishing foam containing PFOS from DONG’s
offshore installations in Denmark were destroyed (Danish EPA, 2012).342
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PFOS in the environment. Release and monitoring
PFOS is concentrated in sewage sludge from waste water treatment. Emissions to the environment occur to
water and soil, for instance when the PFOS-ridden sewage sludge is used for agricultural purposes. About 5.3
million tonnes of sewage sludge with a content of approximately 770 kg of PFOS result in additional possible
emissions to the environment. The majority of PFOS-containing waste in the EU is disposed of in municipal
waste incineration, or landfilling.
As clearly understandable, soil contamination by PFOS and PFOA may adversely affect water resources and
endanger the health of the surrounding ecosystem and human populations;344 both PFOA and PFOS are
considered to be very persistent in the environment,345 and no evidence for direct photolysis for PFOS or
PFOA has been observed experimentally.346 PFOS and its salts are very stable and are not biodegradable in
nature, but they will persist in the environment. Only under extreme laboratory conditions with addition of
potent chemicals, high-energy radiation and high temperatures, some degradation may occur with formation
of degradation products.347 PFOS is not expected to undergo direct photolysis in the atmosphere; PFOSA may
be photooxidised through removal of the amido or sulfonamido group (ATSDR, 2009).348
In the case of PFOS, it has been estimated that the percentage dispersed into the environment was 29.8%,
with 0.3% of PFOS lost to washing water. In the case of PFOA, the percentage that disappeared into the
environment was 99%; the disappeared percentage of PFOA was higher than that of PFOS. The migration of
PFOS and PFOA from textiles could be one of the reasons why PFOS and PFOA contamination has been
detected in water environment of rural areas, where PFOS and PFOA are not used in manufacturing or other
industrial applications.349 Since it is unlikely that the perfluorinated anions (e.g., PFOA or PFOS) would
experience any photolytic degradation under environmental conditions, most research has focused on
identifying the mechanisms for the widespread dissemination of these compounds.350
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Neither PFOS (potassium salt) nor PFOA (ammonium salt) are expected to volatilize under prevalent
environmental conditions.351 Definitive data are not available regarding the transformation and degradation
of perfluoroalkyl compounds in sediment and soil. Based on the chemical stability of these substances and
their resistance to biodegradation in screening tests, environmental degradation processes are not expected
to be important removal mechanisms for perfluoroalkyl compounds in sediment and soil (ATSDR, 2009).352
PFOS and PFOA are the main substances among the analysed PFCs in effluents from municipal waste water
treatment plants, but PFNA, PFDA and PFHxS are found in measurable concentrations as well. The removal
efficiencies in the waste water treatment plants are relatively low. PFOS is the predominant substance in the
sewage sludge. For PFOA the data are more variable.353
In an 18-day biodegradation study conducted on aerobic sludge, neither PFOS nor PFOA were measurably
biodegraded. No loss or biotransformation of PFOS was observed over a 20-week period with activated
sludge under aerobic conditions, nor were there any losses observed in a study conducted for a 56-day period
with activated sludge under anaerobic conditions.354 Not surprisingly, Brooke et al. (2004) refers to previous
assessments by OECD (2002) and 3M (2003), both concluding that PFOS is not biodegradable either under
aerobic or under anaerobic conditions. There appears to be no soil degradation either. Therefore, once
released to the aquatic environment, PFOS will stay in the water compartment, while soil is the sink for
releases to air and soil.
PFOS does not undergo hydrolysis; in a study conducted at 50° C to enhance possible transformation
processes, no indications of reaction were observed. The half-life of PFOS was set to be greater than 41 years
(UNEP, 2006). PFOS and PFOA are expected to be stable to hydrolysis in the environment based on half-lives
of 41 and 92 years, respectively.355 Likewise, there was no evidence of direct or indirect photolysis in an US
EPA guideline study, in which the indirect photolytic half-life in water at 25° C was calculated to be more than
3.7 years (UNEP, 2006). In 3M studies, the PFOS-related substances N-EtFOSE and N-MeFOSE were found to
have hydrolytic half-lives of 35 and 99 days respectively at neutral pH. However, there are also reports of
much longer half-lives: 6.3 years for N-MeFOSE and 7.3 years for N-EtFOSE. No photolysis occurred in the
studies (Brooke et al., 2004), regarding atmospheric degradation, there are no experimental data, but the
AOP program estimates a rate constant leading to an estimated half-life of 114 days, indicating that
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degradation in the atmosphere is not likely to be significant. The volatility of PFOS is, anyway, low
(Environment Agency, 2004).356
As part of the COHIBA project (Control of hazardous substances in the Baltic Sea region), running from 2009
to 2012 and co-financed by the European Union within the Baltic Sea Region Programme, PFOS and PFOA
sources of emissions to the Baltic Sea were identified and evaluated for measures for emission reduction
(COHIBA, 2011 a, b). The following paragraph is extracted from the report on emission reduction measures:
“(…) Within the project, sources of emissions of PFOS and PFOA to the Baltic Sea were assessed on the basis
of substance flow analyses (SFA) and review of the literature. Total input of PFOS/PFOA to all environmental
compartments in the Baltic Sea catchment was estimated at 300-600 kg/year (around year 2010).
Approximately 40% of the total load was emitted to water. The contribution of emissions from municipal
wastewater treatment plants to the total load was estimated to be in the range of 30% for PFOS and 40% for
PFOA. These amounts included direct emissions to water via treatment plant effluent, as well as emissions to
(agricultural) land via sewage sludge. The load in municipal waste water originated from urban stock
(products), as well as from indirect dischargers, for example metal plating facilities. PFOA releases due to
transformation of fluorotelomer were estimated to account for 30% of all releases. The largest contribution
to the total load of PFOS/PFOA came from the use of fire fighting foam containing PFOS (and PFOA as
impurity). It was estimated that the fire-fighting foams accounted for 70% of the total emissions, while
accounting for 20% of the emissions of PFOA. This emission estimate was subject to high uncertainty, since
the load emitted to the environment (mainly to land) depends on the incidence of fires and the fate of used
fire fighting foam. This use of PFOS has been banned in the EU since 2008; the remaining stocks had to be
used or destroyed by mid 2011. Therefore, emissions from this source would currently be expected to decline
sharply”.357

Japan’s indoor dust

Mapping

PFOS was found to be exceptionally high in Okinawa, Japan, indicating that there could
be possible point sources influencing the contamination.358 PFOS in indoor dust
collected by vacuum cleaning in 16 Japanese houses was detected at concentrations of
11-2500 (mean, 200) ng/g (Moriwaki et al., 2003).
Canada and Norway
In a similar study, PFOS was present at concentrations in the range <4.6-5065 (mean,
443.68) ng/g in 67 samples of dust (size, <150 µm) obtained from as many Canadian
houses in Ottawa (Kubwabo et al., 2005). In Norway, PFOS levels were determined in
May 2005 in the particulate phase of one indoor air location. The concentrations were
below the LD of 0.0474 ng/m3 (de Voogt et al 2006).359
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Among the compounds monitored, PFOS was commonly present in the tissues of wildlife, FOSA and PFOA
were detected in the tissues of a few species, while PFHxS was rarely detected. In the largest water sampling
campaign, PFOS was detected in 89% of Michigan water samples.360 One study reported detection of PFOS
in 4 out of 8 samples of airborne particulates collected above Lake Ontario.361

PFOS release and detection in water enviroments
Groundwater is used for drinking water supplies and the commonly used drinking water treatment
technologies do not efficiently remove these persistent compounds. Of course, the concentrations of PFOS
in the water column differ between regions.362

363

360

Perfluorinated Compounds in the Great Lakes; J. P. Giesy; 2005; Springer-Verlag Berlin Heidelberg 2005;
Substitution of PFOS for use in nondecorative hard chrome plating; Pia Brunn Poulsen, Lars K. Gram and Allan Astrup
Jensen, FORCE Technology, Anette Alsted Rasmussen and Christian Ravn, IPU; Per Møller
DTU Mechanical Ingineering, Carsten Ree Jørgensen a.h. nichro Haardchrom A/S, Kristian Løkkegaard
Surfcoat A/S; 2011; The Danish Environmental Protection Agency;
361
Perfluorinated Compounds in the Great Lakes; J. P. Giesy; 2005; Springer-Verlag Berlin Heidelberg 2005;
Substitution of PFOS for use in nondecorative hard chrome plating; Pia Brunn Poulsen, Lars K. Gram and Allan Astrup
Jensen, FORCE Technology, Anette Alsted Rasmussen and Christian Ravn, IPU; Per Møller
DTU Mechanical Ingineering, Carsten Ree Jørgensen a.h. nichro Haardchrom A/S, Kristian Løkkegaard
Surfcoat A/S; 2011; The Danish Environmental Protection Agency;
362
PFAS analysis in water for the Global Monitoring Plan of the Stockholm Convention. Set-up and guidelines for
monitoring; Jana Weiss, Jacob de Boer, Urs Berger, Derek Muir, Ting Ruan, Alejandra Torre, Foppe Smedes, Branislav
Vrana, Fabrice Clavien, Heidelore Fiedler; 2015; Chemicals Branch United Nations Environment Programme (UNEP)
Division of Technology, Industry and Economics;
363
Survey of PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances; Carsten Lassen (1),Allan Astrup
Jensen (2), Alexander Potrykus (3) - 1 COWI A/S, Denmark 2 NIPSECT, Denmark 3 BIPRO, Germany; 2013; The Danish
Environmental Protection Agency;
121

Available data suggests that wastewater treatment plants may be local sources of PFOS substances, as these
substances were found not only in inlet water and sludge, but also in outlet water (Strand et al., 2007). By
far in Denmark the highest concentrations of PFOS were found in the outlet water from an industrial facility.
However, it was concluded in the study that the concentrations of PFAS in the outlet water were below the
critical value where a risk to aquatic organisms is presented.364 In sea water and other aquatic samples, PFOS
has ranged between ND and 1.18 pg/L, in the Faroe Islands; the substance was not detected in Iceland, but
was found at levels as high as 90 pg/L in Tromsø, Norway.
As a matter of fact, in effluent wastewaters in Denmark, PFOS was detected at concentrations up to 1,115
ng/L; sewage sludge samples have also been analysed for PFSAs and again the prevalence of PFOS was seen.
Close to the training station of the company manufacturing fire-fighting foams, the concentrations in stream
water was 69 µg/L for PFOS, which is many orders of magnitude higher than any influent or effluent
wastewater sample (NCM, 2013). In a recent report published by the Danish EPA, the levels of PFAS
(perfluoroalkyl and polyfluoroalkyl substances) were evaluated in groundwater under contaminated sites.
The potential contaminated sites identified were the following five industries: fire training facilities,
chromium plating industry, carpet industry, painting industry and landfills for construction waste and older
municipal waste landfills. The screening investigations did not find high levels of PFAS in landfills, chromium
plating sites and paint manufacturers.365
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concentrations in the upper water layer were higher than in the lower layer. During months such as May and
August, salinity was diluted by freshwater inputs.367
Concentrations of PFAs have been determined in a range of biota from the North American Great Lakes.368
The predominant PFA in biota samples from the Great Lakes is perfluorooctane sulfonate (PFOS), but a
homologous series of perfluoroalkyl carboxylates, where x = 6 - 13, is also detected in most samples at lesser
concentrations. PFOS and PSOA are persistent in the environment and are not expected to volatilize into the
atmosphere to a significant extent. PFOS accumulates in aquatic organisms to a greater extent and appears
to biomagnify in the food web of the Great Lakes region.369 Among the compounds monitored, PFOS was
commonly present in the tissues of wildlife, FOSA and PFOA were detected in the tissues of a few species,
while PFHxS was rarely detected. In the largest water sampling campaign, PFOS was detected in 89% of
Michigan water samples.370
Less information is available on the toxicity of PFOS to fish-eating organisms, but recently studies were
conducted with model bird species the mallard and the bobwhite quail. It is unlikely that ecologically relevant,
population-level effects on survival, growth or reproduction would be expected to occur at these doses. The
production and use of PFOS has been greatly curtailed since 2000 thus, the concentrations of PFOS in the
environment decline.371
PFOS was measured in drinking water samples, collected over the 1999-2000 period during a Multi-City Study
that was conducted by the 3M Company in the U.S. in four cities (Decatur, Mobile, Columbus and Pensacola),
perfluorinated compounds were either manufactured or industrially used; two other cities (Cleveland and
Port St. Lucie) were studied as controls. Only in Columbus and Pensacola was PFOS detected in drinking
water-related samples (raw water, treated water, and/or tap water) with levels of 59 ng/L (average of 10
data) and from non-detect to 45 ng/L, respectively. The treatment process seemed to have little influence
on the concentrations of PFOS.372
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A screening of perfluorinated substances in the Nordic environment (Kallenborn, 2004) found that lake
water, seawater and rainwater (precipitation) samples were contaminated at relatively low levels. However,
measurable amounts of PFAS were found in all samples. The Nordic biota samples showed signals of speciesdependent distribution and levels. The highest PFAS levels were found in the top predator, the Danish
harbour seal (Phoca vitulina) samples with PFOS as the predominant PFAS contaminant. A study of the
distribution of PFASs in sediments from the North Sea and the Baltic Sea analysed the spatial and temporal
variation the concentrations of PFBS, PFHxA, PFHxS, PFHpA, PFOA, PFOS, PFNA, PFDA, and PFOSA (Theobald
et al., 2011). PFASs could be detected in sediments from all 15 stations which had been sampled. In most
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samples from the German Bight and western Baltic Sea, PFOS had the highest concentrations (0.02 to 2.4
g/kg dry weight), followed by PFOA at 0.06 to 1.6 g/kg dry weight. Levels of the other PFASs were five to ten
times lower. In order to assess the potential of sediments for the investigation of PFAS time trends, a
segmented core from an accumulating area in the Skagerrak (northern North Sea) was analysed.
The migration of PFOS and PFOA through soil to groundwater is retarded, which may require many years
after release begins. This indicates that PFAS production facilities and waste dumps with little or no control
of PFOS or PFOA-release to soils can constitute a source of groundwater contamination, long after production
or disposal activities have ceased. The dominant sources of groundwater contamination of PFOS and PFOA
are associated directly with the prevailing upgradient land use. The major sources of groundwater
contamination can be PFAS-manufacturing facilities, firetraining sites, agricultural fields applied with PFAScontaminated bio-soils and industrial disposal sites.375 For instance PFCs, including both PFOA and PFOS, were
detected in fish tissue samples taken from catfish and large-mouth bass in the Tennessee River near Decatur.
The PFOA analytical results averaged 0.74 ppb and the PFOS analytical averaged 806.06 ppb. Based on the
PFOS results, the Alabama Department of Public Health has issued a “no consumption” fish advisory for all
species of fish in the Baker’s Creek embayment of Wheeler Reservoir.376
Studies carried out in the Western Scheldt and the Belgian part of the North Sea showed the occurrence of
PFOS in marine and estuarine organisms. Fillet of flounder (Platichthys flesus) from the Western Scheldt
appeared to be the most contaminated.377 In the German Bight and Baltic Sea, PFOS had the highest
concentrations followed by PFOA. The levels of 7 other analysed PFASs were five to ten times lower.
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dependent distribution and levels. The highest PFAS levels were found in the top predator, the Danish
harbour seal (Phoca vitulina), with PFOS as the predominant PFAS contaminant.
A study of the distribution of PFASs in sediments from the North Sea and the Baltic Sea analysed the spatial
and temporal variation the concentrations of PFBS, PFHxA, PFHxS, PFHpA, PFOA, PFOS, PFNA, PFDA, and
PFOSA (Theobald et al., 2011). PFASs could be detected in sediments from all 15 stations which had been
sampled. In most samples from the German Bight and Western Baltic Sea, PFOS had the highest
concentrations (0.02 to 2.4 g/kg dry weight), followed by PFOA at 0.06 to 1.6 g/kg dry weight. Levels of the
other PFASs were five to ten times lower. In order to assess the potential of sediments for the investigation
of PFAS time trends, a segmented core from an accumulating area in the Skagerrak (northern North Sea) was
analysed. PFOS and PFOA concentrations clearly increase from the lowest layers to the surface layer,
indicating a steady increase in PFAS concentrations over the last years; the PFOS and PFOA curves show a
nearly parallel temporal development. Similar trends were observed for the other PFCAs (PFHxA, PFHpA,
PFNA, PFDA), though at lower concentration levels. The time trends of the PFASs differ fundamentally from
those of the “classical” pollutants like PCBs, DDT and HCB, for which used ceased earlier. The data
demonstrates that the increase in PFOS concentrations started in the mid-1980s and accelerated for both
PFOA and PFOS since approximately 1995.379
A Danish NOVANA screening survey from 2007 of PFOS and other PFASs in the environment, as well as
discharges from point sources, has identified the presence of a number of different PFAS compounds near
point sources, as well as in freshwater and marine environments in Denmark (Strand J. et al., 2007). The
survey included the following PFASs: PFOS, PFOSA, PFHxS, PFOA, PFNA, PFDA and PFUnA. PFOS and PFOA
were generally the predominant components of the measured PFASs in both the point sources and in the
aquatic environment. Increased concentrations of PFOS locally in eel, e.g. from the Silkeborg Lakes and
Odense Fjord, indicated that local sources can impact the environment. PFASs were only detected in fish, not
in sediments and mussels from freshwater and marine environments.
This Danish survey assessed the level of PFOS to represent an environmental risk especially to fish-eating
birds and mammals at the highest trophic levels of the food chain, as most of the fish samples exceed the
PNEC value of 17 μg/kg (predicted no-effect concentration) for PFOS in animal food. It should, however, be
noted that only the liver and not the entire fish was analysed in the survey (Strand et al., 2007). No conclusion
was drawn for the other analysed FPASs. The results demonstrated relatively high concentrations of PFOS in
the Kattegat and inner Danish waters, compared with levels found in the Baltic Sea (HELCOM, 2009). The
concentrations of PFOS in the liver of seals from Danish waters were in the range of 565 to 977 μg/kg, while
the range for PFOA was 0.3-1.3 μg/kg. For herring and other fish, levels were more uniform across the region.
In the Danish waters the concentration of PFOS ranged from 10 to 60 μg/kg ww, while for PFOA it ranged
from 1 to 10 μg/kg ww.380
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The Northern Hemisphere has shown to have generally higher concentrations of PFOS than the Southern,
however, recent measurements show relatively high concentrations of PFOS off the coast of Brazil and the
Rio de Plata estuary. Any PFOS discharged to a water source would tend to remain in that medium, unless it
is adsorbed onto particulate matter or assimilated by organisms.382
In a study of 18 PFASs in tissues of different marine mammals from the Arctic, PFOS was generally found in
the highest concentrations. A significant decrease in PFOS was found in hooded seals (1990-2007). Increasing
trends of one or more PFASs were found in samples of ringed seals, pilot whales, white-sided dolphins and
harbour porpoises. For PFUnDA a significantly increasing trend was found for ringed seals, pilot whales and
white-sided dolphins, indicating that levels of the larger PFASs are still increasing. Researchers reported
global distribution of PFOS in frozen wildlife liver and blood samples.383
The maximum and average concentrations of PFOS in groundwater across the EU were higher than the
concentration of the three other analysed substances (PFOA, PFHxS and PFHpA). In all environmental
compartments the concentration of PFOS exceeds the concentration of other PFASs. As expected, a
decreasing trend has been demonstrated for PFOS while the concentration of other PFASs increase, although
the concentrations are still well below the concentration of PFOS. The data confirm that the PFOS and PFOA
are of the highest concern, but it would still be relevant to follow the trend of other PFASs and more
specifically assess the potential risk of some of the newer PFASs.384
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PFOS concentrations in European drinking water samples were in the range 0.4-9.7 ng/L. However, for the
Ruhr area in North Rhine-Westphalia (Germany), Skutlarek et al. (2006) also determined PFOS in drinking
water at levels in the range <2-22 ng/L, on the whole above average background, and likely reflecting
contamination from the area. According to the same authors, PFOS was measured at concentrations between
<2-193 ng/L in surface water of the rivers Ruhr and Moehne; water contamination most likely stemmed from
inorganic and organic waste materials applied to agricultural areas on the upper reach of the river Moehne.
In Lake Maggiore (Italy) surface waters, PFOS was detected in the range 7.2-8.6 ng/L, whereas in nearby
Alpine rivers the level of the chemical was close to non-detect (0.1 ng/L) (Loos et al., 2007).385
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In the European Union the maximum allowable concentration of individual pesticides in drinking water is 0.1
µg L-1, and the sum for all pesticides should not exceed 0.5 µg L-1. The most abundant compounds were
caffeine, the herbicides terbutylazine, alrazine, simazine, diuron, and atrazine-desethyl, the pharmaceuticals
carbamazepine and sulfamethoxazole, and NPE1C, NPE2C, NPE3C, PFOS, and PFOA. The most constant value
were found for PFOS and PFOA, confirming the persistent character of these substances.387 PFOS was
detected in two river water samples (Creek Vevera and River Strona). Most of the compounds detected are
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unregulated "emerging" pollutants.388 There are only limited data on the levels of PFOS and PFOA in drinking
water. Detection has been mainly confined to pollution incidents.389
In nine out of 22 countries, the concentration of PFOS or PFOA in river water samples was higher than 10
ng/L (USA, England, Switzerland, Italy, Kenya, China, Singapore, Thailand and Japan). The highest average
PFOS was detected in Switzerland (49 ng/L). The study shows high contribution of PFOA in the Glatt River
that receives wastewater. The second highest PFOS was found in USA.390

Where PFOSs are still essential, and non replaceable. The
chrome-plating case
As mentioned, alternatives have been proposed for many products or processes previously involving PFOS,
except than for some particular chrome-plating manufacture. Hard chrome plating is a surface treatment
process, where a layer of chromium is electrochemically deposited on the surface of metals. The
electrochemical process produces a significant amount of gases to be released from the process tank. Some
years ago, it was discovered that addition of polyfluorinated surfactants (PFOS and derivatives) to the
chromic acid bath would lower the surface tension by forming a thin foamy layer on the surface of the chrome
bath. Thus, introduction of PFOS as mist suppressant helped solving huge occupational safety problems as
well as environmental problems in the hard chrome plating industry.391 Most of the industries switched to
alternatives when it became evident that PFOS was problematic; however, in some branches a shift to other
chemicals has been difficult. Today, only the use in nondecorative hard chromium (VI) plating in closed loop
systems is allowed. In hard chromium (VI) plating, the industry continues to use PFOS to limit chromium (VI)
emissions to air from the chromium bath.392
In this regard, the opinion of the German Central Association of Surface Treatment Professionals e.V. (ZVO)
is that there still is a need for PFOS for hard chrome plating, but the industrial sector will continue to reduce
the use of PFOS and replace it by alternatives where possible (ZVO, 2008). ZVO emphasizes that the use of
fluorine-free products requires higher technical efforts compared to the use of PFOS, and that there is no
long-term experience. Instead, the Norwegian Galvano Industry Organisation (NGLF) has reported that their
suppliers no longer provide PFOS wetting/anti-mist agent for chrome plating. They provide PFOS-free
tensides instead. However, NGLF considers the performance of those alternatives to be insufficient and is
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currently developing better alternatives to PFOS, as well as alternative technologies to solve the problem
with airborne loss of chromium-(VI) from the baths.
In China, according to recent information, the PFOS available alternatives used for chrome plating are F-53,
F53-B and Fumetrol® 21. In addition, they use physical measures, e.g. ventilation, close tank and physical
covers (net, balls). The annual production of PFOS in China at 15 enterprises is presently about 200 tons.393
In Japan, where PFOS is not considered essential for chrome plating any more, Fumetrol® 21 is also used as
an alternative.
A survey of the Danish use of PFOS in the chrome plating industry showed that the annually use of PFOS in
the Danish chrome plating industry is between 10 to 28 kg (calculated as pure PFOS). The global use of PFOS
in the chrome plating industry was estimated to be around 32 to 40.7 tons of PFOS (calculated as pure PFOS).
A great part of PFOS used in this industry will probably end up in the nature. That is confirmed by the high
levels of PFOS recently found in agricultural soils treated with sewage sludge in the US and in Germany. The
US EPA has recently discovered that the metal plating industry is a major contributor to the pollution of
perfluorinated chemicals into sewage water in the US. There are reports of very high concentrations of PFCs
being flushed into the sewers at concentrations as high as 54,000 parts per trillion. It is still permitted to use
PFOS and its derivates within the electroplating industry. The reason for the ongoing use of PFOS is that not
satisfactory alternatives have been found so far: it is very difficult to find another chemical with such useful
properties. However, there are PFOS-free fluorinated alternatives on the market based on e.g.
fluorotelomers.394
As described above, PFOS is used in non-decorative hard chromium plating in Denmark, as one of the exempt
applications of PFOS. Around the year 2010, 10-28 kg of PFOS was used annually in hard chromium plating in
Denmark, by about 5 companies in the whole country, and there are currently no plans to phase out PFOS.
PFOS is used in recirculating systems without wastewater drainage outlet. The substances are decomposed
gradually in the baths, which are subsequently disposed of to the hazardous waste treatment plant,
Kommunekemi.395 The majority of the solid waste containing PFOS and other PFCs in Denmark is disposed of
to municipal solid waste incinerators, but it is not known to what extent the substances are destroyed at the
temperatures used these waste incinerators.396
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PFOS in food
Perfluorooctanesulfonic acid, as we have been already informed in the previous pages, is a highly persistent
and potentially harmful substance, almost ubiquitous in the environment and biota. The already mentioned
2008 CONTAM Panel survey warmly recommended further investigation on the PFOS transfer throughout
the food chain, in order to fully highlight the mechanisms of its dietary intake in humans. Ten years later,
unfortunately, we still witness a disarming lack of full-spectrum, all-inclusive reports on the issue: we are
forced, therefore, to work with in-depth analyses usually circumscribed to single countries or geographical
regions. Here we have a PFOS-in-food, of “Farm-to-fork” list of data and findings, aimed at providing - if not
the broader picture we would have preferred - at least some details on local or national level.
The European Food Safety Authority (EFSA) concluded in 2012 that the intake with food is well below the
tolerable daily intake (TDI). EFSA also noted that the uncertainty on the assessment is particular high for
children younger than 1 year, due to a lack of dietary surveys reporting consumption data for this age group.
The TDI is based on animal studies and is therefore under debate.399
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Mapping

An UK Food Standard Agency report (UK FSA, 2006) contains PFOS data, mostly nondetects, for composite food samples. PFOS concentrations were quantifiable only for
the eggs, sugars and preserves, potatoes, and canned vegetables food groups: among
these, the potatoes group (a mix of fresh, prepared, and processed products) had the
highest PFOS level (10 ng/g w.w.). Lastly, according to Berger et al. (2007), PFOS could
not be quantified with a LD of 2.2 ng/g w.w. in four market basket samples of meat
and meat products, dairy products, eggs, and seafood and seafood products collected
in Uppsala (Sweden).401 A recent study in Sweden, which included 108 women,
showed a weak association of serum PFOS concentration with increasing consumption
of predatory fish species such as pike, perch and pikeperch but not with total fish
consumption. PFOS was also correlated to consumption of shellfish. Concentrations of
PFOS were not correlated to consumption of fatty fish, such as salmon and herring.402
The estimated average PFOS intake of the general adult populations of Italy, the
Netherlands, Sweden and UK is in the range 45-58 ng/kg b.w. per day based on the
mean consumption rate for fish and fishery products. For the high (97.5th percentile)
consumers of fish and fishery products, daily intakes were estimated to be in the range
140-230 ng/kg b.w. Intake of PFOS with drinking water was estimated to be 0.24 ng/kg
b.w. per day.403 Drinking water has been identified as an important exposure source for
PFOS and PFOA. Besides drinking water, the main contributors of PFOA intake were
vegetables/fruit (19%) and flour (15%). For PFOS, next to drinking water, the main
contribution is provided by milk (21%) and beef (21%). Despite the concentrations of
PFOS and PFOA being relatively high in fish and crustaceans, the contribution to the
intake is low due to the relatively low consumption of fish and crustaceans in the
Netherlands.404
Food consumption and other relevant data were available from a 1994-1996 national
survey of 1940 Italian people: from the database, 1613 “consumers only” were
selected. The mean intake values estimated for toddlers (N=63), children (N=92), and
adults (N=1458) were respectively 120, 66 and 53 ng/kg b.w. per day. Drinking water
appeared to contribute to PFOS intake negligibly (<0.2%).405 The analysis of 67 samples
of different types of cow milk from Italy demonstrated that contamination by PFOS was
often present, although at relatively low concentrations whereas PFOA was rarely
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found. However, their potential to accumulate is not completely clear.406 PFOS was
present in 29 out of 67 samples, with measured contamination up to 97 ng/L, whereas
PFOA was detected in 27 cases.407 Moreover, commercially available cow milk is
significantly less contaminated than human breast milk, which is a relevant contributor
to the intake of PFAS by newborns.408
Norway
A Norwegian study analysed PFOS and other PFAS in 30 consumer products in 2009
(Herzke, 2012). Alarmingly, PFOS, which has been strictly regulated in Norway since
2007 and is regulated in the EU, was found in amounts close to or exceeding the EU
regulatory level in 4 of the 30 analyzed products, all within the leather or carpet product
groups. One of the carpets was labelled as Teflon®, which is a PTFE fluoropolymer, but
it apparently contained PFOA 6:2 FTS, PFHxA, PFHpA and PFOA at trace levels. The
Norwegian results indicate that many textiles or other coated materials which are
coated with a fluoropolymer or other fluorinated agents may contain PFOS above the
limit value of 1 µg/m2.409
Denmark
The percentages of individual daily intake of Dutch drinking water is 33% and 55% for
PFOS and PFOA, respectively. Next to drinking water, vegetables/fruit (19%), flour (15%)
and pork (6%) were evaluated as important contributors for the PFOA intake. For PFOS,
drinking water contributed for 33%, followed by milk (25%), beef (21%), lean fish (9%)
and pork (4%).410 Percentile values for PFOS and PFOA are comparable between and
females. However, females tend to have a slightly higher intake of PFCs. In 2008 EFSA’s
CONTAM panel established a Tolerable Daily Intake (TDI) of 150 ng/kg bw/day for PFOS
and 1500 ng/kg bw/day for PFOA.411

Fish seems to be an important source of human exposure to PFOS, although the data might be influenced by
results of studies in relatively polluted areas. It is possible that additional exposure to PFOS could result from
precursors and other sources. Such possible sources could be related to food (e.g. via packaging material or
cookware) or be a result of more direct exposure from the technosphere (e.g. household dust). The
importance of possible pathways of non-food human exposure to PFOS has been estimated to decrease when
moving from childhood into adulthood. Following absorption, PFOS is slowly eliminated and therefore
accumulates in the body. PFOS shows moderate acute toxicity; in subacute and chronic studies, the liver was
406
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the major target organ and also developmental toxicity was seen. Other sensitive effects were changes in
thyroid hormones and high density lipoprotein (HDL) levels in rats and Cynomolgus monkeys. PFOS induced
liver tumours in rats.412
The concentrations found in the food item are, in general terms, lower than those found in other dietary
studies of PFCs in foods. In the present study, the measured concentration ranged between 0.001 and 0.6
ng/g. In a Canadian study, PFOS were detected in beef steak, ground beef, popcorn and marine and
freshwater fish (Tittlemier et al., 2007). The British food safety agency (FSA) presented data of PFOS in fish,
liver and kidney, while PFOA were detected in whitebait, crab and liver (FSA, 2009). However, a study in Spain
(Ericson et al., 2008) detected low levels of PFOS in vegetables, fish, meat, eggs and dairy products too; PFOA
was only detected in milk. PFOS concentration in fish samples in this study are lower than reported for
freshwater fish in German waters (Schuetze et al., 2010) and slightly lower than in Swedish freshwater fish
(Berger et al., 2009).413
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PFOS toxicology. General overview
PFOS and four of its derivatives received a harmonised classification as carcinogenic, toxic to reproduction,
acute toxic and toxic to specific target organ by repeated exposure; a similar classification has been proposed
for PFOA and APFO.415 PFOS is EU-classified as Carc. 2, H351 (Suspected of causing cancer). PFOS and PFOA
both bind to some receptors: their activation may alter fatty acid metabolism and play a role in cancer, fetal
growth, hormone and immune function.416
EFSA (2008) concluded that PFOS is hepatotoxic and carcinogenic, inducing liver tumours; the evidence for
induction of thyroid and mammary tumours was considered limited. For non-neoplastic effects, based on
histopathological findings in the liver, the no-observed adverse-effect level (NOAEL) for PFOS is considered
to be 2 mg/kg in the diet (0.14 mg/kg bw per day), in male and female rats. US EPA (2014b) in their evaluation
of the Thomford study (2002), concluded that the evidence of carcinogenicity was suggestive but not
definitive, as the tumour incidence did not indicate a dose response. With respect to mode of action, data
were considered inadequate for suggesting peroxisome proliferation as mode of action for the liver and
thyroid adenomas.417
Overall, the human data on PFOA and PFOS were by EFSA (2008) or US EPA (2014a+b) found to deliver some
support to the findings in experimental animals; however, the data are considered far from adequate for
making definitive conclusions on critical effects and dose-response relationships. Thus human data are not
used further by EFSA (2008) and US EPA (2014a+b) for the derivation of TDI/RfD values.418
Generally speaking, it is known from animal studies that perfluoroalkylated substances (PFASs), such as PFOS
and PFOA, are well absorbed orally but poorly eliminated; they are not metabolised and undergo extensive
uptake from enterohepatic circulation (Lau et al., 2004; 2007). Inhaled PFOA is also easily absorbed in rodents
and may also be absorbed through the skin (Hinderliter et al., 2006); the oral uptake of perfluorohexanoate
(PFHxA) in rats and mice was also rapid and complete (Gannon et al. 2011). Perfluoroalkylated substances
(PFASs) such as PFOS and PFOA have, contrary to most other persistent organic pollutants (POPs,) a low
affinity to lipids but bind to proteins. PFASs are associated with cell membrane surfaces and accumulate in
various body tissues of exposed organisms with especially high concentrations in the blood, liver, kidneys
and spleen, but also in the testes and brain. The accumulation in fats and muscles is minimal.419
It has been deduced from animal experiments that a person can absorb up to 0.1 µg of PFOS per kg body
weight without health risks;420 human intake of PFOS has been estimated to a wide range of 3.9-530 ng/kg
bw/day. As for PFOA, the largest intake of PFOS seems to occur from contaminated food, including drinking
water. This is followed by the ingestion of dust and inhalation of air. Fish and shellfish were estimated to
415
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contribute with 81% of the total PFOS intake. In a German study, PFOS was detected in 33 wild fish (n = 112)
at a concentration up to 225 µg/kg PFOS; in another recent study of perfluorinated substances in tap water
from six European cities the highest levels of PFOS (8.8 ng/L) were found in tap water samples from
Stockholm (NCM, 2013).421
In experimental animals, exposure to PFOS results in hepatotoxicity and increased mortality. In addition,
long-term study in rats has shown that exposure to PFOS can induce hepatocellular adenomas and thyroid
follicular cell adenomas. In pregnant rodents PFOS led to severe birth defects and growth retardation in the
offspring. Epidemiological studies have suggested an association between PFOS exposure and the incidence
of bladder cancer.422 In rats, PFOS also shows a tendency to accumulate when repeatedly administered
(Seacat et al., 2003). In rats, PFOS is mainly found in the liver, kidneys and blood with lower levels in most
other organs, including the central nervous system.423 The uptake of per- and polyfluorinated into the human
body has not yet been finally resolved. It’s certain that the water-soluble PFCs, such as PFOS and PFOA, are
absorbed by way of contaminated drinking water. PFOS and PFOA can also be absorbed with contaminated
fish, meat, milk. The uptake of PFCs from non-stick coated frying pans and saucepans is negligible.424

PFOS toxicology assessment. Multiple sources
As for PFOS presence in food, there are no all-inclusive report concerning PFOS toxicology in humans and
animals. Instead, there are plenty of single-aimed publications, usually limited to single nations or social
groups, or even to single biological effects and mechanisms. There are geographical differences, to be also
taken into account: for instance, mean and median concentrations for some PFASs, such as PFOS, from North
American populations appear to be slightly higher than European, Asian, and Australian populations studied
(Fromme et al., 2009). Other differences even seem to target ethnic groups: an U.S. study (Calafat et al.,
2005) showed that non-Hispanic whites had statistically significantly higher concentrations of PFOS than both
non-Hispanic blacks and Mexican Americans; Mexican Americans had statistically significantly lower
concentrations than non-Hispanic blacks.425
There is a huge available bibliography, exclusively focused on PFOS-induced health issues and on the
subsequent technicalities of such problems. Some studies have compared the level of PFCs in human blood
with the occurrence of various adverse effects or diseases:
●

One study is based on data collected in the period 1999-2006 from about 4,000 Americans. The
results show a correlation between the amount of PFOS and PFOA in the blood and the occurrence
of thyroid related diseases (Melzer et al., 2010).
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●
●
●
●

Another study showed a positive association between serum concentrations of PFOS (and PFOA) and
cholesterol level (Nelson et al., 2010).
A further study has shown a direct correlation between serum concentrations of PFCs and the
diagnosis ADHD (attention deficit hyperactivity disorder) at children (Hoffmann et al., 2010).
Another study showed a correlation between the amount of PFOS in human blood and the time it
takes for women to get pregnant (Fei et al., 2009).
A study showed a correlation between the amount of PFOS in human blood and a reduction in men’s
semen quality (Joensen et al., 2009).426

Indeed, perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) are of greatest concern, because
these compounds have persistent, bioaccumulative and toxicological properties regarding human health risk
of PFCs, the persistent nature of these compounds in the human body; the long-term exposure to these
compounds will also lead to their accumulation in the body.427 The British Government, through Public Health
England, wrote for instance in 2014 that perfluorooctane sulfonate (PFOS) is essentially nonvolatile and
exposure is most likely via the oral route in contaminated food or water.
The same British survey concluded that PFOSs are well absorbed orally and are very slowly eliminated from
the body in humans, with a half life of approximately nine years; there are no data to assess the acute toxicity
following high exposure in humans. Animal data suggest that they have moderate acute oral toxicity with
effects on the gastrointestinal tract and liver. Again, animal data suggest that they are mild skin and eye
irritants. A range of toxic effects has been seen in animals following chronic exposure including effects on the
liver, gastrointestinal tract and thyroid hormone levels. Neither PFOS or PFOA have any mutagenic
properties, but they have both been shown to induce tumours in studies in animals at relatively high doses.
There are no definitive data available on the reproductive and developmental effects of PFOS or PFOA in
humans. Developmental effects have been reported in the offspring of animals exposed to PFOS or PFOA:
these effects were often observed at doses that caused maternal toxicity. PFOS and PFOA are readily
absorbed by the gastrointestinal tract following oral exposure; they are distributed predominantly in the
serum and liver. Neither PFOS or PFOA are metabolised to any significant extent and PFOS is slowly excreted
predominantly in urine and to a lesser extent, faeces, whereas the elimination of PFOA is sex-related in the
rat, with females more rapidly eliminating PFOA in the urine than males, largely due to active renal excretion.
However, in humans renal clearance of PFOA is almost negligible in both sexes.428
Because PFOS is both hydrophobic and lipophobic, it does not follow the typical pattern of partitioning into
fatty tissues followed by accumulation, the typical pattern of many persistent organic pollutants. Instead, it
binds to proteins in the plasma and, as a result, is present in highly perfused tissues such as the liver and
kidneys rather than lipid tissue. Therefore, the mechanism of bioaccumulation likely differs from most other
bioaccumulative chemicals (UNEP, 2006).429 Polyfluorinated compounds are not concentrated significantly in
fatty tissue; on contrary, they are associated to proteins in blood and internal organs, such as spleen, liver
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and kidney. PFOS has many adverse effects, among others, it is an endocrine disrupting substance that affects
the human fertility. Recent studies show a correlation between the amount of PFOS in human blood and the
time it takes for women to get pregnant and a reduction in men’s semen quality.430
It is of particular concern that scientists have found evidence of polyfluorinated chemicals in human blood.
The blood samples were from young adults who were not specifically exposed to these substances. These
men had rather higher PFC concentrations in their blood than women. In an investigation carried out by the
German Environmental Specimen Bank (UPB) with blood plasma samples from the years 1982 to 2007,
concentrations amounted to 3.5 to 103 µg/l PFOS and 1.5 to 13 µg/l PFOA. A study with anglers at Möhne
reservoir showed that the consumption of fish can also have an influence on the level of PFOS in the blood.431
In humans, it has been evaluated that high levels of PFOS and PFOA are toxic for reproduction and
development of the fetus (such as reducing birth weight and lowering semen quality) and are potentially
carcinogenic in animal tests. In addition to toxicity studies, a large epidemiological study of 69,000 persons,
led by the C8-science panel, found probable links between elevated PFOA blood levels and the following
diseases: high cholesterol (hypercholesteremia), ulcerative colitis, thyroid diseases, testicular cancer, kidney
cancer, preeclampsia, and elevated blood pressure during pregnancy.432 In general, the knowledge about the
toxicology of other polyfluorinated compounds than PFOS and PFOA is rather sparse, and although the
perfluoroalkane sulfonic acids and perfluoroalkyl carboxylic acids are closely related structurally, these
chemicals elicit different biological responses in vitro and in vivo. The acute lethal toxicities correspond
moderately to a classification as Acute tox 3 or 4. PFOS is more toxic than PFOA, and the toxicity of
perfluorinated chemicals increases generally with the length of the alkyl chain. Further, PFCAs with a
branched alkyl chain seem to be less toxic than linear isomers.

The liver as a primary PFOS target
The liver is the primary target organ for PFOS and PFOA and other PFCs, both in rodents and humans, and
because these PFAAs are analogue ligands to natural long-chain fatty acids, they may displace them in biochemical processes (Vanden Heuvel et al., 2006). This interference may contribute to the toxicity of these
chemicals. In the liver, polyfluorinated chemicals are mainly associated with either the peroxisome
proliferator-activated receptor-α (PPARα) or the liver-fatty acid binding protein (L-FABP) receptor. The liver
toxicity and peroxisome proliferation potency in rats depends on the carbon chain length. The doses of PFBS
required for producing similar increases in the enzyme hepatic acyl CoA oxidase activity (a measure of
proliferation) was about 50 times higher than those of PFOS and PFHxS (Ehresman et al., 2007).433 Anyway,
the links to the liver toxicity observed in rodents and monkeys are not well understood.
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PFOS causes peroxisome proliferation in the rodent liver, as well as induction of various enzymes involved in
lipid and steroid metabolism. Levels of serum cholesterol, thyroid hormones, and testosterone are reduced,
and levels of estradiol are increased. PFOS can rapidly and reversibly inhibit gap junction intercellular
communication in a dose-dependent manner. Defects in this communication may lead to teratogenesis,
neuropathy, infertility, diabetes, autoimmune disorders, cancer, and other diseases. The renal clearances of
PFOS are almost insignificant in humans, contrary to a large active excretion in experimental animals. PFOS
causes various adverse effects in humans, and for children a very conservative Tolerable Daily Intake of PFOS
may already be exceeded.434 PFOS affected primarily the liver and biochemical parameters associated with
lipid metabolism. PFOS also reduced body weight, serum cholesterol, serum triglycerides, and
triiodothyronine levels. Changes in thyroid hormones have been observed, although the underlying
mechanisms are not understood. PFOS is hepatotoxic and carcinogenic, inducing tumours of the liver. For
non-neoplastic effects, based on histopathological findings in the liver, the no-observed-adverse-effect level
(NOAEL) for PFOS is considered to be 2 mg/kg in the diet (0.14 mg/kg b.w. per day) in male and female rats.435

Toxicity in PFOS-related workers. Exposure and effects
When talking about PFOS, it is often stated that bladder cancer mortality is particularly elevated among male
workers who had worked in high PFOS exposure jobs for a minimum of one year.436 Poulsen et al. (2008)
reviewed existing information on PFOS and PFOA in blood. In blood the perfluorinated chemicals are mainly
bound to serum proteins, especially albumin. In most studies blood serum is analysed but other studies
analyse whole blood or blood plasma. When comparing such studies, it is important to take into account that
results will depend on what medium is analysed. The levels in serum or plasma are approximately two to
three times the levels in whole blood. A summary of the PFOS and PFOA levels in serum/plasma samples
across the world showed a wide range in concentration, with PFOS typically three to ten times higher than
the concentration of PFOA. In a similar figure summarising the data on whole blood samples, the difference
between PFOS and PFOA was less distinctive. The levels shown are well in accordance with an overview
prepared by OECD (2002) of PFOS and PFOA levels in human blood sampled in various countries from 19982000. The average levels ranged from 17 to 53 ng/mL for PFOS and 3 to 17 ng/mL for PFOA (OECD, 2002, as
cited by Jensen et al., 2008).
PFOS and PFOA have been detected in more than 95% of the blood samples collected during U.S. national
surveys at elevated concentrations of several to tens of µg/L. Several other PFASs have also been detected
in human blood samples, but at levels much lower than PFOS and PFOA. Potential health risks from exposure
include low semen quality in young men, children attention deficit/hyperactivity disorder and lowered
immune response to vaccinations. Studies have also suggested an association between exposure to PFOA
and kidney and testicular cancers in communities surrounding a PFAS manufacturing facility.437 Follow up of
2083 Decatur workers (Alabama) showed that workers in jobs involving high exposure to PFOS based
434
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materials had 13 times increased risk for bladder cancer mortality compared with the general population of
Alabama (SMR= 12.77, 95% confidence limit 2.63-37.35). However, this observation was based on only 3
cases of bladder cancer and the workers were exposed to several compounds, hence it is difficult to draw
definite conclusions (Alexander et al., 2003). In a follow-up study, eleven cases of bladder cancer were
identified on 1400 of the workers who responded to a questionnaire, and from 185 death certificates. There
were no statistically significant associations between PFOS exposure and an increased risk of bladder cancer
(Alexander and Olsen, 2007) (EFSA, 2008).438 Follow up of 2083 Decatur workers (Alabama) showed that
workers in jobs involving high exposure to PFOS based materials had 13 times increased risk for bladder
cancer mortality, compared with the general population of Alabama. However this observation was based
on only 3 cases of bladder cancer and the workers were exposed to several compounds, hence it is difficult
to draw definitive conclusions (Alexander et al., 2003).439
PFOS is found in serum of occupationally exposed populations and in the serum of the general population.
Since 1993, several studies have been conducted to determine the serum concentration of production
workers with an occupational exposure. Data on serum concentrations of the general population were not
reported until 1998. PFOS accumulates in liver and serum. Reported mean serum concentrations of PFOS in
occupationally exposed workers are in the order of 1000-2000 ng/mL, serum levels of the general population
are about 100 times lower. In a study by Kannan et al. (2004), PFOS was measured in 473 human
blood/serum/plasma samples collected from the United States, Colombia, Brazil, Belgium, Italy, Poland,
India, Malaysia, and Korea. PFOS was the predominant compound in blood. Concentrations of PFOS were the
highest in the samples collected from the United States and Poland (<30 ng/mL); moderate in Korea, Belgium,
Malaysia, Brazil, Italy and Colombia (3 to 29 ng/mL); and lowest in India (<3 ng/mL). In a study within the
Danish National Birth Cohort, the average level of PFOA in maternal plasma was 35.3 ng/mL (Fei et al., 2007).
In a pilot study on PFOS in residents in Catalonia, Ericson et al. (2007) found the mean level in blood to be
7.64 ng/mL.440 An investigation in three former workers of the 3M Company revealed an elimination half-life
of PFOS from blood of almost four years (3M Company, 2000).441

PFOS findings in blood and breast milk. Worldwide trends
A wealth of data on PFOS, PFOA and PFHxS in human blood exists from all over the world demonstrating
elevated concentrations in workers with occupational exposure and populations in contaminated areas.
Compared to the PFOS, PFOA and PFHxS, less information is available on other PFASs. The available data
demonstrate that the concentration of PFOS, even though it decreased in recent years, is significantly higher
than the concentration of other PFASs. The general change from PFOS and PFOA substances to other PFASs
is reflected in changes in human blood levels. Investigations of temporal trends of blood serum levels of PFAS
in Sweden have demonstrated that the levels of the short-chain PFBS and levels of the long-chain PFHxS,
438
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PFNA and PFDA increased over the period 1996-2010. Concomitantly, levels of FOSA, PFOS, PFDS, and PFOA
decreased. Similar trends have been demonstrated in Norway; a decreasing trend in the concentrations of
PFOS and PFOA has also been demonstrated in the USA, but one study from the USA indicated a decline in
the concentration of PFHpA, PFNA, PFDA, and PFUnA, while other studies indicate increases for some
substances. However, eventhough the concentration of PFOS decreased from 34.9 ng/mL in 2000 to 8.3
ng/mL in 2010, the mean PFOS concentration was still significantly higher than the concentration of the other
analysed PFASs.442 The German UPB study showed that PFOS concentrations have declined strongly since the
beginning of the present decade, while blood contamination with PFOA has not diminished. Stored
specimens also show that concentrations of perfluorohexane sulfonic acid are growing.443 These conclusions
are not universally accepted: based on analysis of historical samples, a Japanese study showed instead that
PFOS serum concentrations increased over the last 25 years by a factor of 3 (Harada et al., 2004).444
The concentration in breast milk has also been demonstrated to follow the trend in the use of the substances.
Analysis of breast milk in Sweden showed statistically significant increasing trends in the concentration of
PFOS, PFHxS, and PFOA from 1972 to 2000, with concentrations peaking in the 1990s. PFOA and PFOS showed
statistically significant decreasing trends during 2001-2008. In 2008, the concentration of PFOS and PFOA
were both around 75 pg/mL, while PFHxS was 14 pg/mL.445
Therefore, studies from several countries have demonstrated a decrease in the concentrations of both PFOS
and PFOA in blood and breast milk for the period 2000-2010 while some studies have demonstrated a
concurrent increase in the levels of other perfluoroalkyl substances such as PFBS, PFHXS, PFNA and PFDA.446
In humans, blood concentrations of PFOS, and to a lesser extent PFOA, may have declined since 2000. The
decline in PFOS and PFOA levels may be due to the phase-out of POSF by the principal global manufacturer,
3M, in 2000-2002 and the reduction in the use of PFOA. Their persistence in the body has led to increasing
concerns over long-term effects. The toxicity of PFOS and PFOA is not clearly understood at present. It is
unclear whether PFOS and PFOA act by the same mechanisms, and high and low doses may differ in their
toxic effects.447
More recently, based on data on the concentrations of PFOS, PFHxS, and PFOA in pooled human milk samples
obtained in Sweden between 1972 and 2008 (a period representing the most significant period of PFAS
production) Sundström et al. (2011) investigated whether the time trend of these substances in human milk
parallels that indicated in human serum. PFOS was the predominant analyte present in the breast milk and
all three analytes showed statistically significant increasing trends from 1972 to 2000. In the last part of the
1990s, the measured concentrations of PFOS, PFHxS, and PFOA were at 212-237 pg/mL, 16-28 pg/mL and
120-139 pg/mL, respectively. PFOA and PFOS showed statistically significant decreasing trends during 20012008. At the end of the study, in 2008, the measured concentrations of PFOS, PFHxS, and PFOA in pooled
442
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human milk were 75 pg/mL, 14 pg/mL, and 74 pg/mL, respectively. The temporal concentration trends of
PFOS, PFHxS, and PFOA observed in human milk are parallel to those reported in the general population
serum concentrations.448

PFOS prenatal toxicity. Situation, pathways, effects
PFOS can cross the blood brain barrier: it can also cross the placenta and thus be transferred to the foetus.
PFOS can also be transferred to the offspring via lactation, although the levels recorded in milk are lower
than those in the maternal plasma. Several studies have shown that PFOS can interfere with fatty acid
metabolism and may deregulate metabolism of lipids and lipoproteins.449
PFOS was detected in >99% of the cord blood samples, with a median concentration of 5 ng/mL (range <0.234.8 ng/mL). PFOS was significantly associated with small decreases in birth weight and size, but not newborn
length or gestational age. The average maternal plasma level of PFOS was 35.3 ng/mL (range 6.4106.7 ng/mL)
and the cord plasma levels in a subset of 50 subjects were 11 + 4.7 ng/mL (mean +. S.D.). Maternal plasma
levels of PFOS did not show a consistent association with birth weight or gestational age (Fei et al., 2007)
(EFSA, 2008). In the US EPA (2014b) evaluation, several, more recent epidemiological studies are described.
Thus positive associations have been found between serum PFOS levels in the general population and
increased cholesterol and increased triglycerides. However, this could not be found in occupational studies.
Furthermore, effects on thyroid hormone levels have been found; however, with inconsistent responses.450
Many studies have shown that gestational exposure to PFOS may cause developmental toxicity in rats and
mice, including reduction of foetal weight, cleft palate, oedema, delayed ossification of bones and cardiac
abnormalities (reviewed by Lau et al., 2004 and 2007), and the developmental toxicity of PFOS is higher than
that of PFOA. Structural abnormalities were only found in the highest PFOS dose groups, where significant
reductions of weight gain and food consumption were also observed in the pregnant dams. The peroxisome
proliferation in rodents may cause lipid accumulation in the liver and uncoupling of the mitochondrial
oxidative phosphorylation process, as well as induction of various enzymes involved in lipid- and steroid
metabolism with the results that serum cholesterol, thyroid hormones, and testosterone are reduced but
levels of estradiol are increased. Thus PFOA, PFOS and other PFAS are likely to be endocrine disruptors
(Jensen and Leffers, 2008). PFOS, PFOA and other PFAAs are substances attracted to surfaces, and PFOS and
to a lesser extent PFOA can partition into model bilayers and cell membranes, where they cause changes in
membrane structure, properties and function. An increased fluidity may change cell membrane surface
potential and enhance calcium channels with the result of increased intracellular Ca2+ (Harada et al., 2005;
Liao et al., 2008).451 Exposure to PFOS during pregnancy in rats (1-10 mg PFOS/kg/d from gestation day 2-21)
and mice (1-20 mg PFOS/kg/d from gestation day 1-18) indicated that in utero exposure to PFOS severely
448

Survey of PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances; Carsten Lassen (1),Allan Astrup
Jensen (2), Alexander Potrykus (3) - 1 COWI A/S, Denmark 2 NIPSECT, Denmark 3 BIPRO, Germany; 2013; The Danish
Environmental Protection Agency;
449
Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and their salts - Scientific Opinion of the Panel on
Contaminants in the Food chain (Question No EFSA-Q-2004-163); 2008; The EFSA Journal (2008) Journal number, 653,
1-131.
450
Perfluoroalkylated substances: PFOA, PFOS and PFOSA - Evaluation of health hazards and proposal of a health
based quality criterion for drinking water, soil and ground water; Poul Bo Larsen, Estelle Giovalle; 2015; The Danish
Environmental Protection Agency
451

Survey of PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances; Carsten Lassen (1),Allan Astrup
Jensen (2), Alexander Potrykus (3) - 1 COWI A/S, Denmark 2 NIPSECT, Denmark 3 BIPRO, Germany; 2013; The Danish
Environmental Protection Agency;
143

compromised postnatal survival and caused delay in growth and development accompanied by
hypothyroxinemia in the surviving pups (Lau et al., 2003). In a two-generation reproduction study, the NOAEL
value in rats for PFOS was 0.1 mg/kg/d (Luebker et al., 2005).452 In another study on Sprague-Dawley rats and
CD-1 mice, PFOS was administered by gavage during pregnancy indicating that in utero exposure to PFOS
severely compromised postnatal survival of neonatal rats and mice, and caused delays in growth and
development that were accompanied by hypothyroxinemia in the surviving rat pups. Maturation of the lung
and pulmonary function is a plausible target for PFOS.453 Animal studies have moreover indicated that PFOS
and PFOA may disturb the fatty acid metabolism and induce adverse effects in liver and other tissues.454
For many organic compounds that accumulate in lipids, bioaccumulation potential can be estimated from
the Kow. The results of laboratory experiments have demonstrated that the bioaccumulation potential of PFAs
increases with increasing perfluoroalkyl chain-length.455
PFOS has been shown to be present in cord blood in studies from Northern Canada, Germany, Japan and the
US. The mean concentration in the study performed in Northern Canada was around 17 ng/mL, whereas in
the other studies the level ranged from around 3 to 7 ng/ML. Midash et al. (2007) also demonstrated that
the PFOS levels in cord plasma were lower than in maternal plasma by a factor of 0.6, indicating that prenatal
exposure could be lower than the maternal. For a 5-kg Swedish child consuming breast milk at a rate of 800
mL/day, PFOS intake can be estimated at 48-380 (mean, 160) ng/day, or approximately 9.6-75 (mean, 32)
ng/kg b.w. per day.456
From a study in maternal and cord blood samples in pregnant Japanese women with no known history of
specific exposure, Inoue et al. (2004) concluded that PFOS partially passes from the maternal into the foetal
circulation. Renal clearance calculated from blood and urine levels was negligible.457 Other studies in
Germany, Norway, Sweden, the US, Australia and Japan have also found a decreasing trend for PFOS blood
levels among pregnant women and the wider population. In China, PFOA serum levels increased dramatically
between 1987 and 2002.458
PFOS and PFOA were detected in 48 and 76% of adult urine samples. These results indicate that urine is an
important pathway of excretion of pertluoroalkyl substances (PFASs). The partitioning ratios of PFAS
concentration between urine and whole blood (PFAS U/B) in pregnant women were significantly lower than
the ratios found in non-pregnant women. The GM urinary eliminations rates of PFOS (PFOSUER) and PFOA
452
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(PFOAUER) were 16 to 25%, respectively, for adult. The results suggest a clear gender difference in the urinary
elimination of PFOA, with male adults (31%) having significantly higher PFOAUER than that of female adults
(19%). PFOSUER was significantly inversely correlated with age.459 Besides, the lower PFASUER may also be due
to the fact that the PFAS in pregnant women has other elimination pathway.460
Apelberg et al. (2007) investigated the association between PFOS concentrations in cord serum and
gestational age, birth weight and size of 293 singleton births delivered in November 2004 to March 2005 in
Baltimore, USA. PFOS was detected in >99% of the cord blood samples, with a median concentration of 5
ng/mL (range <0.2-34.8 ng/mL). PFOS was significantly associated with small decreases in birth weight and
size, but not newborn length or gestational age. The concentrations of PFOS in cord serum were highly
correlated with those of PFOA.461
EFSA (2008) states that few data are available for PFAS in human milk. The results of local measurements in
Sweden and China found that PFOS was present at similar concentrations in the milk from either country:
0.060– 0.470 (mean, 0.201) ng/mL in Sweden and 0.045–0.360 (mean, 0.121) ng/mL in China. Based on the
results of German samples, Vörkel et al. (2008) estimated an intake of 0.10 mg PFOS/day (using median) or
0.27 PFOS g/day (using maximum value) via breast milk for an infant of 5 kg body weight. The concentration
ranged between 28 and 309 pg/mL (median:119 pg/mL). The data suggested that fully breastfed infants are
unlikely to exceed the recommended tolerable daily intake of PFOS and PFOA, according to the authors.462

PFOS toxicity. Further assessment sources
In a Danish prospective cohort of about 57000 healthy individuals, aged 50-65, selected from 1993-1997 and
followed until July 2006, no significant cancer risk related to PFOS and PFOA levels was indicated (Eriksen et
al., 2009). In Greenland instead the incidences of breast cancer have been increasing over recent years. A
case-control study in Greenland compared serum levels of various environmental contaminants in breast
cancer patients with levels in a control group (Bonefeld-Jørgensen et al., 2011). The following PFAAs were
measured: PFSA (PFOS, PFHxS, and PFOSA), PFCAs (PFHpA, PFOA, PFNA, PFDA, PFUnA, PFDoA and PFTrA)
with PFOS and PFOA as the dominating species. Breast cancer cases had significantly higher serum levels of
PFOS (medians: 45 ng/mL – 21.9 ng/mL) and ΣPFCA (medians: 8.0 ng/mL – 5.2 ng/mL) than controls.463
The population study used data for 860 individuals from the 2003-2004 National Health and Nutrition
Examination Survey (NHANES) and found a positive association between total cholesterol and serum
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concentrations of PFOS (mean 25 ng/mL), PFOA (mean 4.6 ng/mL) and especially PFNA (mean 1.3 ng/mL )
(Nelson et al., 2010a).464
PFOS has a slower elimination rate than PFOA, and the half-life of PFOS in the female Cynomolgus monkey
was about 200 days, about 40 times more than that for males (Kudo & Kawashima 2003; Seacat et al., 2002;
Andersen et al., 2006). Perfluorooctane sulfonamide (PFOSA) is also eliminated rapidly in rodents with a halflife of a few days. Branched isomers have a faster half-life than linear isomers (Benskin et al., 2009; Ross et
al., 2012). The shorter-chain perfluorobutane sulfonate (PFBS) has a serum elimination half-life of about 5
hours in rats, 95 hrs in monkeys and 26 days in humans (Olsen et al., 2009). In humans there is no active
excretion by the kidneys. The renal clearance in humans is almost negligible and approximately 1/5 of the
clearance is based on the blood serum half-life, assuming accumulation in other body compartments. The
sex differences seen in rats are not always found in humans. Although active excretion also was absent for
PFOA and PFOS in monkeys, their renal clearances were still 300-1000 times greater than those in humans,
making extrapolations from animal data questionable (Harada et al., 2005).465
There are no reports on PFOS metabolites formed in vivo, and sources often disagree on the extent of such
substances in various organisms - human beings included. The elimination half-lives have been estimated as
> 90 days in rats, about 200 days in Cynomolgus monkeys, and about 5.4 years in humans (EFSA, 2008). Based
on the available data, US EPA (2014b) concluded on a serum elimination half-lives of 48 days in rats, 121 days
in monkeys and 1971 days in humans.466 Anyway, based on the complete lack of genotoxicity in a wide range
of in vitro and in vivo assays at gene and/or chromosome level, the weight of evidence indicates an indirect
(non-genotoxic) mechanism for the carcinogenicity of PFOS. Thyroid tumours are likely to be secondary to
hormonal imbalance. The thyroid and mammary gland tumours are difficult to evaluate because of the lack
of dose-response relationship.467
PFOS and derivatives are not mutagenic in various test systems but may increase the genotoxicity of other
chemicals. An example is that the genotoxicity of cyclophosphamide in the micronucleus assay with hamster
lung V79 cells was increased manifold by simultaneous exposure to PFOS (Jernbro et al., 2007). In a two-year
rat feeding study with PFOS, a modest liver tumour response (hepatocellular adeno-mas and one carcinoma)
was observed in the high dose group of 20 ppm PFOS as potassium salt corresponding to an exposure of 1.5
mg PFOS/kg/d (Seacat et al., 2003). A dietary exposure to 100 ppm EtFOSE over a two-year period caused an
increase of hepatocellular adenomas (+ one carcinoma) in female rats and hepatocellular adenomas thyroid
follicular cell adenomas in male rats (Thomford et al., 2002). It was estimated that 20% of an oral dose of EtFOSE was metabolised to PFOS.468
In primate’s metabolic elimination seems to play no relevant role as can be derived from the long elimination
half-lives. In rats, PFOS also shows a tendency to accumulate when repeatedly administered (Seacat et al.,
464
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2003). There are no reports on PFOS metabolites formed in vitro. In rats, PFOS is mainly found in the liver,
kidneys and blood with lower levels in most other organs including the central nervous system. The
elimination half-life has been estimated as >90 days in rats, about 200 days in Cynomolgus monkeys, and
about 5.4 years in humans.469
The median lifelong intake for PFOS amounted around 0.3 ng/kg bw/day and, depending on the intake
calculation scenario, 0.2 to 0.35 ng/kg bw/day for PFOA. These intakes are well below the TDIs of 150 ng/kg
bw/day for PFOS and 1500 ng/kg bw/day for PFOA. From these results it may be concluded that the exposure
of the Dutch population to PFCs from food and drinking water has limited toxicological relevance.470
Glynn et al. (2012) have recently investigated temporal trends of blood serum levels of 13 perfluorinated
alkyl acids (PFAAs) and perfluorooctane sulfonamide (FOSA) in primiparous women (N = 413) from Uppsala
County, Sweden, sampled 3 weeks after delivery 1996-2010. Levels of the short-chain perfluorobutane
sulfonate (PFBS) and the long-chain perfluorohexane sulfonate (PFHxS) increased 11%/y and 8.3%/y,
respectively, during the period and levels of the long-chain perfluorononanoate (PFNA) and
perfluorodecanoate (PFDA) increased 4.3%/y and 3.8%/y, respectively. Concomitantly, levels of FOSA
(22%/y), perfluorooctane sulfonate (PFOS, 8.4%/y), perfluorodecane sulfonate (PFDS, 10%/y), and
perfluorooctanoate (PFOA, 3.1%/y) decreased. Therefore, one or several sources of exposure to the latter
compounds have been reduced or eliminated, whereas exposure to the former compounds has recently
increased. PFAA levels in maternal serum sampled during pregnancy and the nursing period as well as in cord
blood were strongly correlated. The strongest correlations between cord blood levels and maternal levels
were observed for maternal serum sampled shortly before or after the delivery.471
An investigation of children from Faroe Island showed that commonly prevalent exposures to PFAAs were
associated with lower antibody responses to childhood immunizations (vaccinations).472
The short-chain analogues have shorter half-live times in humans. The mean half-live in human blood of is
about one month for PFBS and 2-4 days for PFBA as compared to half-lifes of 5.4 years for PFOS, 8.5 years
for PFHxS, and 3.8 years for PFOA. The available information, mainly based on relatively few animal studies,
indicates that the short-chain analogues to a lesser degree have less effect than the long-chain PFAAs are
linked to adverse effects such as developmental toxicity and carcinogenic potential. In general the knowledge
about the toxicology of most perfluorinated compounds is rather sparse, and it will take some years and
much effort, before we will have sufficient information for evaluation of the full impact of the present levels
in humans.473
From the PFC-affected area in the Sauerland, Germany, time trend analysis of PFOS and PFOA samples of
young adults (20-31 years old) indicated a slight, but not significant, increase in concentrations from 1977 to
469
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about 1990, which was then followed by a decreasing tendency of the concentration (Wilhelm et al., 2008 as
cited by Fromme et al., 2009). The sampling time period covered 1977-2004. In contrast, there was a clear
linear increase of PFHxS plasma concentrations up to 2004.474 Based on 7876 serum samples collected from
a representative sample of the general U.S. population 12 years of age during NHANES (National Health and
Nutrition Examination Survey) 1999-2008, Kato et al. (2011) concluded that PFOS concentrations in the USA
showed a significant downward trend, because of discontinuing industrial production of PFOS, but PFNA
concentrations showed a significant upward trend. PFOA concentrations during 1999-2000 were significantly
higher than during any other time period examined, but PFOA concentrations have remained essentially unchanged during 2003-2008. PFHxS concentrations showed a downward trend from 1999 to 2006, but
concentrations increased during 2007-2008.475
Olsen et al. (2012) analysed eleven PFASs in plasma from a total of 600 American Red Cross adult blood
donors from six locations in 2010. U.S. findings were compared to results from different donor samples
analyzed at the same locations, collected in 2000-2001 (645 serum samples) and 2006 (600 plasma samples).
Most measurements in 2010 were below the lower limit of quantification for PFBS, PFPA, PFHxA, and
PFDoA.476
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Generally, the toxicity of PFOS is species-dependent and sometimes gender-dependent for the same species.
The main exposures to perfluorinated substances seem to be by direct consumer product exposure, through
contaminated food intake, or by inhalation/ingestion of indoor dusts. In most studies PFOS has been
determined in far higher concentrations than other PFCs. Typical average serum levels of PFOS in
industrialized countries are 20-30ng/mL with maximum levels less than 100 ng/mL.480
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For ΣFTOH and ΣFOSE/FOSA, in the mean exposure scenario, house dust is the main source of exposure while
in the high exposure scenario the diet may be the major exposure source for ΣFOSE/FOSA. The estimated
adult daily intake of PFOS, PFOA, ΣFTOH and ΣFOSE/FOSA for the general population is shown by (Fromme
et al., 2009). Dietary exposure is the dominant intake pathway for PFOS and PFOA ΣFOSE/FOSA, responsible
for 91% and 99%, respectively, of the total intake of the general adult population using mean intake data.
Using high daily intake data, house dust may be a significant source of PFOA exposure. A scoring by the
authors using a simple one-compartment toxicokinetic model showed that the dietary intake corresponds
well with the blood plasma level of the same population. The total estimated intake of PFOS and PFOA were
well below the TDI values recommended by the EFSA Scientific Panel on Contaminants in the Food Chain of
150 ng/kg body weight for PFOS and 1500 ng/kg bw per day for PFOA.481
The study did not specifically estimate the exposure of children. According to the Fromme et al. (2009), it is
obvious from biomonitoring data that the internal exposure of children is comparable to that of adults, but
the exposure situation of children is not well understood, and therefore the authors do not make any
statements on the risks of children’s exposure to PFAS using the data available. Trudel et al. (2008) noted
that children tend to experience higher total uptake doses (on a body weight basis) than teenagers and
adults, because of higher relative uptake via food consumption and hand-to-mouth transfer of chemical from
treated carpets and ingestion of dust. Furthermore, the authors conclude that besides this background
exposure of the general population, a specific additional exposure may occur, causing an increased PFAS
body burden. This has been observed in populations living near PFAS production facilities or in areas with
environmental contamination of PFASs. The consumption of highly contaminated fish products may also
cause an increase in PFAS body burdens.
In accordance with the results of Fromme et al. (2009), Trudel et al. (2008) concluded that the greatest
portion of the chronic exposure to PFOS and PFOA is likely to result from the intake of contaminated foods,
including drinking water. Consumer products cause a minor portion of the consumer exposure to PFOS and
PFOA. Of these, it is mainly impregnation sprays, treated carpets in homes, and coated food contact materials
that may lead to consumer exposure to PFOS and PFOA. Haug et al. (2011) estimated individual PFC intakes
from multiple exposure sources for a study group of 41 Norwegian women using measured PFC
concentrations in indoor air and house dust as well as information from food frequency questionnaires and
PFC concentrations in Norwegian food. Food was generally the major exposure source, representing 67-84%
of the median total intake for PFOA and 88-99% for PFOS using different dust ingestion rates and
biotransformation factors of 'precursor' compounds. However, on an individual basis, the indoor
environment accounted for up to 50% of the total intake for several women. Significant positive associations
between concentrations of PFCs in house dust and the corresponding serum concentrations underline the
importance of indoor environment as an exposure pathway for PFCs. For breast-fed infants, breast milk was
calculated to be the single most important source to PFCs by far (Haug et al., 2011).
Several authors emphasized that there may be additional sources of human exposure to PFOS and PFOA from
precursor compounds including fluorotelomer alcohols (FTOHs), perfluoroalkyl sulfonamides (PFOSAs) and
amido alcohols (PFOSEs) that are metabolized to form PFOA and PFOS, respectively. Considering the potential
routes of human exposure, Fromme et al. (2009) estimated the overall mean and high daily intake for a non-
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occupationally exposed adult population to two groups of potential precursors of PFCAs and PFAS: ΣFTOH,
AND ΣFOSE/FOSA (Table 28).482

483
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Using some rough estimates regarding the percentage of the precursors converted in the human body to
PFOS and PFOA, the authors conclude that FTOHs have only a negligible contribution (<1%) to the total mean
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and high intake PFOA exposures of adults. Moreover, the contribution of the converted ΣFOSAs/FOSEs to
total PFOS exposure of the general population was estimated to reach only 10%.485
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PFOS biomagnification
As previously seen from multiple scientific sources, POPs, PFOS and PFOA can be easily stored in fatty tissue.
They are therefore often found at high levels in predatory species at the top of the food chain: this happens
via biomagnification, the process by which a toxic substance or heavy metal tend to move upwards in the
food chain, in natural environment, from the simpler biota to the local ecosystem’s top predators.488 It has
been observed that PFOS concentrations are almost invariably higher than PFOA concentrations, and that
PFOS concentrations in fish liver are consistently higher than those in fillet. PFOS has shown to bioaccumulate
in fish and its kinetic bioconcentration factor has been estimated to be in range 1000-4000. The time to reach
50% clearance in fish has been estimated by EFSA to be 100 days.489
Monitoring data from top predators at various locations show highly elevated levels of PFOS and
demonstrate the substantial bioaccumulation and biomagnification (BMF) properties of PFOS. Notable is that
the PFOS concentration in polar bears (1,700-2,000 ng/g) exceed all other individual organohalogens.
Ecotoxicity data for PFOS are mainly found for aquatic organisms such as fish, invertebrates and algae, and
for birds.490 Unsurprisingly, polar bears on the top of the Arctic food chain have especially high concentrations
of PFOS in the blood and liver.

Alternatives to PFOS
Coming back to the previous example of the non-decorative chrome-plating industry (one of the few
processes still somehow tied to the use of PFOS substance), the price of PFOS-made products used as mist
suppressant is around 100 to 200 DKK (13 EUR to 27 EUR) per kilo/liter. The price is dependant on the
concentration of PFOS in the chemical. In comparison, one of the alternatives was found to cost 120 DKK (16
EUR) per kilo/liter. Other non-PFOS alternatives are more expensive than common PFOS solutions.
PFOS and PFHxS have to some extent been replaced by PFBS (with 4 carbon chain), while the long-chain
perfluoroalkyl carboxylic acids and telomers are replaced by short-chain fluorochemicals. Data on the
concentration of different PFCs in human blood and breast milk indicate a change in the exposure from the
long-chain to the short-chain homologues. Short-chain alternatives are as persistent in the environment as
the long-chain homologues, but do not bioaccumulate to the same extent as the long-chain substances, as
they are excreted more rapidly form the organisms studied. No data on the ecotoxicity of the shorter chain
fluoroalkyl carboxylic and sulfonic acids have been obtained. Concerning human health, the short chain PFAS
as compared to the long-chain homologues have significantly shorter half-life in human blood, do not appear
to cause developmental toxicity, and have less genetoxicological potential.491
Alternatives to PFOS for impregnation or coating of textiles, leather and carpets as well as coating agents are
already well known. There are manufacturer trade secrets concerning detailed chemical product
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compositions that may be a weak point for detailed assessments, when these alternatives are applied in
production. Dendrimers has been used as non-fluorine alternatives to PFOS as water proofing agents on
textiles but it was hard to evaluate potential risks to human health.492 Many of the functional chemistries
related to these alternatives rremain the proprietary information of the chemical industry.493
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Perfluorooctanesulfonyl fluoride (POSF)
PFOS-related chemicals are manufactured from a precursor material known as perfluorooctanesulphonyl
fluoride (POSF), a synthetic perfluorinated compound with a sulfonyl fluoride functional group. POSF is
synthesized by electrochemical fluorination of octanesulfonyl fluoride in anhydrous hydrogen fluoride. It is
immobile in soil and non-biodegradable in, for example, activated sewage sludge. These compounds are very
persistent in the environment. POSF-based polymers degrade to form PFOS, which doesn’t degrade in any
environmental process.
It has been estimated that the global production/use of POSF (from 1970 to 2002) has been 96.000 tonnes,
with total global emissions being 650-2600 tonnes of POSF and 6.5-130 tonnes of PFOS. Most of the
environmental release is to water (98%) and the remainder to air. In the year 2000, between 3.665 and 4.500
tonnes of POSF were produced globally, and 3M was the dominant producer. Global production and use by
3M ceased in 2001. 3M also phased out production of PFOS, PFOA and related chemicals by 2002. However,
other manufacturers have filled the deficit of 300 tonnes yr-1 production of the ammonium salt of PFOA.
As we have seen, 3M was, prior to the phase-out announced in 2000, the major global producer of
perfluorooctanesulfonyl fluoride (POSF) although smaller producers existed in Europe and Asia. POSF is used
as an intermediate in the production of PFOS and PFOS derivatives, and the production of POSF can be used
as an indicator of the total production of PFOS-related substances. The total historical worldwide production
of POSF between 1970 and 2002 was estimated by Paul et al. (2009) to be 96,000 tonnes (or 122,500 tonnes,
including unusable wastes). The majority of this was produced by 3M. The company manufactured
approximately 3,665 t/y POSF, or 78% of the estimated global POSF production of 4,650 t/y, when the
production peaked in 2000. The major uses for the POSF-derived substances were in providing grease, oil
and water resistance to materials such as textiles, carpets, paper and coatings in general. From 1970 to 2002,
the main end uses of the POSF-derived substances were carpets (48,000 tonnes for the entire period), paper
and packaging (24,000 tonnes), apparel (12,500 tonnes), performance chemicals (6,000 tonnes), and aqueous
firefighting foams (10,000 tonnes) (Paul et al., 2009).
There is a general trend in the sportswear industry to phase out PFOA-related substances and even move to
fluorine-free alternatives, due to increasing pressure from the public to phase out hazardous substances. The
fact that many companies choose to phase out such substances, shows that substitution is technically feasible
for most products and applications. Several companies that were consulted indicated that they intend to
phase out PFOA-related substances by the end of 2014. For other consumer articles like carpets, furniture
and technical textiles there is much less information available on the current use of PFOA-related substances
and the trend of substitution. For technical textiles, the change to alternatives could result in a loss in product
quality, which could be decisive for the utility of the respective product.
Short-chain fluorinated polymers are considered as the most probable alternatives to be used instead of
PFOA-related substances. They have a similar performance regarding water repellence. However, a larger
amount (10-20 %) of substance is needed to achieve comparable water repellent properties of the
fabric/leather. Furthermore, consulted companies stated that overall the oil repellence of textiles treated
with short-chain alternatives is poorer. In addition to the increased loading, industry stated that short-chain
fluorinated polymers are more expensive to produce, owing to extra processing (filtration) to remove
impurities. Also, due to the general trend to switch to short-chain PFASs market demand is increasing.
Industry indicated that this could lead to higher costs of short-chain fluorinated polymers of up to 20%.
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Perfluorooctanoic acid (PFOA). General overview
Perfluorooctanoic acid (PFOA) is a synthetically-produced, completely fluorinated organic acid; its typical
structure presents a linear chain of eight carbon atoms. The most widely used PFOA derivative, and therefore
the most alarmingly widespread, is the ammonium salt, or APFO.496 PFOA and other long-chain perfluoroalkyl
carboxylic acids and their salts are all extremely persistent in the environment, and they bioaccumulate in
particular in mammals and birds. Many uses of PFOA and other long-chain perfluoroalkyl carboxylates and
their precursors, fluorotelomers, are not restricted in the EU.497 PFOA and PFOA-related substances provide
very special properties such as high friction resistance, dielectrical properties, resistance to heat and chemical
agents, low surface energy, as well as water, grease, oil and dirt repellence. They are still used, or were used,
in a multitude of different sectors: it has been discovered that even professional ski waxers have high serum
levels of PFOA, due to the exposure of PFOA in aerosols and to some extent vapours when working in poorly
ventilated small cabins, in particular when applying gliders. The median concentration of PFOA in serum from
two Nordic studies gave an average of 137 ng/mL.498
PFOA and PFOA-related substances are detected in a wide range of consumer articles and mixtures, which
are often imported from outside the EU. The occurrence of these substances is therefore caused by:
●
●
●

the intentional use of PFOA and PFOA-related substances
residues of PFOA or PFOA-related substances in other PFOA-related substances
impurities of PFOA or PFOA-related substances in other PFOA substances or in other PFASs.499
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The ammonium salt (APFO) is the most widely produced form used as an essential surfactant. The largest
historic production sites for APFO were in the U.S. and Belgium, the next largest in Italy and small scale
producers in Japan; in 1999, global annual APFO production was approximately 260 tonnes (FMG, 2002).
There are two manufacturing processes to produce PFOA, its salts and PFOA-related substances:
electrochemical fluorination (ECF) and telomerisation (Prevedouros et al., 2006), mentioned before in this
baseline scenario. From 1947 to 2002, the electrochemical fluorination (ECF) process was mainly used to
manufacture APFO worldwide (80-90% in 2000); ECF results in a mixture of branched and linear isomers
(Prevedouros et al., 2006). Accordingly, the composition of PFOA is 78% linear and 22% branched isomers
(Kissa, 2001). The current extent of global ECF manufacturing is unknown. Within the EU, there were at least
three production sites using the ECF process; however, most of the manufacturers are using the
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telomerisation process nowadays (Wang et al., 2014). In the telomerisation process, perfluorethylene
(CF2=CF2) reacts with perfluoroethyl iodide (CF3-CF2-I), resulting in a straight chain perfluorinated iodine
F(CF2) nI. These perfluoroalkyl iodides are the building blocks to manufacture perfluorinated carboxylic acids
(F(CF2)n-1CO2M) and fluorotelomer iodides (F(CF2)nCH2CH2I) with varying chain lengths and also PFOArelated substances (which are partly named as fluorotelomers in the literature). It mainly results in linear
compounds, although some isopropyl isomers may occur as well (Benskin et al., 2012).501 Outside the EU,
fluoropolymer manufacture is the predominant way of making PFOA, although there is no current
information on its share of total PFOA production available. In the year 2000, it was estimated that 85% of
the total global use of PFOA was in fluoropolymer manufacturing (Prevedouros et al., 2006).502
The ammonium and sodium salts of PFOA (APFO and Na-PFOA) are used as processing aid in the
manufacturing process of several fluoropolymers such as PTFE (Polytetrafluoroethylene), FEP (fluorinated
ethylene propylene), PFA (Perfluoroalkoxy alkane) or PVDF (Polyvinylidene fluoride).503 PFOA (APFO) can in
principle be recovered from the process of fluoropolymer production and be reused several times (van der
Putte et al., 2010). According to industry approximately 50% of the used PFOA was recycled with a recovery
of 80 to 90% (Stakeholder Consultation, 2013/14).504
Prevedouros et al., in 2006, estimated worldwide manufacturing volumes of PFOA in the range of 3600-5700
t accumulated from 1951 to 2004.505 The only company known to produce PFOA in the EU (Miteni in Italy;
OECD, 2006) reportedly ceased production and commercialisation of PFOA in 2010 (van der Putte et al.,
2010). Hence, it can be concluded that the production of PFOA is located predominantly outside the EU:
accordingly, current EU demand is expected to be covered by imports. Van der Putte et al. (2010) have
analysed the market of PFOA and APFO and their use on behalf of the European Commission: in this study,
the average market volume in the EU was estimated to be a maximum of 100 t/a for the period 2004-2008.
Since 2002, a decreasing trend of the production and import of PFOA and APFO in the EU-27 Member States
has been observed. Consequently, Van der Putte et al. concluded that the market volume of APFO/PFOA
would have been less than 50 t/a in 2010.
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PFOA and its salts are also imported into the EU in mixtures, in particular in fluoropolymer dispersions that
are imported for further processing. The volume of PFOA and its salts in fluoropolymer dispersions depends
on several technical (e.g. PFOA-content in the mixture) and market-related variables (e.g. share of
fluoropolymers produced with PFOA). For the import of PTFE, it is expected to be within the range of 3 to 16
t/a, whereas it is highlighted that also fluoropolymers other than PTFE may contain PFOA. For further
calculations, import volumes of 10 t/a PFOA and its salts in imported fluoropolymer dispersions will be used.
Finally, PFOA and its salts are also imported as residuals or impurities in articles containing fluoropolymers
(produced with PFOA and its salts) or PFOA-related substances. As data on PFOA volumes in imported articles
are very limited, it is not feasible to give robust estimates. Van der Putte et al. (2010) estimate the volume of
PFOA and its salts in fluorotelomer-based consumer products to be < 10 t/a, highlighting the considerable
uncertainty of this estimate. As a general limitation, this estimate does not include PFOA in articles containing
fluoropolymers, so the actual amount of PFOA might be higher.507
PFOA-related substances are used either as non-polymeric substances or as part of side-chain fluorinated
polymers, such as fluoroacrylate polymers (OECD, 2013; van der Putte et al., 2010). There are three known
direct applications of PFOA and its salts (van der Putte et al., 2010):
●
●
●

fluoropolymer and fluoroelastomer production (main use)
photographic industry (minor use)
surfactants in the semiconductor industry (minor use)

Non-polymeric uses of PFOA-related substances are applications as surfactants in:
● fire-fighting foams
● wetting agents
● cleaners.508
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As we will see, consumer exposure includes exposure from house dust, indoor air as well as dermal or oral
contact with consumer products: PFOA might be leaching from consumer products into house dust as well
as both indoor and outdoor air, and thus ingestion of house dust and inhalation of air in both gas and
particulate phase are potential exposure sources for PFOA. Exposure to PFOA can also occur through direct
contact with consumer products such as all-weather clothing and textiles.
When considering risk for the general population, it is the total exposure (exposure from all sources) that is
important to compare with the calculated DNELs. For that reason, only the total exposure, as opposed to
breaking down the exposure in different pathways, has been presented here. In background exposed
populations, exposure to PFOA from air occurs primarily through inhalation of neutral polyfluorinated alkyl
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substances (PFAS) such as FTOHs (Stock et al., 2010). Concentrations of FTOHs in indoor air usually exceed
the concentrations in outdoor air considerably (Harrad et al., 2010).
Due to the low concentrations in outdoor air, exposure through inhalation of air is mainly through indoor air.
Ingestion of house dust is an exposure source for PFOA. As for indoor air, the concentrations in house dust
are quite variable. The distribution pattern is often following a lognormal distribution, with some samples
having concentrations far exceeding the mean and median values of the dataset (Harrad et al., 2010). Dermal
exposure to PFOA can occur through direct contact with consumer products.
Three surveys have been conducted in Norway to explore ranges of PFASs in clothing (SFT 2006;
Grønnhverdag 2010; Schulze and Norin 2006) and both ionic and neutral PFASs were detected and PFOA
were among the ionic PFASs detected. PFOA has also been found in carpets and textiles (Washburn et al.,
2005), waxes and paints (Washburn et al., 2005), food contact materials (Begley et al., 2005) and non-stick
cookware (Sinclair et al., 2007). The dermal absorption of ionic PFASs has been thought to be low (e.g. the
dermal absorption of ammonium perfluorooctanoate was only 0.048% (Fasano et al., 2005), thus this
pathway has been thought to give only a minor contribution to the intake of PFASs. In a paper by Trudel et
al., 2008, the authors were modelling the importance of different exposure pathways to PFOA. They found
that the contribution to the total uptake dose was less than 1% in any of the scenarios for dermal exposure
from wearing of treated clothes, from deposition of spray droplets on skin while impregnating, from skin
contact with treated carpet and with upholstery, and from deposition of dust on skin. However, a more
recent study indicated that the potential for dermal absorption is significant in both mouse and human skin
and emphasizes that the extent of dermal absorption of PFOA is dependent on its ionization state. These
results raise concern regarding the possibility for dermal exposure in both occupationally exposed individuals
and the general population (Franko et al., 2012).511

PFOA manufacture, import/export amounts
The estimated global production of perfluorooctanoate (PFOA) and ammonium perfluorooctanoate (APFO)
from 1951-2004 is 3,600-5,700 tonnes, while the manufacturing of perfluorononanoate (PFNA) and
ammonium perfluorononanoate (APFN) during the same period is estimated at 800-2,300 tonnes
(Prevedouros et al., 2006). In 1999, global annual APFO production was approximately 260 tonnes.512
During a recent OECD survey, the seven companies that responded to the authors requests reported the
manufacture of a total of <5.5 tonnes PFOA and related compounds (OECD, 2011). Furthermore, it was
reported the mass of five different 8:2 fluorotelomers which potentially may degrade to PFOA and PFNA.
These substances were present as residuals or impurity of products at a total of <20 tonnes.513 Prevedorous
and co-workers (2006) also estimated global PFOA manufacturing emissions: 45 t in 1999, 15 t in 2004, 7 t in
2006. (Wang et al., 2014) estimated global cumulated historical emissions and projected future emissions.
Prevedouros et al., also in 2006, estimated global cumulated environmental emissions from fluoropolymer
manufacturing to account for 2000-4000 t for the time period 1951-2002. Wang et al. (2014) calculated
historic and future emissions from fluoropolymer manufacture. The decreasing trend in the lower scenario
511
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is mainly attributed to reduction in releases due to possibilities to capture and recycle APFO as well as PFOAfree alternatives. However, shift of production to countries like China and Russia and their continuing use of
PFOA in fluoropolymer production are reflected by emission estimates in the higher scenario.514
The market volume of production and import of PFOA and APFO showed a decreasing trend from 2002
onwards in the EU-27 Member States. For the period 2004-2008 the average market volume is estimated to
be a maximum of 100 t/y. The trend in the use of PFOA and related compounds shows a further decrease,
and the report estimated that the market for 2010 would likely be less than 50 t/y.515 Global APFO
manufacturing emissions decreased from about 45 tonnes in 1999 to about 15 tonnes in 2004 and to an
expected 7 tonnes in 2006 (FMG, 2002).516
It is estimated that in the EU nowadays less than 20 t PFOA are used annually in fluoropolymer production.
When using the worst case overall release factor, it is assumed that the total amount of PFOA used will be
emitted to the environment. As a lower value the release factor of 70% x 0.025 assumed by Wang et al.,
(2014) has been used for emission estimation. This factor would result in emissions of 0.35 t/a. Measured
data show that industrial emissions from European fluoropolymer manufacturing sites have a significant
influence on the PFOA levels found in European surface waters (Pistocchi and Loos, 2009): fluoropolymer
manufacturer industries were identified in the river basins Po/Tanaro (Italy), Danube/Inn (Germany), Rhone
(France), Scheldt (NL) and Wyre (UK). PFOA has been measured in surface waters in the vicinity of
fluoropolymer manufacturing facilities, i.e. 337 ng/L in the Po river in Italy (Loos et al., 2008). Dauchy et al.
measured PFOA in water bodies near a French fluoropolymer manufacturing plant (Dauchy et al., 2012).
Besides other PFASs, PFOA and PFNA were predominant in all studied drinking water resources.517
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The global demand of fluoropolymers was estimated to be 235,000 to 267,000 t in 2011 (FluoroCouncil, 2013;
Jin, 2012) and is expected to grow between 5-6% per year to reach about 317,000 to 379,000 t in PTFE
accounts for about 60% (by weight) of the total production of fluoropolymers. Other important types of
fluoropolymers are PVDF (~15%) and FEP (~10%) and PFA (~5%) (Ebnesajjad, 2013). Approximately 10 kg of
PFOA are used for manufacturing of 1 t PTFE (Stakeholder Consultation, 2013/14), Ebnesajjad gives a range
of approximately 0.1 - 3%.
In 2010, the global fluoropolymer consumption was dominated by North America (41 %), followed by AsiaPacific (30%) and Europe (21%) (Ebnesajjad, 2013). The Asian-Pacific region is expected to be the fastest
growing market for fluoropolymers in the foreseeable future due to the rapid growth of the industry and the
rise in living standards (Ebnesajjad, 2013). The overall decreasing trend in use of PFOA in fluoropolymer
manufacture is largely initiated by the US-EPA 2010/2015 PFOA Stewardship Program that commits eight
large manufacturers in North America, Japan and Europe to eliminate all PFOA from fluoropolymer
production by 2015 (U.S.EPA, 2006). As a consequence, companies are working on chemical substitutes to
replace PFOA in the emulsification process. The US EPA publishes every year an annual progress report which
the participating companies have to submit. The available data show that PFOA was still present in
fluoropolymers in 2011. The final amounts are higher in non-US facilities compared with US.519
According to KEMI, the Swedish chemicals Agency (2006), 0.025 t of PFOA were imported into Sweden in
2005. In a Danish report the PFOA/APFO consumption was 0.001 t/a registered in the Danish product register
in 2012 (Danish Environmental Protection Agency, 2013). Based on data from the Norwegian Product
Register, 0.43 t/a of PFOA-related substances (mostly Thiols, C8-20, perfluoro, telomers with acrylamide CAS
70969-47-0) are imported in Norway with an increasing trend (Stakeholder Consultation, 2013/14). The
substance is mainly used for fire-extinguishing agents with a content of < 50,000 ppm in the product.520
The results from the stakeholder consultation show that between 100-1000 t/a of PFOA-related substances
are imported into the EU, without having been registered under REACH, with a decreasing trend. This amount
is likely to be higher, because only a limited number of companies provided data and not all importers may
have been contacted. Overall, the registrations as well as the industry responses gained in the stakeholder
consultation do not properly reflect the total volume of PFOA-related substances manufactured, imported
and used in the EU. In particular, the import of PFOA-related substances via articles or mixtures is not
included in the volumes reported. However, imported articles are considered to be highly relevant for the
total volume of PFOA-related substances in the EU market, especially with regard to textiles. Due to the lack
of data, no estimate of the total volumes of PFOA-related substances in imported articles and mixtures can
be given. For textiles, it was estimated that imported textile articles could contain 1,000-10,000 t/a of PFOArelated substances.521
40 t/a PFOA and its salts are imported into the EU (20 t/a as substances, 10 t/a in mixtures and 10 t/a in
articles). PFOA-related substances are manufactured in the EU and are present as constituents in UVCB
substances in the range of 100-1000 t/a based on registrations. PFOA-related substances are imported into
the EU in volumes of 100-1000 t/a based on the stakeholder consultation. The total volume of PFOA-related
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substances in imported articles is unknown. For textiles, it was estimated that imported textiles could contain
1,000-10,000 t/a of PFOA-related substances.522

523

PFOA has been traditionally used as a processing aid, or surfactant, in the production of certain
fluoropolymers and other grades of fluoropolymers and fluoroelastomers; the surfactant is removed when
the fluoropolymer aqueous emulsion is dried. Residual surfactant may remain in the polymer and PFOA has
been demonstrated to be present in articles with fluoropolymers, such as coated non-stick kitchen ware
(Washburn et al., 2005).524

In-depth

PFOA in fire-fighting foams
Fluorinated surfactants are used in fire-fighting foams as they are very effective for
extinguishing liquid fuel fires at airports, oil refineries etc. Fluorosurfactants are used to
reduce surface tension of the aqueous solutions; they are used in concentrations of 1-3%.
Information gathered from industry and literature indicates that PFOA-related substances
are still commonly used in firefighting foams, even though consulted companies confirm
the general trend to replace C8-based technology with short-chain alternatives. No
explicit data on the volumes of PFOA-related substances in firefighting foams in the EU
was obtained. Based on information from industry and data from the Norwegian Product,
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it is estimated that 50-100 t/a of PFOA-related substances are used in fire-fighting agents
to be used for further calculations. This estimation is highly uncertain.525
PFOA may be used in all of the following foams (Umweltbundesamt, 2013):
●
●
●
●
●

Fluoro-protein foams used for hydrocarbon storage tank protection and marine
applications.
Aqueous film-forming foams (AFFF) developed in the 1960s and used for aviation,
marine and shallow spill fires.
Film-forming fluoroprotein foams (FFFP) used for aviation and shallow spill fires.
Alcohol-resistant aqueous film-forming foams (AR-AFFF), or multi-purpose foams.
Alcohol-resistant film-forming fluoroprotein foams (AR-FFFP), which also are
multipurpose foams; developed in the 1970s.

Switzerland
It was estimated that 3% of the perfluorinated substances manufactured were used in AFFF
(Federal Office for the Environment (FOEN), 2009). The Fire-fighting Foam Coalition (FFFC)
stated that 5% of fluorotelomer-based products manufactured worldwide were used in firefighting foams (Renner 2007 in Federal Office for the Environment (FOEN), 2009). According
to an AFFF factsheet provided by the FFFC the majority of the fluorosurfactants used in
telomer-based AFFF are based on C6-perfluorinated substances (Fire Fighting Foam
Coalition (FFFC), 2014). It is stated that currently some AFFF formulations contain also C8
and longer chemicals. Those substances may be PFOA-related substances. Foam
concentrations (6%, 3%, 1%) are mixed with water and the final solution contains usually
0.03 to 0.45 % fluorosurfactants (Sontake and Wagh, 2014).526 Several studies report
findings of PFOA and PFOA-related substances in AFFF:
●
●

●
●

PFOA was found in 4 tested AFFF concentrates in the range of 0.015 to 0.066 %
w.w. (Krop et al., 2008; Federal Office for the Environment (FOEN, 2009).
Old generation foam tested contained mainly perfluorinated sulfonates,
whereas the new generation foams (bought in 2009) contained telomeric
substances and small amounts of perfluorinated carboxylates. One new
generation foam contained PFOA as well as 8:2 FTOH (Herzke et al., 2012).
Place and Field analysed in 2012 seven brands of AFFF fire-fighting foam used
by US military. PFOA substances were found in addition to other PFASs.
D’Agostino & Mabury analysed ten fluorinated AFFF concentrates from four
manufacturers and found PFOA-related substances (perfluoroalkylamido
betaine-related and fluorotelomerthioalkylamido betaine-related) which have
not been identified previously (D'Agostino and Mabury, 2014).527

Based on data from the Norwegian Product Register 0.43 t/a of PFOA-related substances
(mostly thiols, C8-20, perfluoro, telomers with acrylamide CAS 70969-47-0) is used for fire
extinguishing agents with a content of < 50 000 ppm in the product. It is very likely that also
other Member States import CAS 70969-47-0. Thus, when extrapolating the 0.43 t/a (5
525

ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
526
ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
527
ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
168

million Norwegians) to the number of inhabitants in the EU (500 million) an import volume
of 43 t/a of CAS 70969-47-0 could be estimated with high uncertainty. In the Norden-Report
(2013) it was reported that one substance C8-C20-ω-perfluoro telomere thiols with
acrylamide (CAS number 70969-47-0) is used in most common fluorosurfactants for the use
in fire-fighting foam. According to the industry most of the manufacturers are committed
to continuing use of this chemistry until 2016. The authors also report that there are
currently very few AFFF manufacturers whose products contain only C6 fluorinated
chemicals. Thus, only a minor part of the manufacturers is compliant to the US-EPA
stewardship program. The majority of manufacturers including a number of major players
have taken a conscious decision to stay with the C6/C8 fluorotelomer mixture on grounds
of cost, lack of suitable alternatives and formulation difficulties.528
Aqueous fire-fighting foams (AFFF) are mostly directly applied outside, reaching the sewage
system or/and leaching into soil and groundwater. The composition of AFFF is diverse and
changed over time. It has been estimated that 50-100 t/a PFOA-related substances are used
for AFFF; PFOA can be contained as unintended by-product. Posner et al. have conducted
a study to describe the use and occurrence of PFASs in the Nordic countries (Posner et al.,
2013). They report that according to the fire-fighting foam industry contacted during the
project, the most common fluorosurfactant used in fire fighting foams since the
discontinuation of PFOS based surfactants is the substance C8-C20-γ-ω-perfluoro telomer
thiols with acrylamide (CAS number 70969-47-0). According to ECHA Guidance R.16,
releases from the formulation of mixtures results in 2.5% release to air, 2% to water and
0.01% to soil. For the estimated used volumes, environmental emissions from the
formulation of AFFF would account for about 2.25 - 4.5 t/a. When AFFF are applied it is
assumed that 100% of the remaining amount will be emitted to the environment as a worst
case estimate. This assumption seems reasonable since the fire-fighting foam will not be
incinerated during an event of fire.
FOEN (Federal Office for the Environment, 2009) estimated environmental PFOA releases
from AFFF in 2007 were 11.55 kg/a in Switzerland (compared to other applications the
share was 33% of total emissions). However, the situation might have changed to a large
extent since 2007. A lot of data are available on events of damage by PFASs, including the
use of fire-fighting foam and (including costs of remediation) for Germany (data from
Federal States). The German federal state North Rhine-Westphalia investigated per- and
polyfluorinated surfactants in extinguishing water (Hähnle, 2013). Among others, they
found PFOA in concentrations up to 3.8 μg per liter. After an event of fire, they detected
15000 μg per liter PFOA in the used fire-fighting foam (Hähnle, 2013). Posner et al report
that in sediments close to a company that manufactures fire-fighting foams, the
concentrations of PFCAs were particularly high (Posner et al., 2013). PFOA concentration
accounted for 101 ng/g. The important impact of local sources such as the fire-fighting foam
used in airports has been proven to contaminate adjacent soils, groundwater and other
environmental compartments. In particular, this can be seen in the comparison between
background soils close to the major Oslo airports (Norway) and soils from the airport areas.
For background soils, in Rygge (Norway) and Gardemoen (Norway), PFCAs were not
detected, whereas soils from the airports exhibited higher concentrations, particularly
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those from Gardemoen. In the latter, concentration of PFOA was around 4 ng/g (Klif Report
TA-2444/2008, cited in Posner et al., 2013).529
The production of fire-fighting foams account for 5 % of the global fluorotelomer market.
According to industry, PFOA-related substances are still used in the majority of fluorinebased fire-fighting foams. Industry indicated that alternatives most likely to be used are
short-chain fluorotelomer products. Stakeholders also stated that these alternatives cost
up to 20 % more and require 20-40% more volume to be used to achieve the same
performance than PFOA-related substances.530

531

532

As mentioned before, PFOA and its salts are often used for various applications, in different sectors.
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PFOA use in photographic industry
PFOA as well as PFOA-related substances (e.g. 8:2 FTOH) are used as surfactants in the manufacture of silver
halide photographic films, for professional and consumer applications. Professional applications include the
use by photographers (e.g. when using traditional black and white film) as well as medical or military
photographic imaging, where high photosensitivity is needed (e. g. x-ray). Consumer uses, for instance by
hobby photographers, are reported to only play a minor role (Stakeholder Consultation, 2013/14). In all these
uses, PFOA and PFOA-related substances are bound to a coating matrix, which is covered by other layers of
the photographic material. The concentration of PFOA in articles is stated to be in the range of 0.1-0.8
μg/cm².
Anyway, the use of PFOA in photographic applications is strongly decreasing owing to the transition to digital
techniques; according to industry, <0.1 t of PFOA and <0.1 t of PFOA-related substances have been used in
the EU in 2013. Due to the binding of PFOA in the matrix and the covering of the PFOA containing layer by
other layers, the representatives from photo industry assume that no release will occur during use. However,
it cannot be excluded that during application in the manufacturing process and use PFOA will be released to
wastewater and air. As a worst case, an overall emission factor of 50% (ERC 5: Industrial use resulting in
inclusion into or onto a matrix) is used for estimating emissions from the use of PFOA in photographic
applications resulting in 0.05 t/a. FOEN (2009) estimated that 0.02% PFOA will be emitted to wastewater
during manufacture of photographic material; this lower emission factor would give an annual release of
0.00002 t/a for the used amount of 0.1 t/a. For the use phase of photographic material ERC 11a (wide
dispersive indoor use of long-life articles) has been assigned. However, emissions during the use phase are
considered negligible. Also PFOA-related substances are used in photographic applications.
Anyway, because of the transition to digital techniques the market demand for photographic film is strongly
decreasing. Remaining products are mainly used by professional or hobby photographers or highly specific
medical or military applications. According to industry, it can be expected that digital techniques will
completely replace traditional photographic film within the coming 10 years.533

PFOA use in paper and packaging treatments
Beside in photography, side-chain fluorinated polymers are used in the surface treatment of paper and
packaging to impart grease, oil and water resistant properties, especially for food contact materials (plates,
food containers, bags and wraps) but also for non-food applications (folding cartons, containers, carbonless
forms and masking papers), as stated by the Swiss Federal Office for the Environment (FOEN), in 2009.
According to industry, the content of side-chain fluorinated polymers is about 0.3-1%, depending on the
specific purpose of the treated material. Information gathered from industry indicates that PFOA-related
substances are still used in significant amounts in the surface treatment of paper. Consultation with industry
revealed that short-chain PFASs are used as a replacement of PFOA-related substances. As meaningful and
reliable data on the volumes of C8-based fluorinated polymers used in paper treatment are lacking, it is
estimated that 150-200 t/a PFOA-related substances are used for paper treatment within the EU based on
information received by industry. This estimate is highly uncertain.534
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Fluorotelomer-based polymers are mainly applied during the paper making process, rather than being added
to finished paper in subsequent operations (Brooke et al., 2004 cited in Federal Office for the Environment,
2009): it has been estimated that 150-200 t/a PFOA-related substances are used for the treatment of paper
in Europe. The substances might be released to air and wastewater during this process, and the same
approach for emission estimation is used as for surface-treated textiles. When considering that 2% of the
PFOA-related substances are not bound in the polymer matrix and half of this amount is released during the
treatment of paper, emissions account for 1.5-2 t/a.
Clara et al. (Clara et al., 2008) investigated a single paper industry site which showed highest PFOA emissions
of 64 ng/L in the effluent compared to other industrial branches. However, no measured data from paper
industry are available on PFOA-related substances. PFOA and related substances are present in paper and
packaging, including food contact material (Begley et al., 2005). Sinclair et al. (Sinclair et al., 2007) conducted
an experiment with popcorn bags cooked in a microwave for 3 minutes which revealed that PFOA and FTOHs
can be emitted into the air; 8% of 8:2 FTOH present in the popcorn bags were emitted to air. On one hand,
heat conditions were considered to be harsher than for most coated paper resulting in increased vapour
pressure of FTOHs. On the other hand, the experiment was carried out over a short period; hence, emissions
could be significantly higher in a longer time period. The latter effect was assumed to be stronger.
In general, it is assumed that a large fraction of PFOA-related substances contained in paper and packaging
is emitted to atmosphere during their service life. It is therefore estimated that the residual amount of 1.5-2
t/a PFOA-related substances not bound in the polymer matrix will be released during service-life. Although
this is considered a worst case and detailed information is missing on emissions from the service-life of
surface-treated paper, this estimation seems to be reasonable. After service life recycling plays an important
role regarding the use of paper: recovered paper might still contain PFOA-related substances when getting
repulped. Moreover, it is assumed that PFOA-related substances are also used for paper recycling, which
might be released to wastewater and air during production and service life, as well. Treatment of paper is a
relevant use of PFOA-related substances. During the process the substances might be released to wastewater
and air. In addition, use and recycling of the treated paper might be a source of PFOA and PFOA-related
substances in the environment.535
Fluorotelomer-based polymers such as phosphate esters or acrylates used in paper treatment are either very
low molecular weight fluorotelomers, which are mixtures of C6-, C8-, C10- and C12-perfluorinated chemicals
or high molecular weight polymers with fluorotelomer-based side chains (Begley et al., 2005; D'eon and
Mabury, 2007). Before application on paper, fluorotelomer-based paper coating/additive formulations may
have had PFOA content as high as 88-160 ppm w.w., but during normal application rates this amount of PFOA
is diluted by about 300 times on the final paper product. Therefore, the PFOA content on finished paper was
in the few hundred ppb range (Begley et al., 2005). The residual concentration of PFOA in polymers used in
the manufacture of impregnated paper was < 2 ppm or < 10 ppm d.w. in 2007 in Switzerland (Federal Office
for the Environment, 2009). PFOA was analysed in baking and sandwich papers, paper baking forms, treated
food contact paper and corrugate cardboard paper. PFOA was found in most of the samples. PFOA-related
substances were not analysed in all products, but it seems likely that the measured PFOA concentration
rather results from degradation of precursers or is an impurity. It is unlikely that PFOA was used intentionally
for those papers (based on information from the stakeholder consultation). It is however possible that
fluoropolymers manufactured with PFOA were used to achieve fat proof properties.536
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Begley et al. (2005) determined the amounts of PFOA and other fluorochemicals in different commercial
paper-making formulations. The PFOA concentration in microwave popcorn paper bags was as high as 300
ng/g. During microwaving, the grease-resistant paper used in popcorn bags releases traces of PFOA to the oil
that coats the kernels; paper temperatures that can exceed 200° C significantly increased the potential for
PFOA migration. The U.S. FDA considered treated paper as the greatest potential source of fluorochemicals
(Raloff, 2005).537
On a global scale, coatings, including those for paper products, are the third largest category of consumer
product uses of fluorotelomer-based substances. In particular, the use of the substances for food contact
materials, and the possible consumer exposure to the substances in the packaging, has been intensively
studied in recent years. A recent Danish study explored the identity of a range of polyfluorinated surfactants
used for food contact materials, primarily to impart oil and water repellancy to paper and board. More than
115 molecular structures were found in industrial blends from the EU, USA and China, belonging to the groups
of polyfluoroalkyl-mono and diester phosphates (monoPAPS, diPAPS and S-diPAPS). In addition, a number of
starting materials such as perfluorooctane sulphonamide N-alkyl esters were analysed. In fourteen screened
food-contact materials collected in Denmark, both diPAPS and S-diPAPS were identified above the detection
level in four of the materials while one of the materials contained diPAPS only. In popcorn migrates, diPAPS
and S-diPAPS was detected semi-quantitatively at 0.2-0.7 mg/kg food which correlate well with levels found
in studies from the USA (Trier et al., 2011). In 2012, the Danish Veterinary and Food Administration screened
84 food-contact materials for the presence of PFASs (DVFA, 2012). In 41 of the materials, the screening
indicated that the substances were not present. The remaining 43 materials were subsequently analysed for
36 PFASs. Most of these 43 materials contained PFOA/PFCA precursors in the µg/kg range while three
materials contained more than 1 mg/kg of the substances, calculated as total PFOA equivalent to 1.5 mg/kg,
2.2 mg/kg and 10.2 mg/kg respectively. In these materials, the main PFASs were 6:2/8:2 DiPAPs, 8:2 FTOH
and 10:2 FTOH.538
It is expected that also in the paper industry PFOA-related substances will be replaced by short-chain PFASs.
Industry indicated that, apart from C6-compounds, also C2-compounds are common alternatives to be used.
No information could be obtained on potential additional amounts that would have to be used to achieve
the same performance like PFOA-related substances in paper treatment. Therefore, it was assumed that it
would be similar as in textile treatment.539
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PFOA use in semiconductors
The semiconductor industry declares a minor usage of PFOA and related substances, and the total
consumption for the entire EU semiconductor industry has been estimated at less than 50 kg/year. The total
tonnage of imports of PFOA and APFO as residuals in mixtures and articles imported from countries outside
the EU is estimated with high uncertainty and lack of precise information at <5 t/y.540
Other authors evaluated that less than 0.05 t/a of PFOA are used in the semiconductor industry. As for the
manufacture of photographic material, an overall worst-case release factor of 50% has been assigned based
on ERC5, resulting in 0.025 t/a. Van der Putte et al. (van der Putte et al., 2010) received information from
European Semiconductor Industry Association (ESIA) and the European Electronic Component Manufacturers
Association (EECA): they reported that PFOA is used in the photolithography process in closed systems.
Solvent waste is stated to be collected at the factories and incinerated and exhaust systems with abatement
equipment (scrubber) in place; it has been reported that emissions to wastewater are minimal. Based on an
industry figure of usage of less than 0.05 t/a, overall emissions to wastewater are estimated to account for
0.004 t/a (EF: 12.5%) as a conservative estimation (van der Putte et al., 2010). This value is based on expert
engineer knowledge of the process technology and waste stream.
Since the substances are enclosed in the product, emissions during the use phase are considered negligible.
It is stated that during manufacture of semiconductors, measures to prevent emissions are in place (e. g.
incineration of solvent waste). However, emissions to air during manufacture of semiconductors and
emissions from the end-of-life stage, when electronics are not properly disposed, cannot be excluded.541
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PFOA-based inks and paints
PFOA-related substances are used in paints and inks to improve flow, wetting and levelling. These are mainly
water-based paints, where a reduction of the surface tension of the paint is needed to achieve wetting of the
surface the paint is applied to. Compared to other wetting agents (e.g. silicones), fluorinated compounds
more effectively reduce the surface tension of the suspension leading to higher wetting and adhesion of the
paint; surface defects such as craters can therefore be reduced by adding PFOA-related substances. Since
fluorosurfactants are much more expensive than other surfactants, they are only used for special purposes
where low surface tension is necessary and when other (non-fluorinated) alternatives fail, e.g. in applications
where an extremely smooth surface is necessary (Poulsen et al., 2005). Apart from paints, PFOA-related
substances are also used as surfactants in printing inks, e.g. in inkjet applications for plastic film or photo
paper (industry information). The concentration of the fluorinated substances in the paint/ink can be up to
1%, depending on the specific application. However, in most cases it is considered to be much lower, e.g.
within the range of 0.05%.
There is little data on the volumes of PFOA-related substances used in paints and inks. Results from
consultation with industry indicate that short-chain PFASs are already commonly used in paint applications.
However, there is also evidence that paints and inks still contain PFOA-related substances to some extent.
Based on industry information and available data from literature, we estimate that PFOA-related substances
are used in paints and inks within the range of 50-100 t/a within the EU. This estimate is highly uncertain.543
It has been estimated that 50-100 t/a PFOA-related substances are used for the formulation of paints and
inks. However, no detailed information is available on used fractions and use patterns (e.g. paints are often
used outside, whereas inks are mainly used for printing on paper and plastic). Therefore, only a rough
estimation can be given on environmental emissions. It is assumed that 50% of the PFOA-related substances
are used as surfactants and 50% in polymers with a residual monomer content of 2%. When used as
surfactants it is assumed that the total amount of PFOA-related substances will be emitted to the
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environment (25-50 t/a). For polymers only the unbound fraction is considered resulting in emissions of 0.51 t/a.544
Fluorotelomer-based surfactants are added to latex paints in an amount between 300 and 500 mg of
product/kg of paint (Federal Office for the Environment, 2009). In 2012, one company exported about 100 t
of telomer-based fluorosurfactant into the EU (CAS-numbers and share of PFOA-related substances not
provided). The substances were used in fire-fighting foams, but also in specialty applications such as paints,
adhesives and coatings. We estimate that 20% of the imported fluorosurfactants are still C8-based which
accounts for 20 t/a. We further estimate that 10 t/a are used in specialty applications such as paints,
adhesives and coatings in the EU. Washburn et al reported a concentration of PFO (anion of PFOA) in the
fluorotelomer based product formulation of 50-150 mg/L; in the finished consumer article (latex paint), the
amount of PFO was estimated in the range of 0.02-0.08 mg/kg article (Washburn et al., 2005).
Concentrations of 2800 ppm 8:2 FTOH were found in n-ethoxylated non-ionic fluorosurfactant for the
incorportation into caulks, paints, coatings and adhesives (Dinglasan-Panlilio and Mabury, 2006). The Swiss
Federal Customs Administration estimated that 40,000 t/a paints, lacquers and inks that potentially contain
PFASs are imported into Switzerland; water-based acrylic paint made up approximately half of that volume.
The consumption of 8:2 FTOH for paints and lacquers was estimated to be in the range of 30-60 kg/a (Federal
Office for the Environment, 2009). Considering the estimated consumption of 45 kg/a 8:2 FTOH in
Switzerland (8 million inhabitants) and extrapolating this number to the EU (500 million inhabitants), a
consumption of around 2800 kg/a could be estimated for the use in paints and lacquers.
According to the Danish product register, 1.9 t of CAS 143372-54-7 for the use in paints and lacquers were
produced and imported to Denmark and 1.3 t are exported in 2012. This means that approximately 0.6 t are
consumed in Denmark. Considering that there are 5.6 million inhabitants in Denmark, an extrapolation to
the EU inhabitants would result in a consumption of around 54 t/a of this substance within the EU (Danish
Environmental Protection Agency, 2013).545 Of course precise data are, once again, lacking.
PFOA and PFOA-related substances are mainly used as surfactants for photoresists and top anti-reflective
coatings (TARCs) in photolithography, whereby the phase out was planned for 2010 by US companies
(International SEMATECH Manufactering Initiative Inc. ISMI, 2009). Significant quantities of PFOA and PFOArelated compounds are also used as surfactants in chemical-mechanical polishing slurries (International
SEMATECH Manufactering Initiative Inc. ISMI, 2009). Van der Putte et al. estimate amounts of PFOA and
PFOA-related substances used in the EU to be less than 0.05 t/a (van der Putte et al., 2010).546
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547

PFOA use in textile industry
Last but not least, a large amount of PFOA-related substances for textile and leather treatment are produced
within the EU, as well as imported into the EU. PFOA-related substances in the EU are mainly used in nonapparel applications, e.g. the manufacturing of technical textiles, furniture, home textiles or automotive
industry (Stakeholder Consultation, 2013/14). There is little information available on the volumes of PFOArelated substances used in the EU; furthermore, imported textiles from countries outside Europe constitute
a problem for risk management, because they are not as regulated as the textiles manufactured in the EU
common market.548 In this regard, the companies reported difficulties in giving detailed replies to questions
concerning what impregnation agents were used in their products due to confidentiality issues from the
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suppliers. The long chains of production and the geographical distance to suppliers were identified as
obstacles for the fulfilment of the responsibility of the companies regarding chemicals management.549
Based on registration data as well as on information gained in the consultation with industry, it is estimated
for further calculations that EU market demand of PFOA-related substances for textile and leather treatment
is about 1,000 t/a. According to industry, the treatment of textiles constitutes the most important use of
PFOA-related substances in terms of volume accounting for about 50 % of total market demand. This is
plausible as PFOA-related substances (and PFOA presumably as impurity) are widely found in a large variety
of textile and leather articles. However, there is no comprehensive and reliable info available to give a
complete picture on the volumes of PFOA-related substances used in textiles and leather in the EU. PFOArelated substances are also imported into the EU in finished textile articles, especially in garments, which are
predominately manufactured outside the EU (mainly Asia) for the European market (Danish Environmental
Protection Agency, 2013; Stakeholder Consultation, 2013/14). There is very little information on the total
volumes of PFOA-related substances in imported textile and leather articles. Based on industry information,
it is estimated that imported textile articles may contain 1,000-10,000 t/a of PFOA-related substances to be
used for further calculations.550
During the finishing process of textiles, the side-chain fluorinated polymers are bound and fixed in a 0.5 to 1
weight%-range to the fiber (Fischer et al., 2006) or 3 to 30g/m2 side-chain fluorinated polymer is applied to
the fibre (Stakeholder Consultation, 2013/14). For permanent antisoiling finish of leather, 0.2-2 g of side
chain fluorinated polymer is applied to 1 m² of the surface of the leather (furniture, car seats, shoes) (1m²
leather ~ 1 kg; Stakeholder Consultation, 2013/14). The treated textile loses its water repellence with the
increasing number of washing cycles: treating the fabric with impregnating agents that may also contain
PFOA-related substances, will enhance again its water and oil/dirt repellence. The wide-dispersive use of
PFOA-related substances in the treatment of textiles is proven by several findings of PFOA and PFOA-related
substances in outdoor clothing, water protection clothing, membranes for apparel, home textiles and
upholstery, treated non-woven medical garments, leather finishing and carpets as well as impregnating
sprays and waterproofing agents; concentrations reported for these articles and mixtures also include
residues and impurities. A search to generate import data of treated textiles into the EU was done in the
Eurostat database; however, for finished textiles no import or export values could be retrieved (ProdCOM
codes: 13.30.19.30; 13.30.19.50; 13.30.19.60; 13.30.19.90; 13.30.95).
An estimation of 7,000,000 durable water repellent (DWR-) jackets was provided by the Norwegian textile
industry. They concluded that 50% of these jackets contain PFOA and related substances, thus accounting
for 3,500,000 jackets. Considering 5 million inhabitants in Norway and 500 million inhabitants within the EU,
it can be estimated that 100 times more jackets than calculated for Norway are imported into the EU. This
would account for 350,000,000 jackets with a content of PFOA and related substances of e.g. 3 to 30g/m2
(lower bound for sports wear, higher bound for worker’s protection wear; Stakeholder Consultation,
2013/14). With the assumption that one jacket has an area of 1 m2, this results in 1,000 to 10,000 t import
of PFOA and PFOA-related substances into the EU due to outdoor jackets.551
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PFOA releases from textiles’ lifecycle
Side-chain fluorinated polymers are widely used in textile, as we have just seen: it has been estimated that
up to 1000 t/a PFOA-related substances are used for textile treatment within the EU alone. PFOA and PFOArelated substances present in fluorotelomer-based products are likely to be released to air (Buck et al. cited
in Prevedouros et al., 2006) and wastewater during industrial application of fluorotelomer-based products
to textiles. According to ECHA, Guidance R. 16 ERC 5 (industrial inclusion into or onto a matrix) can be
assigned for the treatment of textiles (50% released to air, 50% to water, and 1% released to soil).
Since PFOA-related substances are likely released to air, a worst case overall emission factor of 50% has been
used which would result in 10 t PFOA-related substances annually released to the environment, when
considering 2% are not bound to the side-chain fluorinated polymers. If not emitted during industrial use, it
is assumed that large amounts of PFOA-related substances are released in subsequent life-cycle steps as it
has been shown below. Although no data is available on the degree of fixation during the finishing process,
it can be seen from measured data that PFOA is emitted from textile industry. Clara et al. (Clara et al., 2008)
tested two effluents from textile industry; PFOA has been measured in the range of 1.4 - 76 ng/L. However,
no measured data are available on PFOA-related substances. Beside the amount of PFOA-related substances
used for textile treatment in the EU (10 t/a remaining in textile after finishing), it has been estimated that
1,000-10,000 t/a of these substances are imported annually into the EU in outdoor jackets. It is assumed that
amounts of PFOA-related substances have been already emitted during the manufacturing of textiles outside
the EU. Here it is estimated as well that 50% of the PFOA-related substances which don’t bound to the
polymer matrix will remain in the textiles and will be released during service-life, resulting in additional
emissions of 20-200 t/a from imported textiles.
During the use of textiles, the polymer or textile fibres can be abraded from the textile surface during
laundering and are subsequently discharged into wastewater (Russell et al., 2008). However, depending on
the type of textile, washing frequency can vary significantly; e. g. clothes are probably washed more often
than upholstery or interior textiles in cars (Brooke et al., 2004 cited in Federal Office for the Environment,
2009). As treated textiles such as outdoor jackets are worn outside and emissions from textiles in vehicles
will be released to outdoor air, it can be considered that all residuals will be emitted to the atmosphere
during service life as a reasonable worst case (Federal Office for the Environment, 2009). Experiments reveal
that considerable amounts of PFOA and FTOHs will be released during service life. It has been shown that the
investigated outdoor materials contained PFASs in relatively high concentrations (Kotthoff et al. 2014;
Schlummer et al. 2013). 8:2 FTOH was the dominating congener of the analyzed FTOH regarding contents
and 8:2 FTOH emissions from 8 products ranged from 16.9-494 ng/m³. 1.5-4% of the initial amounts of the
analytes which were originally present in the test desiccator were emitted during 3 hours using a high air
exchange rate of 116 per hour. Based on that, total FTOH emissions into the environment were calculated to
be 8-200 ng/h.
Knepper et al. determined PFASs between 0.03-719 μg/m2 in all Durable Water Repellent (DWR) jackets
tested and purchased in 2012 (Knepper et al., 2014). PFOA was contained in all DWR jackets, although at
lower concentrations (0.02-171 μg/m²) compared to FTOHs. Within the same project, evaporation and
washing was simulated to assess releases from the jackets, including freshly impregnated textiles. 8:2-FTOH
was found in all air samples in concentrations from 3.46-90.6 μg/m² after 5 days. Two separate washing
experiments were conducted using four different jacket pieces at once each time in order to trace additional
releases of PFASs into washing water. Washing experiments revealed highest releases of > 200% for PFOA
although internal standards had been applied, when summing up releases from the first and second wash
cycle. It was shown that DWR jackets contribute as one particular source among many others to the overall
emission of PFOA and PFOA-related substances (Knepper et al., 2014).
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Also FOEN (2009) estimated that PFOA-related substances are emitted in considerable amounts from textile
protection and impregnation agents. They calculated 8:2 FTOH emissions to atmosphere for Switzerland in
2007 from textile protection and impregnation agents to be 0.3-0.9 t/a, respectively. Environmental release
of PFOA from washing of textiles has also been shown for professional applications; Clara et al. (Clara et al.,
2008) tested two laundry and cleaning sites where PFOA was found in concentrations of 6.5 - 59 ng/L.552
When not emitted during service-life, it is assumed that emissions might also arise from the end-of-life phase
of textiles; textiles are either incinerated or disposed off in landfills. However, insufficient information is
available on the behaviour of PFOA and PFOA-related substances during the incineration process. Moreover,
large uncertainties exist regarding the degradation of side-chain fluorinated polymers. The treatment of
textiles is considered a major use of PFOA-related substances, leading to environmental releases. Moreover,
as it can be seen from different experiments and measured product contents surface-treated articles
represent a relevant source of PFOA and PFOA-related substances in the environment.553

554

PFOA alternatives
For most uses of PFOA and PFOA-related substances (not for all of them, though), an alternative does exist.
These alternatives are mostly short-chain per- and polyfluorinated substances, with less than seven fully
fluorinated C-atoms. Industry also stated that non fluorine containing substances are available for some
applications, but may not work as well as long-chain PFAS, particularly in situations where extremely low
surface tension and/or durable oil- and water-repellence is needed. Under REACH, 21 fluorinated substances
have been registered which most probably can be used as alternatives of PFOA-related substances. The
substances were identified by a structural search provided by ECHA.
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It is not possible to assess all the alternatives for PFOA. It was therefore chosen to divide the alternatives into
two groups: short-chain chemistry and fluoropolymer polymerisation processing aids. For the short-chain
chemistry, an alternative was assessed. For the fluoropolymer polymerisation processing aids, three
alternatives were assessed.555 It is expected that the bioaccumulation potential of perfluorinated carboxylic
acids (PFCAs) with less than seven fluorinated carbons is lower, compared to PFOA (Conder et al., 2008).556
The available data of short-chain perfluorinated carboxylic acids indicate low toxicity to aquatic organisms
(except fish toxicity of PFPeA). 6:2 FTOH is moderate toxic to aquatic organisms but lower toxic than 8:2
FTOH. The metabolites of 6:2 FTOH are expected to be persistent, to have a lower bioaccumulation potential
than PFOA and lower toxicity to aquatic organisms. However, there is evidence that short-chain PFCAs are
more mobile than PFOA, especially in the aqueous environment, and have the potential to contaminate
drinking water (Eschauzier et al., 2013; Gellrich et al., 2012).557
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559

Owing to the vast number of textile and leather products and applications, in which PFOA-related substances
are used, it is not possible to give a robust estimate of substitution costs, representative for the entire
industry; therefore, the estimation below is considered to be an illustrative calculation only. The calculation
includes textiles treated within the EU as well as imported textile articles treated with PFOA-related
substances. It has to be noted that DWR-jackets have been used to provide an indication for the significance
559
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of imported textile articles. Other relevant products such as carpets or furniture that are imported have not
been assessed, due to the lack of data. When assessing the costs of the proposed restriction it has to be
highlighted that there is a significant decreasing trend in the use of PFOA-related substances in textile
treatment, amongst other factors driven by the US EPA PFOA Stewardship Programme. Hence, as indicated
earlier, current use volumes are very likely to be much lower when the restriction will enter into force.560
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PFOA in food
Few data are available on time trends of PFOA concentrations in food. However, in a recent Swedish study
where PFOA was determined in archived food market basket samples, increasing concentrations were
observed in the period 1995 to 2010. In that study, intakes of 0.348, 0.495 and 0.692 ng/kg bw/day were
found in the samples from 1999, 2005 and 2010, respectively (Vestergren et al., 2012). Ionic PFASs have been
determined in drinking water from several countries, and concentrations of PFOS and PFOA are usually in the
low ng range (Mak et al., 2009). However, higher concentrations have been observed in areas with high
industrial activity (Ericson et al., 2009), near facilities manufacturing fluoropolymers (Emmett et al., 2006)
and in an area where a contaminated soil conditioner had been applied on agricultural land (Hölzer et al.,
2008).563

564

PFOA has been analysed in a limited number of European environmental and food samples (mainly fish) and
concentrations are almost invariably lower than PFOS concentrations. PFOA has been shown to
bioaccumulate in fish, but probably less than PFOS. Fish seems to be an important source of human exposure
to PFOA. Drinking water is estimated to contribute less than 16% to the indicative exposure. As for PFOS, the
preferred accumulation of PFOA is in liver and blood, with less in the edible tissue (Martin et al., 2003). In 51
European fish specimens (Kallenborn et al., 2004; van Leeuwen et al., 2006), PFOA levels in liver were
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detected in the range of 0.89-53.0 ng/g w.w. (non-detect rate, 86,3%). As for PFOS, the Western Scheldt
appeared to show the highest levels of PFOA in the Netherlands, including coastal waters.565
There is some evidence that the average dietary exposure to PFOA of the general European population would
not exceed 4 ng/kg b.w. per day.566
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Humans may be exposed to small quantities of PFOA from drinking water on average, 0.31 ng/kg b.w. per
day, which appears to be a modest contribution to the dietary exposure. The contribution to human PFOA
exposure from the non-food sources examined may reach approximately 50% of average indicative dietary
exposure, with a clear predominance of exposure to house dust.569
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The French Food Safety Agency evaluated the potential human health risks related to the residual presence
of PFOA in non-stick coatings for cookware in 2009 (AFSSA, 2009 as cited by EFSA, 2011). It has been
concluded that the consumer health risk related to residues of PFOA in non-stick coating for cookware is
negligible. A study by the Norwegian Institute of Public Health (as cited by Posner et al., 2007) examined the
significance of exposure to PFOA from PTPE cookware. The study showed that in a worst case scenario an
adult human would be exposed to 66 ng PFOA/kg bw, when drinking 100 ml of water cooked in a PTFE-coated
pan. It was concluded that, even at an assumption of 100% uptake of PFOA, these low levels would not
constitute an essential intake route for humans (Posner et al., 2007). Stahl et al. (2012), on the basis of a
review of the existing literature, concluded that given the present state of knowledge, it is not possible to
say whether the use of nonstick-coated cooking utensils or packaging materials with PFC-based coating lead
to a significant increase in dietary intake.571
Two main applications are known for the use of perfluorochemicals in food contact materials: as starting
substances to make polytetrafluoroethylene (PTFE) for non-stick coatings on cookware and as additives in
paper coatings to provide oil and moisture resistance to paper food packaging. Up to now, there has been
little investigation of the migration levels and the potential for exposure from food contact materials. This is
mainly due to the difficulty in measuring of perfluorochemicals by the conventional analytical techniques
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used such as GC/MS or LC-UV. Many perfluorochemicals are not detectable by conventional methods and
only the development of LC/MS methods made possible their measurement at low levels.
In 2011, the Danish Veterinary and Food Administration (DVFA, 2012) has analysed for PFOS and PFOA in 43
samples, of which 8 were samples of farmed fish (four from land-based trout farms, and four from marine
trout farms) and 35 were other samples of animal origin (four beef, three chicken and 28 pork). No
concentrations of PFOS or PFOA above the detection limit of 0.5 ng/g wet weight were found in the 35
samples of animal meat (DVFA, 2012a). PFOS was found in a concentration of 0.53 ng/g wet weight (just
above the detection limit) in one sample of farmed trout (from a marine fish farm); however, the other
samples from fish did not reveal any PFOS contents. Samples were also taken from wild fish, where PFOS was
detected in all samples at mean concentrations of 1.3-3.3 ng/g (2012b.) PFOA was not detected in any of the
samples.572
In Germany, PFOA daily intake was estimated in the range of 1.1-11.6 ng/kg b.w. (lower to upper bound). A
study of PFOA dietary intake for “consumers only” subjects of the Italian general population was carried out
by Dellatte et al. in 2006. The mean intake estimates for “consumers only” toddlers, children, and adults were
respectively 3.8, 2.2, and 1.7 ng/kg b.w. per day.573
Food is generally the major source of exposure for background exposed adults (Egeghy and Lorber 2011;
Fromme et al., 2009; Trudel et al., 2008; Vestergren and Cousins 2009, Haug et al., 2011). However, on
individual basis, the indoor environment can account for up to around 50% of the total intake (Haug et al.,
2011). Further, drinking water exposure is dominant for populations near sources of contaminated drinking
water. The role of PFOA-related substances in the total exposure to PFOA is still not clear. Vestergren et al.
2008 found that in an intermediate scenario 2-8% of the PFOA exposure could be attributed to exposure
from PFOA-related substances, while in a high exposure scenario the PFOA-related substance exposure could
be as high as 28-55%.

PFOA environmental assessment
PFOA was part of the OECD programme on High Production Volume Chemicals and is classified as a Substance
of Very High Concern (SVHC) under REACH.574 PFOA has been assessed to fulfil the B-criteria of REACH Annex
XV (ECHA, 2013). PFOA is a PBT substance. PFOA is listed on the REACH Candidate List as a substance of very
high concern (SVHC) due to its PBT-properties. All degradation results show that PFOA is persistent and does
not undergo any abiotic or biotic degradation under relevant environmental conditions. According to Annex
XIII, APFO and PFOA meet the criteria for being persistent (P) and very persistent (vP).575
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PFOA is emitted to the environment during manufacturing of fluoropolymers, even after uses have been
drastically decreased. The substance is mainly emitted into water and to a lower extent into air. PFOA has
been found in air, ground water, drinking water, soil, and surface water near fluoropolymer manufacturing
plants in Europe. When PFOA has been previously used as processing aid in fluoropolymer production,
fluoropolymer dispersions contain PFOA as residue, which might be released during subsequent use in
consumer articles.576 In Europe, contents of PFOA strongly decreased mainly due to substitution to a large
extent in the use of fluoropolymer production. However, consumer products imported into the EU show still
high levels of PFOA, leading to environmental emissions during the use and disposal phase.577
PFOA and PFOA-related substances do not occur naturally. However, they are found ubiquitously in the
environment - also in remote areas - since they can be transported over long distances via water and air. This
results in findings in rivers, oceans, drinking water, atmosphere and biota. Due to emissions extended for
more than 50 years, PFOA is distributed worldwide in the marine environment, and hence may be
transported to remote areas via the aqueous phase and the atmospheric phase; however, the significance of
these sources are not currently known. Both atmospheric and aquatic transport mechanisms are actively
being investigated. Exposure to PFOA can be due to releases of PFOA itself, but there are also lots of
precursors which can lead to PFOA exposure in the environment.578
PFOA is a persistent, bioaccumulative and toxic substance. Due to these properties it may cause severe and
irreversible adverse effects on the environment and human health: PFOA and its ammonium salt APFO are
classified as Carc. 2, Repr. 1B, STOT RE 1 (liver) according to the CLP regulation1. Based on their PBT and CMR
properties, PFOA and APFO have been identified as substances of very high concern (SVHC) under REACH.
PFOA-related substances degrade to PFOA under environmentally relevant conditions. Therefore, the hazard
profile of PFOA applies to these substances as well. According to REACH, if transformation/degradation
products with PBT properties are being generated, the substances themselves must be regarded as PBT
substances.579
PFOA-related substances can be degraded to PFOA under environmental conditions. According to REACH, if
transformation/degradation products with PBT properties are being generated, the substances themselves
must be regarded as PBT substances and treated like PBT substances with regard to emission estimation and
exposure control. PFOA-related substances need to be covered by risk management measures as well in
order to limit environmental concentrations of PFOA effectively. Numerous uses of PFOA and PFOA-related
substances exist.580
Prevedouros et al. estimated global emissions of APFO from fluoropolymer dispersion processing to be 20
t/a in 1999, assuming 38% of the PFOA content was released to the environment (Prevedouros et al., 2006).
According to estimates made in 2014 by Wang et al., the current (2011-2015) annual global consumption of
APFO/NaPFO in fluoropolymer manufacture is in the range of 127 and 731 t.
PFOA and PFOA precursors including fluorotelomer alcohols, olefins and perfluoroalkyl sulfonyl derivates are
subject to long range transport; as already mentioned, the relative environmental significance of these
576
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sources are not known currently.581 Emissions may arise during every lifecycle step of the substances via
different emission pathways (manufacture, downstream user sites, service life and disposal). The described
emission sources cause the observed ubiquitous exposure of humans and the environment to these
manmade substances. Due to the PBT-properties, PFOA will stay in the environment for years and magnify
in food chains. Long-term effects can be foreseen and therefore emissions to the environment need to be
avoided by substitution (REACH Article 55).582 There is some evidence that N-MeFOSE and N-EtFOSE are
potential sources of PFOA to the global environment (D'eon et al., 2006; Lange, 2000, 2001; Martin et al.,
2006). These substances are also PFOS-precursors, thus they are already regulated under EU POPs regulation
(Commission Regulation (EU) No. 757/2010).583

584

Indirect PFOA sources are the manufacture, use and disposal of PFOA-related substances. On one hand, they
contain PFOA as impurity, on the other hand they can be degraded to PFOA. PFOA-related substances are
manufactured (100-1000 t/a) in the EU or imported (100-1000 t/a) into the EU. In addition, they enter the
EU via imported articles, such as textiles, which are expected to account for significant volumes within the
EU PFOA-related substances are used as surfactants and for the manufacture of side-chain fluorinated
polymers. An already described example of the use of PFOA-related substances leading to direct
environmental exposure is the use as fire-fighting agents (>50-100 t/a), as it can be seen from contaminated
sites where such fire-fighting agents have been used. Side-chain fluorinated polymers are commonly used in
coating applications, e.g. for textiles (approx. 1,000 t/a, in addition 1,000-10,000 t/a imported within textile
articles), paper (>150- 200 t/a), paints and inks (>150-200 t/a).585
Consequently, it can be distinguished between direct and indirect sources of PFOA. Globally, PFOA
manufacture and the use of its salts (e.g. APFO) in fluoropolymer manufacture (e.g. Polytetrafluoroethylene
- PTFE) have been identified as the main direct emission sources of PFOA. These direct emission sources have
been significantly reduced in USA, Europe and Japan, also due to a voluntary agreement between the US EPA
and eight of the largest global fluorochemical manufacturers to phase out PFOA and related substances by
the end of 2015. However, it is important to note that the manufacture of fluoropolymers is shifting to
581
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countries such as Russia and China, where it is assumed that a large share of fluoropolymers is still produced
using PFOA. This can be seen from (PTFE-based) consumer articles containing PFOA as residue (up to 5000
ppm PFOA in PTFE mixtures), which are often imported from outside the EU. The global fluoropolymer market
is continuously growing (5-6% per year globally). In Europe, the manufacture of PFOA already ceased and the
current use of PFOA in fluoropolymer manufacture is estimated to account for < 20 t/a. Nevertheless,
emissions still occur from fluoropolymer manufacture sites as it can be seen from measured data.586

587

In air samples, PFOA was detected in concentrations that ranged between 0.15-1.51 pg/m3 in the Norwegian
Arctic (NCM, 2013). PFOS was detected in the Norwegian Arctic ambient air, however in very low
concentrations, close to the limit of quantification (0.02-0.97 pg/m3).588 Instead, PFOA is usually reported
along with PFOS in monitoring of PFASs in water.589 A high PFHpA/PFOA ratio in the water can indicate that
rainwater has deposited large amounts from the atmosphere.590
In aqueous media, the free perfluorooctanoic acid (PFOA) is in equilibrium with the conjugate base
perfluorooctanoate (PFO). The expected environmental fate will depend on the environmental conditions,
which influence the equilibrium between base and acid (pH and pKa). Currently available analytical methods
cannot distinguish between PFO and PFOA in samples.591
The COHIBA project analysed sources and inputs of PFOA in the Baltic Sea region (COHIBA Project
Consortium, 2012). PFOA analysis in municipal and industrial effluents, landfill leachates, sludge, and storm
water from Baltic Sea countries in 2009 to 2010 showed the following results:
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76 municipal WWTP effluent samples were analysed. PFOA was present in 97% of the samples
(maximum concentrations 4.6-18 ng/L of PFOA)
PFOA was detected in 98% of 51 industrial effluent samples (max. concentrations: 1.1-100 ng/L)
PFOA was found in 10 of 11 landfill leachates (max. concentrations 1.4-710 ng/L)
The total discharge of PFOA via waste water treatment plants to the Baltic Sea was estimated to
be 200 kg/year

A mass balance of PFOA, calculated with previously published monitoring data, showed that dominant inputs
into the Baltic Sea were by river inflow (48-59%) and atmospheric deposition (34-43%). The mass balance
indicates that PFOA concentrations are increasing with time in the Baltic Sea: the doubling time for PFOA was
estimated in the range of 12-16 years, despite decreasing concentrations in rivers. The authors discussed
further that also degradation of precursors might be a relevant source, but did not consider precursor
degradation and formation of PFOA (Filipovic et al., 2013). The study by Filipovic and co-workers suggested
that oceans, especially the deep sea, and marine sediments are sinks for PFOA.592
As widely mentioned, PFOA is a PBT-substance: this implies that it persists in the environment and may have
irreversible adverse effects on the environment and human health, in the long run. In order to prevent these
long-term effects, the PFOA emissions have to be stopped. PFOA-related substances might degrade to PFOA,
and they need to be regarded as PBT-substances as well. Furthermore, PFOA and PFOA-related substances
have the potential for long range environmental transport which makes emissions of these substances a
transboundary pollution problem. Consequently, they are found in the environment on a global scale, also in
remote areas. The human risk assessments demonstrate that the risk is not controlled neither for workers
nor the general population, with special emphasis on pregnant woman and their developing children.
According to REACH regulation Article 60, the risk to the environment cannot be adequately controlled for
PBT substances. No safe concentration, thus no threshold (PNEC), can be determined for PBT substances. A
large variety of emission sources contributes to the exposure of humans to PFOA; Human biomonitoring
shows that the whole EU population is exposed to PFOA. Sources of human exposure include food, drinking
water, house dust, air and dermal contact to consumer products. Apart from the exposure via the
environment, also articles are a significant source of PFOA for direct human exposure. Relevant articles such
as carpets, furniture or textile and leather care products are placed on the market and used in all EU Member
States. A considerable share of articles containing PFOA or related substances is imported from outside the
EU.593
Various studies demonstrate that PFOA is ubiquitously present in the environment. Although PFOA has been
detected mainly in the lower ng/L-range in surface waters and in ground water, it is frequently found in
concentrations exceeding 100 ng/L (cf. Loos et al., 2009; McLachlan et al., 2007; Bayerisches Landesamt für
Umwelt, 2010). This can be partly attributed to accidents, inappropriate disposal, previous use of the area
(e.g. former fire-training area) or industrial point sources. In tap water the substance was found in
concentrations up to 84 ng/L (Takagi et al., 2008). Also in sediments PFOA was measured in the lower ng/g
(dw)-range up to 203 ng/g (dw). In soil, measured concentrations vary widely as well (up to 50 ng/g dw)
depending among others on factors as sewage sludge application, influence by industrial plants or firetraining activities etc. Measured data are also available for 8:2 FTOH, which can be mainly found in air in
concentrations often exceeding 100 pg/m³ (gas phase), e.g. in Canada 8:2 FTOH was detected around a
WWTP and two landfill sites in concentrations up to 10,309 pg/m³ and 17,381 pg/m³, respectively (Ahrens et
al., 2011). Moreover, it has been shown that 8:2 diPAP is present in surface waters and sediment (Loi et
592
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al.,2013). However, it is assumed that the substance will be degraded to 8:2 FTOH under environmental
conditions which will be subsequently degraded to form PFOA. PFOA is found frequently in remote areas due
to its long-range transport potential. Among others the substance was found in the North Pole region (Saez
et al., 2008) and in polar bear liver (Smithwick et al. 2005; Dietz et al., 2008), additionally clearly
demonstrating its bioaccumulation potential.594
Distribution modeling is challenging, because of the dependence on distribution coefficients: determination
of these coefficients by experimental setups is difficult especially for the conjugate base of PFOA. Reasons
for these difficulties are surface active properties and micelle building of PFOA during the experiments.
Therefore, there is a lack of reliable distribution coefficients under controlled conditions in the laboratory.
Nevertheless, a recent study shows that sediment-water distribution coefficients and bioconcentration
factors (biota-water distribution) are proportional for PFOA and other perfluoroalkyl acids (Webster and Ellis,
2011); the authors used a measured bioconcentration factor to predict a sediment-water distribution
coefficient. The comparison of the predicted versus the measured values showed good agreement (within
one order of magnitude). Therefore, the applicability of equilibrium models for PFOA and other perfluoroalkyl
acids is validated (Webster and Ellis, 2011). Also, other studies, i.e. focusing on the transport of PFOA used
equilibrium models, too (Armitage et al., 2009).
For distribution modeling it has to be considered that the conjugate base PFO and the acid PFOA are in
equilibrium. This equilibrium in dependence of the pH needs to be included in the models because of the
different properties of the PFOA species, i.e. vapour pressure. Therefore, a pKa is needed. There is a high
variance in reported pKa values (up to four log units), whereas highest reported data based on measurements
and lower pKa values are estimations from models. Under environmental conditions at pH 7 99.9 % of PFOA
is present as conjugate base with a pKa of 3.8, whereas with a pKa of 0 > 99.999 % is present as conjugate
base.595
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596

Mapping

PFOA, along with PFOS and other PFAAs, have been detected in a variety of
environmental matrices from around the globe. These include surface waters, air,
sludge, soils, sediments and ice caps. For examples, in the Tennessee River downstream
from a fluorochemical manufacturing plant; in drinking water sources near production
plants in West Virginia and Germany; in the Great Lakes; in rain water from an urban
center in Canada; in coastal waters in south China, Japan and Korea; in river samples
collected from tributaries of the Yangtze and Pearl Rivers in China.597 PFOA was
detected in 14 out of 22 countries, higher than PFOS. The highest PFOA concentration
was found in Japanese rivers with the average concentration of 707 ng/L. The second
highest PFOA concentration was found in Italian river with the average of 101 ng/L.598
Exceptionally high PFOA concentration (43,239 ng/L) was detected in Ai River in
Osaka.599
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Germany
In 2010, the Bayerisches Landesamt für Umwelt analysed ground water samples in
monitoring wells near the fluoropolymer manufacturing plant in Gendorf (Bavaria).
PFOA values ranged from 29-4300 ng/L; up to 3 ng/L PFOA were found in different
Bavarian ground waters. In the river Alz, which was monitored for the uptake of PFOA
from the industrial park in Gendorf, values were in the range of 1.1-7.5 μg/L. Particlebound PFOA has been measured downwind of the fluoropolymer manufacturer: the
values were in the range of 0.5 to 1.8 ng/m3 PFOA. Dry deposition of PFOA nearby the
fluoropolymer manufacturer was of three magnitudes higher than in urban areas.
Compared to the deposition rates of the other fluorochemicals tested, the deposition
rate of PFOA was the largest with values in the range of 70-6614 ng/(m2*d). Latest
information states 30 kg PFOA emissions from that industrial plant in 2013 (Stakeholder
Consultation, 2013/14).600

Typically the levels of PFOA are in the parts per trillion range, although sometimes concentrations tend to be
higher, like in West Virginia.601 In ambient air, particulates containing PFOA have been detected, ranging from
0.07-0.9 ng/m3 among different Japanese cities. PFOA, PFOS and PFHS have been detected in indoor dust
samples from Canadian homes.602 PFOA concentration (7.7 ng/L) was about 4 times higher than PFOS (1.9
ng/l,) in 15 countries.603
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PFOA long-range transport in the environment
As described in the previous pages, the fate properties of PFOA are similar to those of PFOS: once in the
environment, PFOA is extremely persistent and not known to undergo significant further abiotic or biotic
degradation under relevant environmental conditions. PFOA is highly soluble in water (3.5 g/L). It has a
relatively low vapour pressure (2.2 Pa), and therefore the aquatic environment is expected to be the primary
sink with some additional partitioning to sediment.605
Our understanding of the environmental fate of PFOS, PFOA and PFAA intermediates is only in its infancy.
The detection of these perfluorochemicals in remote regions of the world is quite unexpected. As we will see,
two theories have recently emerged for the fate and transport of these chemicals around the world: the first
is long range transport by oceanic currents; the second involves atmospheric transport and transformation
of precursor chemicals.606
The distribution of PFOAs in wet precipitation samples (e.g. rainfall and snow) was investigated by Taniyasu
et al. (Taniyasu et al., 2013). For describing local and regional transport samples of fresh surface snow, aged
surface snow (4-7 days after snowfall), and rainwater were collected in Japan. The overall PFOAconcentration in aged snow was higher than that in fresh snow, and the concentration in aged snow
increased remarkably after 4-7 days. The authors suggested that the higher concentration of PFOA in aged
snow reflect atmospheric deposition and transformation from precursors (e.g. FTOH). Rainwater shows high
fluxes of PFOA in the first 1-mm deposition and decreased gradually from 1 to 5 mm. Approximatively 80%
of PFOA was scavenged in the first 3-mm deposition, indicating that most of the removal from the
atmosphere occurred at the beginning of the rainfall. Rain water samples collected from continental location
and approximately 1000 km off Japan in the open Pacific Ocean showed the same order of magnitude in
fluxes of PFOA. These results suggest that PFOA will be transported via air and clouds by westerly wind from
continental Asia to the open Pacific Ocean.
Another possible mechanism for the transport of PFOA to the Canadian Arctic is aquatic transport
(Prevedouros et al., 2006). Given PFOA’s environmental persistence, high water-solubility and the fact that
PFOA and related substances have been emitted to air and water for approximately 50 years and have
accumulated in the oceans, a hypothesis has been presented to suggest ocean water transport as a possible
pathway explaining the presence of PFOA in the Canadian Arctic. Currently there is insufficient data to
evaluate the significance of this potential pathway. Several researchers indicated that the timelines involved
with transport via ocean currents could not account for what appears to be rapidly increasing levels of
perfluorinated substances in certain Arctic biota (Smithwick et al., 2006).
While PFOA has been detected in coastal water and seawater even in remote areas (Yamashita et al., 2005),
the extent to which this may be due to ocean or atmospheric transport is uncertain. Ocean water transport
of perfluorocarboxycyclic compounds is a combination of discharges of PFCAs to surface waters and transport
to oceans; b) atmospheric loadings of PFCAs to surface waters and transport to oceans; and c) discharge of
precursors to surface waters, transformation to PFCAs and transport to oceans (Prevedouros et al., 2006). In
addition to the possible role of aquatic transport via oceans to the Arctic, the possibility of atmospheric
transport of PFOA on marine aerosols has been proposed (Prevedouros et al., 2006). Due to its nature as
surfactant, PFOA is expected to be enriched on the water surface. As hypothesized, marine aerosols may be
generated from this PFOA-enriched surface through gas-bubble production and collapse through breaking
waves and rough sea conditions. The sea surface micro-layer may thus supply the atmosphere with PFOA605
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rich particles which undergo atmospheric transport over, at least, short distances. Studies are needed to
determine whether and to what extent marine aerosols contain PFOA and contribute to their global
transport. The determination of whether perfluorocarboxylic acids are present, to what extent, in marine
aerosols, and whether this contributes to their global transport, is the subject of ongoing scientific
investigations (Prevedouros et al., 2006).607
As mentioned, how perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) come to be present
in remote locations is still in doubt. Four possible explanations were made: firstly, PFOA can be formed by
the degradation of fluorooctane sulphonamides (FOSAs) and fluorooctane ethanols (FOSEs). These precursor
compounds are more volatile than PFOS and PFOA and therefore are more likely to undergo long-range
atmospheric transport (LRAT); this could potentially be the reason to detect both compounds in remote
areas. A second possible explanation is long-range transport (LRT) via the aquatic system and marine aerosol
formation. PFOA and PFOA in the form of marine aerosols could be transported to the atmosphere by
partitioning with particles in the air when aerosol droplets evaporate, and hence travel long distances in the
atmosphere. A third hypothesis involves direct emission from primary sources of perfluorinated compounds
in association with particulate matter, and direct transport over long-distances in the atmosphere attached
to particles. Finally, PFOS and PFOA may be found in the remote areas following transportation in the marine
and oceanic currents. Given the lack of consensus in the scientific community, transport pathways and the
environmental fate of all fluorochemicals need further investigation.608
It has been observed that concentrations of both PFOS and PFOA decrease more rapidly in the upwind
direction than in the downwind direction from the contamination source, suggesting wind as a potential
pathway for off-site transport.609

PFOA detection in Northern environments
Various PFCAs (Perfluorinated carboxylic acids) have been reported in Nordic countries in a number of papers
and reports. Starting with seawater, PFCAs have been analysed in Greenland, Iceland, Faroe Islands and in
Tromsø (Norway). Among PFCAs, PFOA has been the most abundant, at concentrations that reached 40 pg/L.
In a study in Greenland, PFCAs were detected in snow with PFOA being again the dominant compound with
concentrations up to 520 pg/L. In Denmark, PFCAs have been analysed and reported for a number of
wastewater treatment plants (WWTPs), in the order of a few ng/L. In Iceland and Faroe Islands, PFCAs were
regularly below the limit of quantification, and when quantified, their concentrations were normally at <1
ng/g (wet weight, ww) (NCM, 2013).610
All PFCAs have been detected in indoor house dust in Norwegian houses and offices. In the latter study, PFOA
was detected in houses with a median of 38.8 ng/g. In one office reported in the same study, the pattern was
different, with PFOA being the most abundant chemical (694 ng/g). Finally, in a study from Sweden, PFOA
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was studied in houses, offices and apartments and the average concentrations were 54, 93 and 70 ng/g,
respectively, thus, in the same order of magnitude as in Norwegian indoor environments (NCM, 2013).611
Exposure to PFSAs in the indoor environment occurs mainly through dust. In the Nordic countries, PFSAs have
been reported for Norwegian homes and in an office and similarly for Sweden, again for residences and
offices. PFOS is the dominant PFSA with concentrations in dust that have reached 147.7 ng/g in a Norwegian
office. Very high concentrations of PFOS have been detected also in Swedish offices. In homes/residences,
PFOS ranged between 9.1 and 11 ng/g in Norway and between 39 and 85 in Sweden. The lower levels in
residences demonstrate the higher relative importance of occupational exposure compared to exposure in
private homes.612
No large-scale monitoring program has been conducted for PFOA and only limited time trend studies are
available. Decreasing trends of PFOA in environmental samples have been reported by Ahrens et al. in
harbour seals from the German Bight, sampled between 1999 and 2008 (Ahrens et al., 2009b). Decreasing
trends were also found in Greenland ringed seals and polar bears (Riget et al., 2013). Decreasing
concentrations were found in Lake Trout from Lake Ontario (Myers et al., 2012). However, increasing
concentrations were identified for suspended sediment samples of Lake Ontario and Niagara River (Myers et
al., 2012). PFOA concentrations increased from 2001 to 2006 (doubling time= 2 years). Furthermore,
increasing PFOA trends were found in three sediment cores from western, central, and eastern Lake Ontario
(1988 to 2004; doubling time= ~4 years in the western Lake Ontario core; Myers et al., 2012).
Overall, there are no data to evaluate the trend of environmental concentrations. The few available time
trend studies indicate a decreasing trend in biota. As PFOA is not degradable, this decreasing trend is not
proven by water and sediment samples suggesting that oceans and sediments are sinks of PFOA.613

PFOA findings in biota
While a very high concentration in organisms has been proven with regard to PFOS, PFOA does not greatly
enrich after uptake from water into aquatic organisms such as fish. Recent Canadian studies with dolphins
and Arctic mammals indicate concentration within the food chain; Canadian researchers have recorded a
decline of the concentration-of perfluorinated compounds in the liver of Arctic ringed seals.614
There is rather strong evidence that the bioaccumulation potential of PFOA is dependent on the exposure
concentration. This has been observed for both fish and bivalves. It can be concluded that the BAF values are
highly variable and that there may be rather large differences between similar species, e.g. mussels. Further,
salinity and exposure concentration seem to influence the height of the BAF values.615
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PFOA exhibits moderate to low toxicity in traditional acute studies with aquatic species such as fish (LC50
ranging from 70-2470 mg/L) and in general PFOS appears to be about 10 times more toxic to aquatic
organisms than PFOA (Jensen et al., 2012). There are studies in aquatic organisms showing potential of PFOA
to affect endocrine function.616
PFOA, the benchmark substance, is a persistent, bioaccumulative and toxic (PBT) substance. It is not expected
to degrade in aquatic or terrestrial environment under natural conditions. It has been shown to
bioaccumulate in mammals and it has high developmental and organ specific toxicity (BAuA, 2013; ECHA,
2011; OECD, 2008; Vierke et al., 2012). Both acute and chronic ecotoxicity is reported to be low when tested
over three trophic levels (OECD, 2008, results from microcosm and mesocosm test; Hanson et al., 2005;
Sanderson et al., 2003; Sanderson et al., 2004) do however indicate that ecotoxicity may manifest at lower
concentrations, hence the uncertainty of the classification, which is an interesting difference to PFOS.
PFHxA and PFBS, representing the alternative side-chain fluorinated polymer DWRs, are equally persistent
as the benchmark analogue PFOA. As for PFOA the bioaccumulation in fish was found to be low (Falk et al.,
2015; Goeritz et al., 2013; Martin et al., 2003 a,b; NICNAS, 2005) and levels in humans and terrestrial wildlife
were also low (in comparison to levels of long-chain PFAS), or not detectable (Bytingsvik et al., 2012;
ENVIRON International Corporation, 2014). While PFAS do not degrade at all in water or soil, and only
extremely slowly in air (half-life 130 days OECD, 2008), siloxanes do degrade in the environment (Graiver et
al., 2003), albeit slow enough to be classified as persistent. Additionally, siloxanes can bioaccumulate in
aquatic food webs because they can be taken up by benthic invertebrates at lower trophic levels (Borga et
al., 2013; D.G. Wang et al., 2013).617
PFOA has been found in piscivorous mammals and in high trophic level avian predators (Kannan et al., 2005).
In herring gull eggs, e.g. PFOA concentrations were measured in the range from 6.5 to 118 ng/g (ww) (Rüdel
et al., 2011). Values in polar bear liver ranged from 3-13 ng/g (Martin et al., 2004) and are similar or even
higher if compared to very bioaccumulative (vB) long chain PFCAs (Smithwick et al., 2005). The fact that PFOA
is present in terrestrial species, even in remote areas is of special concern and indicates bioaccumulation
potential. In addition, bioaccumulation of PFOA was studied in lichen, caribou and wolf, living in the remote
Canadian environment (Müller et al., 2011). Calculated biomagnification factors (BMFs 0.3-11) and trophic
magnification factors (TMFs 1.1-2.4) were >1 clearly indicating bioaccumulation within this relatively simple
and well described food web, which suggests a high reliability of the results.618
Values in polar bear liver ranged from 3 ng/g to 13 ng/g (Martin et al., 2004): Butt et al. report concentrations
of PFOA in polar bears up to 3.4 ng/g ww. Polar bears live in remote regions where PFOA concentrations in
the surrounding water are in the pg/l range. Hence, the levels of PFOA analyzed in polar bear tissues and
blood indicate uptake and accumulation of PFOA from the surrounding environment and food (Butt et al.,
2010). Even if a quantitative description of bioaccumulation cannot be performed with these data, these data
show the presence of PFOA in endangered species in line with REACH Annex XIII.619 It is of special concern
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that PFOA and APFO biomagnify in endangered species, as shown for the polar bear and in animals which are
likely to become endangered in the near future (narwhale and beluga whale).620

621

The following information (italic) was transcribed from the OECD SIDS Initial Assessment Report for PFOA
(OECD, 2006):
“PFOA, as the anion perfluorooctanoate, PFO, has been detected in remote areas of the world in monitoring
programs involving various abiotic and biotic samples (Butt et al., 2010). For example, PFOA has been
measured in biota such as polar bears and seals in the Canadian Arctic. Due to the relative vapour pressures
of APFO, PFOA, and PFO, the chemical form most subject to gas-phase atmospheric transport is PFOA. Franklin
suggested that in the presence of water in air (humidity), gaseous PFOA condenses to aerosol particles and
dissociates to the corresponding perfluorooctanoate, resulting in a low vapour pressure (Franklin, 2002). The
atmospheric lifetime of PFOA (respectively its salts) was calculated in the order of days when emitted from a
ground source. Additional sources of PFOA to the atmosphere are the degradation or transformation of
precursors, which could lead to indirect environmental releases. Potential precursors include related
620
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fluorinated chemicals which are detectable in the atmosphere (e.g., fluorotelomer alcohols, olefins, and
perfluoroalkyl sulfonamido substances) which can degrade in the atmosphere or after deposition to the
surface to PFOA. Calculations using a three-dimensional global atmospheric chemistry model (IMPACT)
indicate that 8:2 fluorotelomer alcohol (widely used in industrial and consumer products) degrades in the
atmosphere to give PFOA (Wallington et al., 2006). FTOHs have sufficient vapour pressure to be present in air
(Prevedouros et al., 2006). Smog chamber studies prove the potential for FTOHs to react in the atmosphere
with ubiquitous OH radicals to yield PFOA (Ellis et al., 2004).622

PFOA removal and environmental recovery
Industrial wastewater from fluoropolymer manufacturing is the most important point source of PFOA. In
addition, PFOA and other PFASs are emitted from municipal wastewater treatment plants. It is hardly
possible to trace back the origin of PFOA and precursor emissions from municipal sewage treatment plants
and to estimate the share in overall emissions from different industry sectors and consumer households.
Nevertheless, some studies provide indications of relevant industrial branches by monitoring data (e. g.
(Bayerisches Landesamt für Umwelt, 2010; Clara et al., 2008; Hohenblum et al., 2003). For examples one
German Federal State reports that WWTPs receiving waste water from textile and photo industry, landfills
and electroplating show highest PFOA concentrations (Stakeholder Consultation, 2013/14).
Waste water treatment plants do not remove PFOA efficiently (Schultz et al., 2006). According to Bayrisches
Landesamt für Umwelt 2010, only 10-20% of PFOA emissions can be retained from current state-of-the-art
wastewater treatment plants (Bayerisches Landesamt für Umwelt, 2010). Thus, a large share remains in the
water phase and enters surface water bodies. Degradation of precursor substances during the treatment can
even lead to higher PFOA emissions (Schultz et al., 2006). As shown by Vierke et al., wastewater treatment
plants are also an important source of atmospheric PFASs emissions (Vierke et al., 2011). PFOA can be also
bound to sewage sludge. The use of sludge from wastewater treatment plants for soil fertilization poses a
potential source for PFOA in the environment (van Zelm et al., 2008).
Measures in order to reduce emissions from sewage treatment plants and sewage sludge include the use of
activated carbon filter (PFOA) and stripping in combination with flue gas scrabbing in sewage treatment
plants (volatile fraction) as well as incineration of sewage sludge. However, in general, municipal wastewater
treatment plants are not equipped with advanced waste water treatment techniques and application of
sewage sludge as soil fertiliser is common in many European countries.623
A lot of studies estimated an increase of PFOA between the influent and the effluent of a wastewater
treatment plant. In one study, six WWTP were tested (domestic and commercial wastewater as well as
domestic and industrial wastewater; Sinclair and Kannan, 2006): the concentrations in the effluents ranged
from 58-1050 ng/L. The highest concentrations of PFOA were detected in two WWTP which had no industrial
influence. The authors assumed that high PFOA concentrations result from the commercial wastewater,
primarily from the cleaning of products treated with fluorochemicals. Furthermore, Sinclair and Kannan
studied the mass loading and fate of PFOA in two of this WWTP (identical treatment processes). They
identified no change of the mass flows after primary treatment. But after secondary treatment, the mass
flows significantly increased (Plant A: influent 6.0-8.9 g/day, primary-treated 5.6-10 g/day, effluent 11-21
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g/day; Plant B: influent 2.9-6.0 g/day, primary-treated 2.3-6.0 g/day, effluent 6.0-7.8 g/day). This increase
could follow from biodegradation of precursors to PFOA during the activated sludge treatment.
Another study compared the PFOA content in wastewater from two different WWTP (Yu et al., 2009a). Plant
A received 95% domestic wastewater and plant B 60% industrial and 40% domestic wastewater. The waste
water treatment was different in both plants. Whereas plant A was based on a conventional activated sludge
process line (CAS), a liquid treatment module (LTM) and a membrane biological reactor (MBR), plant B was
only based on a conventional activated process line. Mean mass flow of PFOA increased by 41.6% in CAS of
plant A and 67.0% in CAS of plant B and 76.6% in MBR, while remained unchanged after the treatment of
LTM. These findings suggest that changes in mass flow of PFOA in secondary sludge treatment may be
determined by the presence of precursors and operating sludge retention time of the activated sludge
system.
In contrast to the study of Sinclair and Kannan (Sinclair and Kannan, 2006), PFOA concentrations of the WWTP
with industrial influence were much higher than in the WWTP with mainly domestic wastewater, although
there were no known sources of exposure of fluorochemicals. Boulanger et al. investigated a WWTP that
receives domestic and industrial wastewater (Boulanger et al., 2005). Also in this study PFOA concentrations
increased from influent (>4 ng/l; exact quantitative determination could not be made due to low recoveries
of the compound in field spike samples) to effluent (22±2.1 ng/L). Boulanger et al. reported that the
transformation of precursors within WWTP is not an important source of these compounds, compared to
direct use and disposal of products containing residual amounts. Arvaniti et al. evaluated the fate of PFOA in
a typical WWTP based on experimentally determined sorption and the mass of sludge removed per volume
of treated sludge (Arvaniti et al., 2014). The typical values for the removal of primary and secondary sludge
per volume of treated sludge are 210 g/m³ and 250g/m³, respectively. 6% and 8% of PFOA will be removed
with primary sludge and secondary sludge, respectively. 86% of the initial load of PFOA is expected to be
discharged into the environment via treated wastewater.624
The unique chemical and physical properties of PFOA and PFOS make the use of conventional treatment
technologies difficult. For groundwater, the most common treatment is extraction and filtration through
granular activated carbon (GAC). This technology has been shown to consistently remove PFOS at µg/L
concentrations with an efficiency of 90%; however, it is not as efficient at removing PFOA and other PFCs.
Other adsorbents that have been utilized include: powdered activated carbon, polymers, maize-strawderived ash, alumina, and montmorillonite. A downside of these groundwater treatments is that the spent
absorptive media typically must be incinerated, which increases the overall cost of treatment. Alternative
treatment technologies for groundwater include ion exchange, sonochemical treatment and reverse osmosis
for groundwater. All of these expensive technologies still require groundwater extraction and ex-situ
treatment; they are costlier than GAC and relatively experimental. For soil treatment, contaminated soils are
usually removed and sent to landfills. Not only is this an expensive remediation alternative, it is also
inefficient because the contaminants are not destroyed, but just transferred to another location. PFC
contaminated soils can also be incinerated, but only high temperature incinerators will completely destroy
PFOS and PFOA.625
Dupont reports that it has been possible to reduce the PFOA content in aqueous-based dispersions from
1,000-5,000 ppm to a level below 50 ppm (Shelton, 2009). Environment Canada has made an agreement with
the fluorinated products industry (some of the same companies participating in the US EPA Stewardship
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Program) to work towards the elimination of residual perfluorooctanoic acid (PFOA), residual long chain
PFCAs and residual precursors in their fluorochemical products sold in Canada. Compared to a 2004 baseline,
the reduction in 2009 was in the range of 23.6 to 99.9% depending on the company (Environment Canada,
2012).626 It has been estimated that the release from the use of PFOA in the semiconductor industry may give
rise to 4kg/y in emissions through waste water.627
Less than 0.05 t/a of PFOA are used in the semiconductor industry. As for the manufacture of photographic
material, an overall worst-case release factor of 50% has been assigned based on ERC5, resulting in 0.025 t/a.
Van der Putte et al. (van der Putte et al., 2010) received information from European Semiconductor Industry
Association (ESIA) and the European Electronic Component Manufacturers Association (EECA) where it is
reported that PFOA is used in the photolithography process in closed systems. Solvent waste is stated to be
collected at the factories and incinerated, and exhaust systems with abatement equipment (scrubber) are in
place; it has been reported that emissions to wastewater are minimal. Based on an industry figure of usage
of less than 0.05 t/a, overall emissions to wastewater are estimated to account for 0.004 t/a (EF: 12.5%) as a
conservative estimation (van der Putte et al., 2010). This value is based on expert engineer knowledge of the
process technology and waste stream. Since the substances are enclosed in the product, emissions during
the use phase are considered negligible. It is stated that during manufacture of semiconductors measures to
prevent emissions are in place (e. g. incineration of solvent waste). However, emissions to air during
manufacture of semiconductors and emissions from the end-of-life stage, when electronics are not properly
disposed, cannot be excluded.628
PFOA-related substances degrade to PFOA under environmentally relevant conditions, and are therefore
included in this proposal. According to REACH, if transformation/degradation products with PBT properties
are being generated, the substances themselves must be regarded as PBT substances. Therefore, PFOArelated substances are PBT-substances as well.629

In-depth

PFOA incineration
Yamada et al. (Yamada et al., 2005) investigated thermal degradation of a
polyester/cellulose fabric substrate treated with a fluorotelomer-based acrylic
polymer, under laboratory conditions. Typical combustion conditions in a municipal
incinerator were used (time, temperature and excess air level), with an average
temperature of at least 1000˚C and a residence time of two seconds. The fabric was
destroyed by this treatment and no PFOA was detected. The authors concluded that
under typical municipal waste incineration conditions, no significant amounts of PFOA
would be formed by incineration of a textile or paper substrate treated with a
fluorotelomer based acrylic polymer, even without consideration of post-combustion
pollution control equipment for acid gas scrubbing in place.
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This conclusion is questioned by Poulsen et al. (Poulsen et al., 2005) who underline the
fact that actual waste incineration is performed on a larger scale and is inhomogeneous
and less controlled.
PFOA in landfills
Landfills also pose a potential source of PFASs in the environment (Bossi et al., 2008;
Busch et al. 2010a). In landfills, PFOA and related substances can volatilize and
contaminate the atmosphere or they may leach out into soil and then down to
groundwater. Since 2005, landfilling of untreated waste is not permitted (Landfill
Directive 99/31/EC). However, due to its persistence it is very likely that PFOA will be
still contained in the material to be landfilled when not incinerated. Landfill leachates
are usually purified in a special treatment process (Bossi et al., 2008). Some of these
treatment systems (e.g., active carbon or membrane filtration) are able to remove
contaminations of PFASs efficiently from wastewater (Busch et al., 2010a) but the
problem with the disposal of sludge and filter remains (Ahrens, 2011).
PFOA recycling
It is assumed that recycling of wastes contributes to environmental releases due to
contamination. The best possibility to prevent emissions of PFOA and related
substances during recycling measures is to reduce contents in products.630

PFOA global reduction attempt
In 2005, the American Environmental Protection Agency (EPA) and eight important fluorine chemical
companies launched a joint “Product Stewardship Programme". In Europe, too, some companies - such as
DuPont and 3M - already introduced measures to reduce the discharge of PFOA.631
So far the US-EPA 2010/2015 PFOA Stewardship Program (U.S.EPA, 2006) is the only existing measure to
reduce emissions of PFOA and PFOA-related substances. It is a voluntary agreement between the major
fluorochemical manufacturers from the US, Japan and Europe (Arkema, Asahi, BASF Corporation as successor
of Ciba, Clariant, Daikin, 3M/Dyneon, DuPont, Solvay Solexis) and started in 2006. This voluntary program
commits industry to achieve a 100% reduction in facility emissions of PFOA, its precursor chemicals and
related higher homologue chemicals as well as in product content levels of these chemicals by 2015
(compared to a year 2000 baseline). The US EPA publishes a yearly progress report which the participating
companies have to submit. Since data are often claimed confidential, it is not possible to conclude on the
overall actual amount of PFOA and PFOA-related substances still produced or used by the participants.
However, the companies demonstrate that overall a significant reduction in emissions and product content
of PFOA and PFOA-related substances has been achieved already. Nevertheless, emissions still occur from
facilities of participating companies. Measured data indicate higher emissions from facilities of non-US
companies (partly located in the EU) compared to US companies. In addition to the EPA Stewardship
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Program, Norway introduced a ban of PFOA in consumer products, which might also have a reducing effect
on the PFOA content in consumer products in the EU.632
The major fluoropolymer manufacturers in the US, Japan and Europe are committed to phase out PFOA and
its salts in their operations until the end of 2015 by the US EPA Stewardship Programme. On these grounds,
it is concluded that no PFOA or its salts will be used in fluoropolymer manufacture in the EU after 2015.
However, PFOA and its salts are expected to still be used by manufacturers who are located outside the EU
and who are not bound to the Stewardship Programme. As a consequence, it is likely that PFOA will be
entering the EU in imported fluoropolymer dispersions in significant amounts.633
When looking at the global production volumes, the US-EPA 2010/2015 PFOA Stewardship Program (U.S.EPA,
2006) needs to be taken into account, because it is a main driver of the decreasing trend of PFOA manufacture
and the manufacture of other C8-fluorochemicals in the US, Western Europe and Japan. The voluntary
agreement is between the major fluoropolymer and fluorotelomer manufacturers from the US, Japan and
Europe (Arkema, Asahi, BASF Corporation as successor to Ciba, Clariant, Daikin, 3M/Dyneon, DuPont, Solvay
Solexis), which started in 2006 (U.S. EPA, 2006). This voluntary program commits industry to achieve a 100%
reduction in facility emissions of PFOA, precursor chemicals that can break down to PFOA and related higher
homologue chemicals as well as in product content levels of these chemicals by 2015, compared to a year
2000 baseline. As a result, manufacture of PFOA and PFOA-related substances has been strongly reduced in
North America, Japan and Europe. The US EPA publishes every year a progress report which the participating
companies have to submit. Since data are often claimed confidential, it is not possible to conclude on the
overall actual amount of PFOA and PFOA-related substances still used by the participants. However, overall
the companies demonstrate that a significant reduction in emissions and product content of PFOA and PFOArelated substances has been achieved already. It has to be noted that even if the companies participating in
the US EPA stewardship program have substantially reduced their use and emissions of PFOA and PFOArelated substances, they do not represent all manufacturers worldwide.634
PFOA, precursor chemicals and higher homologue chemicals are addressed by the US EPA PFOA Stewardship
Program and the major global manufacturers (representing more than 90% of the global production) have
agreed to work toward eliminating emissions and product content of these chemicals by 2015. Expectedly,
this will result in significantly lower environmental concentrations and human exposure to these chemicals
in the future, even if some manufactures e.g. in China are not participating in the stewardship program.
Human biomonitoring studies demonstrated a decrease in concentration of PFOA in blood and breast milk
for the period 2000-2010. The pathways and substance flows that lead to the presence of PFOA and longer
homologues in the environment and human exposure is, however still not fully understood and it is not clear
to what extent precursors are present in articles produced in the EU or imported from countries outside the
EU.635
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PFOA toxicology assessment
PFOA is present in human blood of general population. Human exposure takes place via the environment,
e.g. consumption of drinking water and food, or from consumer products, e.g. via uptake of contaminated
indoor dust. PFOA is transferred to the foetus through the placenta and the infant is exposed to PFOA from
breast milk. Some epidemiological data from highly contaminated sites suggested adverse health outcomes.
Additionally, human gestational and lactational exposure are of special concern as the foetus and newborn
babies are highly vulnerable to exposure to toxic substances.636 Metabolic elimination of PFOA seems to play
no relevant role. Renal elimination seems to be negligible in humans. Based on the available data, US EPA
(2014a) concluded on serum elimination half-lives of 11.5 days in rats and 839.5 days in humans.637
Once absorbed in the body and distributed via the blood, PFOA is eliminated as the free carboxylic acid mainly
with the urine and to a lesser extent in faeces. Therefore, renal elimination has been considered critical for
detoxification (Vanden Heuvel et al., 1991). The sex-related clearance of PFOA differs between animal species
(Hundley et al., 2006); in hamsters it is the opposite of what happens in rats. Male and female hamsters
excreted respectively 99% and 58% of a dose in 5 days. In mice and rabbits there was no sex difference, and
mice had a slower excretion rate than male rats, and rabbits had faster excretion rates than female rats.638
After oral exposure, PFOA is readily absorbed. In rats PFOA is mainly found in the liver, kidneys and blood
with lower levels in many other organs, including the central nervous system. In rats, PFOS is mainly found
in the liver, kidneys and blood with lower levels in most other organs, including the central nervous system.639
The urinary elimination of PFOA in adult females is slower than that found for adult males. Males had slightly
higher PFOSUER than those or females.640
Several studies have explored time trends of PFOA concentrations in blood. In some studies, a decrease from
around year 2000 have been observed, e.g. Germany (Schröter-Kermani et al 2013; Yeung et al 2013), Norway
(Haug et al., 2009; Nøst et al., 2014), Australia (Toms et al., 2009), Sweden (Glynn et al., 2012; Sundström et
al., 2011; Axmon et al., 2014), USA (Calafat et al 2007; Olsen et al., 2008; Olsen et al., 2012; Wang et al.,
2011), Japan (Okadaa et al., 2013; Harada et al., 2011). In other studies, the blood concentrations of PFOA
have been quite stable the last decade e.g. Greenland (Long et al., 2012), Japan (Harada et al., 2007, Harada
et al., 2010), USA (Kato et al., 2011), Korea (Harada et al., 2011). In a study by D’eon and Mabury (2011) the
relatively slow decrease of PFOA concentrations in blood compared to the expected decrease based on the
measured intrinsic elimination half-life in humans, is suggested to be caused by continued PFOA exposure,
either through direct or indirect exposure. Thus, taking measures to reduce exposure to PFOA is as important
today as it was some years ago.
Based on the external dose approach, the total exposure to PFOA for the general adult population in an
intermediate/median scenario varied between 0.26 and 6.1 ng/kg bw/day and for children the external dose
636
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varied between 2.6 and 20.1 ng/kg bw/day. Similar intakes were also obtained when back-calculating intakes
from the measured blood concentrations, with total exposure to PFOA for the general European adult
population is between 0.01 to 12 ng/kg bw/day. This indicates that the intakes are reasonable. In a high
exposure scenario, the intakes for the general European adult population varies between 4.1 and 44 ng/ kg
bw/day and for children the range is between 53 and 114 ng/ kg bw/day. This is in the same range as the
exposure to professional ski waxers back-calculated from the serum concentrations (0.46 to 124 ng/kg
bw/day) with a mean intake of 16 ng/kg bw/day. The back-calculated intakes from serum concentrations for
occupationally exposed workers were in the range 0.8 to 13189 ng/kg bw/day with an overall mean intake
of 298 ng/kg bw/day.
The internal serum concentration reflects an integrated exposure over time, comprising various sources and
pathways, and it also takes individual differences into consideration (e.g. age and gender). The internal
concentration is easy to obtain due several different cohorts available, compared to calculating the external
exposure as PFOA comes from many different sources. Thus, the internal PFOA serum/plasma concentrations
have been used in the risk characterisation. Concentrations of PFOA in occupationally exposed workers have
been reported to be in the range of 1750 to 11850 ng/mL, a mean serum concentration of 137 ng/mL was
calculated based on two Scandinavian studies, but concentrations up to 1070 ng/mL was reported. Many
studies in Europe as well as around the world have measured PFOA concentrations in human serum/plasma
of general populations. Concentrations in populations exposed to high drinking water concentrations are
considered relevant to include for the high exposure scenario as releases in drinking water might affect large
general populations and this is not unlikely to happen, especially since not all sources and uses of PFOA are
known. Serum concentrations of PFOA in the European adult population are found in the range from 0.1 to
100 ng/mL. The mean concentrations based on the median and max concentrations reported in the single
studies were calculated to be 3.5 ng/mL and 21 ng/mL, respectively. Serum levels of PFOA in children
worldwide has been reported to be in the range 0.3 to 22 ng/mL, with the exception of children that have
been drinking heavily contaminated drinking water. In this case the highest serum concentration was 1283
ng/mL. Mean concentrations based on the median and max concentrations reported in the single studies
were calculated to be 6.4 ng/mL and 108 ng/mL, respectively. PFOA concentrations in both cord blood have
been measured in a few studies world-wide and the mean concentrations based on the median and max
concentrations reported in the single studies were calculated to be 1.3 ng/mL and 4.1 ng/mL, respectively.641
PFOA is well absorbed following oral and inhalation exposure, and to a lesser extent following dermal
exposure in laboratory animals. PFOA is present in human blood of the general population and elevated
concentrations are seen following specific exposure to PFOA, either environmentally (e.g. contaminated
drinking water) or occupationally. PFOA has not been found to be metabolised. The highest concentrations
of PFOA are found in blood, liver, kidney and lung. Urine is the primary route of excretion. Humans have a
very slow elimination of PFOA compared with other species, with a half-life around 2-4 years. The reason for
the differences in elimination is likely that PFOA is a substrate for renal organic anion transporters, regulating
active renal reabsorption, and these transporters are differentially expressed between species and sex (Han
et al., 2012).
PFOA did not induce mutation in either S. typhimurium or E. coli when tested either with or without
mammalian activation (Lawlor et al, 1996, Litton et al., 1978). PFOA did not induce gene mutation when
tested with or without metabolic activation in the K-1 line of Chinese hamster ovary (CHO) cells in culture;
PFOA did not induce chromosomal aberrations in human lymphocytes when tested with and without
metabolic activation up to cytotoxic concentrations (Murli et al., 1996a and b, NOT OX,. 2000). PFOA was
tested twice for its ability to induce chromosomal aberrations in CHO cells. In the first assay, PFOA induced
641
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both chromosomal aberrations and polyploidy in both the presence and absence of metabolic activation. In
the second assay, no significant increases in chromosomal aberrations were observed without metabolic
activation. However, when tested with metabolic activation, PFOA induced significant increases in
chromosomal aberrations and in polyploidy. PFOA was negative in a cell transformation assay in mouse
embryo fibroblasts and in the mouse micronucleus assay. Based on the available in vitro and in vivo studies,
PFOA is considered not mutagenic.642
PFOA accumulation in humans:
● PFOA is present in human blood of the general population
● Half-lives in blood range from 2-4 years in humans
● PFOA levels increase with age after adjusting for relevant confounding factors
● Elevated levels in human body fluids in population exposed to PFOA contaminated drinking water
and in workers in fluorochemical production sites (up to 114,100 ng/ml)
● Mothers excrete PFOA via breast milk and transfer PFOA to infants. After giving birth and at the
end of breast feeding PFOA is reaccumulating in maternal blood.643
Animal toxicity - Single dose toxicity:644
● Inhalation: PFOA is classified as Acute Tox. 4, H322 (Harmful if inhaled). PFOS is classified as Acute
Tox. 4, H322 (Harmful if inhaled).
● Oral exposure: PFOA is classified as Acute Tox. 4, H302 (Harmful if swallowed). PFOS is classified
as Acute Tox. 4, H302 (Harmful if swallowed).
● Dermal exposure: The dermal LC50 was reported to be greater than 2000 mg/kg bw in New
Zealand white rabbits (Glaza, 1995). PFOA is a weak skin irritant as determined in rabbit
experiments. Skin and eye irritation were not observed in albino New Zealand white rabbits
(Biesemeier and Harris, 1974) (EFSA 2008).645
Animal toxicity - Irritation:
● Skin irritation, PFOA: application of as single dose of 5,000 mg/kg of an aqueous paste of APFO
(ammonium salt of PFOA) to a clipped area of the skin of rats, and left in place covered for 24
hours produced mild skin irritation (Kennedy, 1985). Application of 500 mg/kg (only dose tested)
APFO to the intact or abraded skin of young rabbits and left covered for 24 hours was non
irritating, as scored according to the Draize procedure immediately after removal of the cover
and 48 hours later (ATSDR 2009). A study from 1974 using rabbits treated with 0.5 grams PFOS
on intact and abraded skin did not result in any irritation after 24 and 72 hours (US EPA, 2014b)
● Eye irritation: in a study in rabbits PFOA was found to be an eye irritant when not washed away
(US EPA, 2014a). PFOA is classified as Eye Dam. 1, H318 (Causes serious eye damage).
● No adequate data seem to be available for PFOS.646
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Overall, these studies show that PFOA affects primarily the liver and the lipid metabolism. From these studies
the lowest identified LOAEL and NOAEL in rats were 10 ppm (0.64 mg/kg/day) and 1 ppm (0.06 mg/kg/day)
(Palazollo, 1993). In mice the lowest LOAEL and NOAEL were found to 0.3 mg/kg/day and 0.1 mg/kg/day
(Nakumaru et al., 2009), and in monkeys a LOAEL of 3 mg/kg /day was found (Goldenthal, 1978b and
Butenhoff et al., 2002).647
Toxicity to reproduction: PFOA has been classified as Repr. 1B, H360D (May damage the unborn child) and
Lact., H362 (May cause harm to breast-fed children). PFOS has been classified as Repr. 1B, H360D (May
damage the unborn child) and Lact., H362 (May cause harm to breast-fed children).648
Many studies have shown that gestational exposure to PFOA may cause developmental toxicity especially in
mice (reviewed by Lau et al., 2004 and 2007). Dose-dependent growth deficits and reduced birthweight were
observed in offspring of pregnant mice which were exposed by gavage for PFOA during gestation days 1-17.
At exposures ≥ 5 mg/kg/d postnatal survival was also reduced and eye-opening was delayed up to 2-3 days.
The maternal LOAEL was determined at 1 mg/kg bw/day and the foetal NOAEL was maternal exposure to 3
mg/kg bw/day (Lau et al., 2006; Wolf et al., 2007). A more recent mouse study observed higher body weight
and increased insulin and leptin levels in post pubertal female offspring after low-dose in utero exposures to
PFOA (Hines et al., 2009).
The effects on hormone levels in rodents are reflected in changes in the testis, where exposure to PFOA
results in Leydig cell hyperplasia and eventually development of Leydig cell adenomas (Biegel et al., 1995). A
study of effects on testis in adult rats exposed to perfluorododecanoic acid (PFDoA) also showed a reduced
gene expression of many genes involved in cholesterol transport and steroidogenesis and a reduced serum
testosterone level (Shi et al., 2007). Thus, it seems that exposure to some PFAAs can severely affect
proliferation and function of Leydig cells in the adult rat. Leydig cells in the testis are the main sites for
testosterone biosynthesis. This is of considerable concern, because Leydig cell hyperplasia is common among
infertile men (Holm et al., 2003) who, as a group, also shows lower testosterone levels than comparable
normal controls (Andersson et al., 2004). Reduced testis function has been linked to the testicular dysgenesis
syndrome (TDS) (Skakkebæk et al., 2001). The TDS hypothesis states that in utero exposure to endocrine
disruptors can damage testis development and lead to reduced testis function in the adult, with symptoms
ranging from a moderately reduced semen quality to testis cancer. The best animal model for TDS consists
of rats exposed to long-chain phthalates in a critical time window during development, which results in testis
dysgenesis with Leydig cell hyperplasia and clustering of the Leydig cells in the centre of the testis, resulting
in reduced testosterone levels and compromised fertility in the adults (Sharpe 2006; Hallmark et al., 2007).649
Epidemiological studies in PFOA-exposed workers do not indicate an increased cancer risk. Some have shown
associations with elevated cholesterol and triglycerides, or with changes in thyroid hormones, but overall
there is no consistent pattern of changes. In two recent studies, PFOA exposure of pregnant women,
measured by maternal and/or cord serum levels was associated with reduced birth weight.650 Most studies
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on PFOA have been carried out by 3M in the Cottage Grove plant (Minnesota, USA), where PFOA has been
produced since 1947. PFOA has been manufactured since 1998 at the 3M Decatur, Alabama plant. A cross
sectional study among 191 workers engaged in PFOA production revealed an increase in mean estradiol levels
among employees that had the highest levels of serum PFOA (>30 ng/mL), although this association was
confounded by body mass index (Olsen et al., 1998). A retrospective cohort study investigated causes of
mortality in 6,027 men and women who had worked in a Dupont polymer manufacturing plant between 1948
and 2002. Mortality associated with diabetes was significantly increased compared to a regional worker
population (SMR=1.97; 95% CI=1.23-2.98) but not compared with two general populations (U.S. and West
Virginia State). There was no significant increased risk of ischaemic heart disease or cancer (Leonard et al.,
2008). A weak association with PFOA exposure and prostate cancer (SMR=1.3, 95% C1=0.03-7.2) was
reported in one study.651
The most recent report by Olsen and Zobel (2007) included workers from three separate 3M PFOA production
sites in Antwerp (n=306), Minnesota (n=131) and Alabama (n=215). No consistent associations were found
with PFOA and thyroid hormones. A retrospective cohort mortality study was performed on workers at the
3M Cottage Grove MN plant (Gilliland and Mandel, 1993). Of the 3537 (2788 men and 749 women)
employees, 398 (348 men and 50 women) were deceased. Eleven of the 50 women and 148 of the 348 men
were considered exposed to APFO. In summary, a retrospective cohort mortality study showed a statistically
significant association between prostate cancer mortality and employment duration in the chemical facility
of a plant that manufactures APFO. However, in an update of this study, in which more specific exposure
measures were used, a significant association for prostate cancer was not observed. In two recent ecological
studies, PFOA exposure of pregnant women, measured by maternal and/or cord serum levels was associated
with reduced birth weight. EFSA noted that these observations could be due to chance, or to factors other
than PFOA, but indicate a need for further research into possible developmental effects in humans (EFSA,
2008).652
Unlike most other persistent and bioaccumulative organic pollutants, PFOA bioaccumulates in blood serum
and blood rich organs rather than in fat. PFOA is found in many different consumer products, such as
furnitures, carpets, food packaging, clothes and skiwax, and humans are typically exposed through drinking
water, food and dust. PFOA persists in humans with a half-life of several years and is found in the serum of
humans worldwide. Further, there is a concern for health effects such as testicular cancer and kidney cancer.
The free perfluorooctanoic acid (PFOA) is readily dissociated to the conjugate base, perfluorooctanoate
(PFO), under physiological conditions. Consequently, PFOA is measured as PFO in biological samples but
referred to as PFOA in the literature reporting human biomonitoring data. The ammonium salt APFO is
normally used in animal experiments due to its solubility. In such experiments PFOA is measured as the ionic
specie PFO in the biological samples but typically referred to as PFOA or APFO in the literature.653
Three cross-sectional studies have reported positive association between PFOA and uric acid, a natural
product of purine metabolism. In one study of adults with elevated community exposure to PFOA (Steenland
et al., 2010b), both PFOA and PFOS were significantly associated with uric acid but PFOA more, and the
concentrations in the blood of PFOA were also higher than PFOS. A study of gene expression profiles in
postmenopausal woman from Norway showed significant effects of PFOA on fatty acid metabolism and
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increased expression of CYP4A22 and on insulin signal-ling pathways (Rylander et al., 2011). In a prospective
cohort of 665 Danish pregnant women, it was found that their serum PFOA levels were positively associated
with overweight/obesity at 20 years of age in their female offspring (Halldorsson et al., 2012). In addition,
maternal PFOA concentrations were positively associated with serum insulin and leptin levels, and inversely
associated with adiponectin levels in female and male offspring. In another study of a young hypertension
cohort in Taiwan, serum PFNA concentrations were associated with elevated serum adiponectin (Lin et al.,
2011).654
PFOA/APFO was identified as a Substance of Very High Concern, because of its CMR and PBT properties by
the ECHA Member State Committee on 14 June 2013. The following conclusion on human toxicokinetics is
given in section 4.1 in the Support Document for Identification of PFOA/APFO as a Substance of Very High
Concern: (…) “In conclusion, PFOA is readily absorbed, not metabolised, distributed to important organs,
transferred to the foetus through the placenta and infants via breast milk, and have an elimination half-life
of 2-4 years in humans. Continued exposure may lead to increasing PFOA levels over time. PFOA may cause
damage to the liver through repeated oral exposure, and is classified as STOT RE 1, H372. Effects of repeated
oral exposure to PFOA have been examined in mice (Loveless et al., 2006; Christopher and Marisa, 1977;
Griffith and Long 1980), rats (Metrick and Marisa, 1977; Griffith and Long, 1980, Goldenthal, 1978a, Griffith
and Long, 1980; Palazzolo, 1993) and monkeys (Goldenthal, 1978b; Griffith and Long, 1980; Thomford, 2001b;
Butenhoff et al., 2002). Mortality was observed at high doses. At lower doses, reduced body weight and
increased kidney and liver weight were noted.
Hepatocellular hypertrophy, degeneration and/or focal to multifocal necrosis were reported with increased
severity at doses between 1.5 to 15 mg/kg bw/day in rats and mice. Hepatocellular hypertrophy was observed
in all species. Increased liver weight and hepatocellular hypertrophy was also observed at 0.64 mg/kg bw/day
in rats. The overall LOAEL from these studies is 0.64 mg/kg bw/day and the NOAEL is 0.056 mg/kg bw/day.
PPARs (peroxisome proliferator-activated receptor) are involved in lipid metabolism and energy homeostasis.
Rats have a high PPARα expression in liver and PFOA has been shown to increase gene expression involved in
fatty acid oxidation resulting in hypolipidemia and reduced cholesterol (Loveless et al., 2006, Rosen et al
2008). Thus, toxicological studies in rats have shown that PFOA reduces serum lipids while it increases hepatic
triglycerides, probably through the activation of PPARα (Haugom and Spydevold, 1992, Bjork JA et al., 2011).
A study by Butenhoff and coworkers reported a dose dependent increase in serum triglycerides in monkeys
and only a moderate, non significant, reduction in cholesterol with increasing PFOA (Butenhoff et al., 2002).
C8 Science Panel and the Science Panel research program gathered information on health status and PFOA
exposure through interviews and questionnaires and collected blood samples from about 69,000 people living
near the Washington Works plant in West Virginia. DuPont's West Virginia Washington Works Plant in
southwest Parkersburg released PFOA into the air and Ohio River from the 1950s until recently. PFOA reached
drinking water supplies by entering the groundwater and was detected in six water districts near the DuPont
plant in 2002. Air emissions have been largely eliminated in the last few years, as well as releases into the
Ohio River. A group of independent public health scientists was established in order to assess whether or not
there is a probable link between PFOA exposure and disease observed in the community. Based on these large
epidemiological studies of people continuously exposed to high levels of PFOA and relevant data from the
literature, we will present a summary of what the C8 Science Panel has evaluated as probable links and what
has not been evaluated as probable links to PFOA exposure. Criteria used to evaluate the evidence for a
probable link included the strength and consistency of reported associations, evidence of a dose-response
relationship, the potential for associations to occur as a result of chance or bias, and plausibility based on
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experiments in laboratory animals. These evaluations were published in 2012 (C8 Science Panel probable link
reports, http://www.c8sciencepanel.org/prob_link.html)”.
The C8 Science Panel did not find a probable link between exposure to PFOA and the autoimmune diseases
rheumatoid arthritis, lupus, type1 diabetes, Crohn’s disease and multiple sclerosis. Further, they found no
probable links between exposure to PFOA and high blood pressure (hypertension), coronary artery disease,
including its manifestations as myocardial infarction, angina, and coronary bypass surgery. However, the C8
Science Panel has found that serum PFOA is positively associated with diagnosed high cholesterol
(hypercholesterolemia). They also found that inflammatory bowel disease (combining ulcerative and Crohn`s
disease) showed a positive trend of increased risk. We will focus in the following on the association between
PFOA and hypercholesterolemia. The C8 Science panel also elaborated probable links between exposure to
PFOA and different cancers.655
A study conducted by the C8 Science Panel together with West Virginia University (12,000 highly exposed
children and adolescents with mean serum PFOA concentration of 69.2 ng/mL (Frisbee et al., 2010) showed
an increase in cholesterol (all lipid fractions except HDL-high density lipoprotein) with increasing serum PFOA
after adjusting for different confounders such as age, BMI, fasting, gender and exercise. Increasing PFOA
quintiles were positively associated with an increased risk of abnormal total cholesterol (adjusted odds ratio
(OR) of 1.2 (95% CI 1.1-1.4) and low density lipoprotein (informally called the "bad cholesterol") (adjusted
OR of 1.4 (95% CI 1.2-1.7). Abnormal cholesterol level was based on American Heart Association-endorsed
cut-off values for “borderline” or “high” in children (total-C ≥170 mg/dL and LDL-C ≥110 mg/dL). Another
human study (Steenland et al., 2009) was conducted by sampling blood and questionnaires from 46,294
community residents from the mid-Ohio valley aged 18-years and older who drank water contaminated with
PFOA from a chemical plant in West Virginia.
The study showed a statistical significant increase in total cholesterol and low density lipid protein (LDL)
starting at the 2nd quartile (13.2-26.5 ng/mL) after adjustment for relevant confounders. The increase was
steeper in the low PFOA concentration area indicating a low dose effect. The predicted increase in cholesterol
from the lowest to the highest decile was 11-12 mg/dL. In addition, supplementary analysis of 10,746 adults
taking cholesterol-lowering medication with a mean cholesterol level of 173 mg/dL (vs. 206 mg/dL for those
not taking cholesterol medications), showed, in a linear regression analysis, that there was a consistent
increasing trend in total cholesterol with increasing PFOA. Thus, the authors suggest an increased risk of
hypercholesterolemia associated with higher serum levels of PFOA (Steenland et al., 2009). The odds ratio
(OR) for high cholesterol (≥240 mg/dL) by increasing quartile of PFOA were 1.00, 1.21 (95% CI:1.12, 1.31),
1.33 (95% CI: 1.23, 1.43) and 1.40 (95% CI:1.29, 1.51). However, when including all subjects regardless of
whether they were taking cholesterol lowering medication or not, the study showed that a lower log PFOA
concentration was seen in the subjects taking cholesterol lowering medications but the effect was modest.
This could indicate a “reverse causality” in that a decrease in cholesterol leads to lower PFOA concentration.
The studies by Steenland et al. (2009) were cross-sectional and the associations may have alternative
explanations. Other undefined chemicals may correlate with both higher maintenance of PFOA in the blood
and with higher cholesterol levels, or high lipid contents may increase the retention of PFOA in the body.
A recent longitudinal study by Fitz-Simon et al. (2013) strengthens the hypothesis of a probable link and a
causal effect between an increase in PFOA and higher cholesterol. The study analysed a blood sample from
560 adults 4.4 years after the C8 health project measured the first blood sample. The concentration of PFOA
in the serum from the participants fell by about one half, from initial geometric mean of 74.8 ng/mL between
the two studies. The study group found a tendency for people with greater PFOA decrease to have a greater
LDL decrease in a dose dependent manner, such that halving of PFOA predicted a 3.6% (1.5-5.7%) fall in LDL
655
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after adjusting for confounders. They also found a similar trend for total cholesterol. The same was found for
PFOS as well (Fitz-Simon, N. et al., 2013). Furthermore, a longitudinal study on 454 workers showed an
association between PFOA increase of 1 ppm and an increase in total cholesterol of 1.06 mg/dL (Sakr et al.,
2007). Also, a mechanistic study exploring transcriptional analysis in 290 randomly selected participants from
the C8 health project found an association between PFOA and changes in the expression of genes involved
in cholesterol metabolism in humans (Fletcher et al., 2013). This study adds to a possible mode of action for
a PFOA-mediated increase in LDL or total cholesterol in human blood, although the participants in this study
were not at elevated levels of LDL or total cholesterol. A cross-sectional study conducted by Eriksen and coworkers (Eriksen et al., 2013) found a statistically positive correlation between plasma PFOA levels and total
cholesterol levels in a middle-aged Danish population of 663 men and 90 women. A small but significant
association was found in a low-level exposed general population (mean plasma level of 7.1 ng/mL). Other
studies with similar findings have been mainly found in higher exposed populations. Starling et al., 2014a
reported that plasma concentrations of the different PFASs in 891 pregnant women in Norway were
associated with elevated HDL and total cholesterol. PFOS alone was associated with a statistically significant
increase in total cholesterol. A dose-response effect on cholesterol was also noted for PFOA. The study
includes pregnant mothers where the concentrations of PFASs are slightly lower than in non-pregnant
mothers probably due to an increase in blood volume. The association between PFAS and lipids may also
differ in pregnant mothers compared to non-pregnant mothers or the general population.656
Increased total cholesterol may have adverse health outcomes such as elevated risk for cardiovascular
disease (CVD) or increased atherosclerosis, leading to heart attack and stroke. Elevated PFOA levels in serum
have been positively associated with self-reported CVD in an adult US population (Shankar et al. 2012), but
the author states that these findings are not confirmed and may have a reverse causality.
A study was performed in the USA of the Danish National Birth Cohort, which included data from more than
90.000 pregnant Danish women obtained from March 1997 to November 2002 (Fei et al., 2007). This study
found an inverse association between maternal plasma levels of PFOA - but not PFOS - and birth weight. The
mean plasma concentrations were 35.3 ng PFOS/mL and 5.6 ng PFOA/mL. An analysis of birth records linked
to a survey from the PFOA drinking water contaminated mid-Ohio Valley showed some suggestion of an
association with early preterm birth, and measures of growth restrictions showed weak and inconsistent
association with PFOA (Savitz et al., 2012ab). A cross-sectional study, which was conducted in 2004-2005 of
about 300 mothers and their new-born from Baltimore in the USA, found a negative association between
concentrations of PFOS and PFOA in the mothers’ serum and the birth weight and birth size of the newborn,
although the serum concentrations were much lower in this study with medians of 5 ng PFOS/mL and 1.6 ng
PFOA/mL (Apelberg et al., 2007ab). However, in a later study from Japan, where serum levels were similar
with means of 5.6 ng PFOS/mL and 1.4 ng PFOA/mL, no such correlation was found (Washino et al., 2009). A
follow-up study of the Danish cohort found that maternal PFOA levels in early pregnancy were associated
with smaller abdominal circumference and birth length. For each ng/mL increase of PFOA, birth length
decreased by 0.069 cm an abdominal circumference decreased by 0.059 cm (Fei et al., 2008).657
That may not be a problem of the mother alone, because another Danish study found that high PFAA levels
(medians: 24.5 ng PFOS/mL, 4.9 ng PFOA/mL and 6.6 ng PFHxS/mL) in blood serum were associated with
fewer normal sperm in studied normal young men (Joensen et al., 2009). Another more recent study of 256
American infertility patients reported no association between PFOS and PFOA levels (medians: 32.3 ng
PFOS/mL and 49.2 ng PFOA/mL) and sperm quality (Raymer et al., 2011). In a European study of the sperm
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quality of 588 partners to pregnant women from Greenland, Poland and Ukraine, a negative association was
found between PFOS serum levels and sperm morphology in the two European populations but not in the
Inuits from Greenland, who had the highest serum levels with a median of 44.7 ng PFOS/mL against 18.5 ng
PFOS/mL in Poland and 7.6 ng PFOS/mL in Ukraine (Toft et al., 2012). It was suggested that PFOS interact
with the sperm membrane function.
In a population of the contaminated area of mid-Ohio Valley, a study discovered that children showed a later
age (3-6 months’ delay) of puberty correlated with PFOS/PFOA concentrations in the blood (Lopez-Espinosa
et al., 2011). A very recent study discovered a significant association between serum PFOA and PFNA levels
and endometriosis in the operative samples (Louis et al., 2012).658
An association between serum PFAAs, insulin resistance and metabolic syndrome has been found indicating
a possible diabetic effect and effect on the kidneys (Lin et al., 2009). Chronic kidney Disease (CKD) is a major
public health problem with increased prevalence in the USA and elsewhere (Coresh et al., 2011). Since, it is
known that the kidneys are an important target organ for polyfluorinated chemicals: a study from West
Virginia examined the relation between serum levels of PFOS and PFOA and CKD (Shankar et al., 2011). The
population studied was 4500 adults of both sexes from NHANES surveys 1999-2008 for which there were
serum PFAA measurements. For the fourth quartile (>29.5 ng PFOS/mL and >5.9 ng PFOA/mL) they found a
positive association between these fluorinated chemicals and CKD which was independent of normal confounders.
Data from the NHANES 1999-2006 surveys including almost 4000 individuals found that higher
concentrations in serum of PFOS (>36.8 ng/mL) and PFOA (>5.7 ng/mL) were associated with current thyroid
disease in the US general population (Melzer et al., 2010).659
An investigation of children aged 5 and 7 years from Faroe Island in the Atlantic showed that commonly
prevalent exposures to PFOS, PFOA, PFHxS, PFNA and PFDA measured in blood serum were associated with
lower antibody responses to childhood immunizations (vaccinations) and an increased risk of antibody
concentrations below the level needed to provide long-term protection against diphtheria and tetanus
(Grandjean et al., 2012). Chronic Kidney Disease (CKD) is a major public health problem with increased
prevalence in the USA and elsewhere (Coresh et al. 2011). Since it is known that the kidneys are an important
target organ for polyfluorinated chemicals, a study from West Virginia examined the relationship between
serum levels of PFOS and PFOA and CKD (Shankar et al. 2011). The population studied was 4500 adults of
both sexes from NHANES surveys 1999-2008 for which there were serum PFAA measurements. For the fourth
quartile (>29.5 ng PFOS/mL and >5.9 ng PFOA/mL) they found a positive association between these
fluorinated chemicals and CKD, which was independent of normal confounders.660
Data from the NHANES 1999-2004 and the C8-Health Project in the USA surveys showed positive association
between serum PFAA levels and attention deficit-hyperactivity disorder (ADHD) in children (Hoffman et al.,
2010; Stein and Savitz, 2011). The later study found an association with ADHD and PFHxS blood levels. Higher
blood levels of PFOS, PFNA, PFDA, PFHxS and PFOSA (but not PFOA) were associated with significantly shorter
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“Impaired Response Inhibition” (IRT) during the “differential reinforcement of low rates of responding” (DRL)
tasks measuring children’s impulsivity (Gump et al. 2011).661
The acute lethal toxicity of PFOA is moderate, corresponding to a classification as Acute tox 4; for instance,
the oral LD50 is reported to be between 430 and 1800 mg/kg for adult rats of both sexes with most data in
the lower end (Kennedy et al., 2004). Newborns are twice as sensitive with oral LD50 of about 250 mg/kg
(the U.K. Committee on Toxicity, 2006). In mice and guinea pigs the oral LD50s are 457 and around 200 mg/kg,
respectively. The dermal acute toxicity is lower with skin LD50 of 7000 mg/kg in rats and 4300 mg/kg in
rabbits, probably because of limited uptake. PFOA is a mild skin- and eye irritant - maybe because of its
acidity. PFOA is also moderately toxic by inhalation as dust with a 4hLC50 of 0.98 mg/L. For PFOA and PFDA
(perfluorodecanoic acid), the rat intraperitoneal LD50s are 189 and 41 mg/kg, respectively. Thus PFDA with
a longer alkyl chain is much more acutely toxic, and it also has delayed effects (Olson and Anderson, 1983).
This is in accordance with the general finding that the toxicity of perfluorinated chemicals increases with the
length of the fluoroalkyl chain.662
PFOA caused moderate skin irritation in two studies; however, inadequate information was provided
regarding the quality of the studies. In one study where the skin irritation was scored according to the Draize
method, the primary irritation scores were zero. Due to the equivocal results and limited information
available from some of these studies, it is difficult to draw conclusions regarding classification of PFOA for
skin irritation (Markoe, 1983; Griffith and Long, 1980; Hazleto 1990). PFOA caused eye irritation in two
studies (Griffith and Long, 1980; Kennedy et al 1986).663 The potential of PFOA to be toxic for the immune
system has been discussed by deWitt et al. (2009). PFOA is an immunosuppressant through induction of
PPARs and enhances the IgE-mediated hypersensitivity response to ovalbumin, and in this way it may
provoke asthma (Fairley et al., 2007). PFNA has also shown immunotoxicity (Fang et al., 2008).664
A recent review of epidemiological evidence on the health effects of PFOA was published by Steenland et al.
(2010a). They reported that a positive association of PFOA with cholesterol levels in blood was observed in
six occupational studies, three studies of a highly exposed community and one general population study.
Several studies also showed an association between PFOS and lipids of a similar magnitude. One study of a
large population in mid-Ohio Valley exposed via contaminated drinking water and with mean serum
concentration of 69 ng PFOA/mL and 23 ng PFOS/mL, respectively, showed that PFOA was significantly
associated with increased total cholesterol and low density lipoproteins (Frisbee et al., 2010). PFOS was
significantly associated with increased total cholesterol, low density lipoproteins and high density
lipoproteins. In the same population a later study showed an association between PFOS and PFOA serum
levels and serum levels of alanine transferase (ALT), a biomarker for liver damage (Gallo et al., 2012).665
Recent data from the U.S.A., in which 50 pooled samples from 1836 persons were analysed (National Health
and Nutrition Examination Survey), showed significantly higher levels of PFOA in males than in females, but
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no significant differences among age groups (Calafat et al., 2005). A Japanese study showed higher serum
concentrations in men compared to women. In summary, PFOA is found worldwide in serum of the nonoccupationally exposed populations.666

PFOA carcinogenetic behaviour
PFOA has recently been evaluated by the Risk Assessment Committee at ECHA, and according to this
conclusion the substance is classified in EU as Carc. 2, H351 (Suspected of causing cancer) (ECHA/RAC, 2011).
WHO/IARC (the international Agency on Research on Cancer, WHO) has recently evaluated PFOA and based
on limited evidence for the carcinogenicity in animals together with limited evidence for the carcinogenicity
in humans PFOA was classified as possibly carcinogenic to humans (group 2B) (Rusyn et al., 2014). No
evaluation was made on PFOS/PFOSA.667
Animal studies show that PFOA induce liver adenomas, Leydig cell adenomas and pancreatic acinar cell
tumours (PACT) in male Sprague-Dawley rats (Sibinski et al., 1987), and incidences of mammary
fibroadenoma in the female rats (Biegel 2001). Even though human PPARα does not seem to be involved in
the induction of cell proliferation in the liver (Klaunig et al., 2012), PFOA-induced rat liver tumours cannot be
regarded as irrelevant for humans. Further, since available data are insufficient to characterize the mode of
action for PFOA-induced Leydig cell adenomas and pancreatic acinar cell tumours, the responses at these
sites are presumed to be relevant to humans. From epidemiological studies, the C8 science panel concludes
that there is a probable link between exposure to PFOA and testicular cancer and kidney cancer (Vieira et al.,
2013, Steenland et al., 2012), but not to any of the other cancers that were considered such as melanoma,
thyroid, liver, pancreatic, breast or prostate cancer. Additionally, IARC classified PFOA as possibly
carcinogenic to humans on the basis of limited evidence in humans that PFOA causes testicular and renal
cancer, and limited evidence in experimental animals (Group 2B) (Benbrahim-Tallaa et al., 2014).668
In the two carcinogenicity studies PFOA induced liver adenomas, Leydig cell adenomas, pancreatic acinar cell
tumours in male Sprague-Dawley rats, and mammary fibroadenomas in the female rats (Sibinsky 1987, Biegel
2001). The mammary fibroadenomas reported in the articles above were originally considered equivocal
since the incidences were comparable to some historical control data from another laboratory. However, as
the Sprague-Dawley rats represent an outbreed rat strain, the frequencies of spontaneous tumours will vary
considerably from laboratory to laboratory. Thus, it is inappropriate to use historical control data from other
laboratories. The most appropriate control group is the concurrent control group.
The mammary gland findings in the Sibinski paper from the 1987 study were re-examined by a Pathology
Working Group (Hardisty, 2005) who concluded that there were no statistically significant differences in the
incidence of fibroadenoma, adenocarcinoma, total benign neoplasms or total malignant neoplasms of the
mammary glands between control and treated animals. There was also no significant difference in combined
benign and malignant neoplasms between control and treated groups. The main difference between the
original reported findings and the Pathology Working Group evaluation involved findings initially reported as
lobular hyperplasia which the working group classified as fibroadenoma, resulting in incidences of mammary
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fibroadenoma in the control, low- and high-dose groups of 32%, 32% and 40%, respectively. Regarding liver
carcinogenicity, there is evidence to indicate that PFOA is a PPARα agonist and that the liver carcinogenicity
(and toxicity) of PFOA is mediated by binding to the PPARα in the liver in rodents. It has been well
documented that PFOA is a potent peroxisome proliferator, inducing peroxisome proliferation in the liver of
mice and rats (Ikeda et al., 1985; Pastoor et al., 1987; Sohlenius et al., 1992). Due to uncertainties and
limitation of the data it can, however, not be concluded that PPARα agonism is the sole mode of action for
the rat liver tumour induction. The modes of carcinogenic action of PFOA induced Leydig cell adenomas and
pancreatic acinar cell tumours have not been fully explained. There is insufficient evidence to link these
tumours to PPARα. The induction of Leydig cell adenomas may involve a hormonal mechanism whereby PFOA
either inhibits testosterone biosynthesis and/or increases serum estradiol via induction of hepatic aromatase
activity. The induction of pancreatic acinar cell tumours (PACT) are probably related to an increase in serum
level of the growth factor, cholecystokinin in rats (CCK (cholecystokinin-33 in humans), that appears to be
secondary to changes in the liver. However, this mechanism may not be relevant to humans (Klaunig et al.,
2012).669
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Two U.S. occupational cohorts and one follow-up study of the general Danish population did not report any
clear association between PFOA and liver-, pancreas-, prostate or bladder cancer, although there was a
suggestive positive trend for prostate cancer (Leonard et al., 2008, Lundin et al., 2009).
An additional Danish study of 55,053 adults (50-65 years old) found only a modest positive association
between PFOA and prostate- and pancreas cancer, while no significant linear trend in general was observed
(Eriksen et al., 2009). The C8 Science Panel reported probable links between PFOA and testicular cancer and
kidney cancer (Vieira et al., 2013). For testicular cancer, there is evidence of a positive trend in risk across
exposure groups, in some analyses. The estimated relative risks range from 3 to over 6 comparing the highest
to lowest exposure groups. The high exposure group, where the higher risk was observed, comprises only six
cases therefore there remains some uncertainty. The Science Panel noted however that there is experimental
evidence of testis cancer being increased in exposed animals (Biegel et al., 2001; Klaunig JE. et al.,2012) and
considers observed excesses to indicate a probable link between PFOA and testicular cancer. A recent
published study from the C8 Health Project survey showed a dose related increase in both kidney and
669
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testicular cancer with PFOA among 32,254 participants. The strongest dose response relationship was seen
for testicular cancer with a hazard ratio (HR) of 1.0, 1.04, 1.91 and 3.17 (linear trend test p=0.04) with
increasing PFOA exposure quartiles. In this study, 19 validated cases with testicular cancer was included. For
kidney cancer, a worker mortality study conducted by the Science Panel showed a higher risk in the most
exposed group compared to lower exposure groups among the workforce, but the risks were not elevated
compared to the US population. In the cohort study, there was a gradient of increasing risk with increasing
exposure but most strongly in the analyses that included exposure up to the time of diagnosis. When the 10
years of exposure prior to diagnosis was excluded, the association was less evident. The strongest trend (P =
0.003) was apparent using the 20-year lag, with SMRs (standard mortality ratio) of 1.08, 0.73, 0.41, and 3.54
across cumulative exposure quartiles, respectively. The C8 science panel considered that the excess observed
indicate a probable link between PFOA and kidney cancer (Steenland et al., 2012).671
As already indicated in this baseline scenario, PFOA is classified Repr 1B, H360D, "May damage the unborn
child". The National Institute of Environmental Health Sciences (US) recently reviewed the evidence for the
effects of perfluorooctanoic acid (PFOA) on foetal growth, both in animals (Koustas et al., 2014) and in
humans (Johnson et al., 2014). The authors of this review concluded that developmental exposure to PFOA
adversely affects human health, based on sufficient evidence of decreased foetal growth in both human and
non-human mammalian species.

672

PFOA pre e post-natal effects
Recent epidemiological investigations have shown that the two most commonly studied PFASs,
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), were associated with various potential
adverse outcomes in fetal growth.673 In humans, an inverse correlation between PFOA and birth weight,
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ponderal index and head circumference has been reported in several mother-child cohort studies (Fei et al.,
2007, Apelberg et al., 2007a, Maisonet et al., 2012; Chen et al., 2012, Wu et al., 2012; Whitworth et al., 2012).
PFOA has been shown to be readily transferred to the foetus through the placenta both in laboratory animals
and humans. Further, breast milk is an important source of exposure to breast-fed infants and the PFOA
exposure for these infants is considerably higher than for adults. Gestational and lactational exposure is of
special concern as the foetus and newborn babies are highly vulnerable to exposure to toxic substances. In
addition, after excreting considerable amounts of PFOA when giving birth and breastfeeding, PFOA is reaccumulating in the mothers’ blood. The time trend studies show that PFOA levels are significantly associated
with the time working as a ski waxer (Freberg et al., 2010; Nilsson et al., 2010a; Nilsson et al., 2010b). The
toxicokinetic properties of PFOA and some recent studies, taking into account relevant confounding factors,
strongly indicate that PFOA levels increase with age (Brantsaeter et al., 2013; Haug et al., 2011; Haug et al.,
2010). Thus, there are strong indications that PFOA bioaccumulates in humans as defined in REACH Annex
XIII. This is also as expected based on the toxicokinetic properties of PFOA as illustrated by using the Ritter
population PK model.674
This contamination may even anticipate the children delivery. PFOA has been shown to be present in cord
blood in studies from Northern Canada, Germany and the U.S. The mean concentration in the study
performed in Northern Canada was around 3.4 ng/mL, whereas in the other studies the mean level ranged
from around 1.6 to 3.4 ng/mL. Midash et al. (2007) found that the levels in cord plasma were higher than in
maternal plasma by a factor 1.26, indicating that prenatal exposure could be higher than the maternal. This
finding is opposite to the result for PFOS. PFOA exposure may be expected to decrease by one to two orders
of magnitude, when moving from childhood through adolescence into adulthood.675
A breast-fed infant will be exposed to considerable amounts of PFASs during the breast-feeding period in the
first months of life. However, infants may also ingest considerable amounts of dust by crawling on the floor
and by putting toys and other objects in their mouth. Egeghy and Lorber (2011) estimated route specific
PFOA intakes for 2-year old children, finding that food and ingestion of dust represented 30 and 50% of the
total intake, respectively. In a study by Haug et al., 2011, the exposure to PFOA from multiple exposure
pathways on an individual basis for infants at six months of age was studied: based on the median values,
breast milk represented more than 83% of the exposure to PFOA. Thus, breast milk seems to be the
dominating source of PFOA exposure for exclusively or predominantly breast-fed infants, while the
importance of the indoor environment increases after weaning.676
One study analysed 293 cord blood samples from Baltimore, USA, with a median PFOA concentration of 1.6
ng/mL and found a statistical significant reduction in birthweight -104 g (95% CI: -213g, 5g) per ln unit or 2.7fold increase of PFOA after adjusting for gestational age (Apelberg et al., 2007a). Another study with 1400
sample pairs from a Danish National birth cohort with an average maternal PFOA concentration of 5.6 ng/mL
found a statistical significant inverse correlation with birth weight, when adjusting for relevant cofounders.
Infants born to mothers with PFOA levels in the highest quartile had an adjusted average birth weight of 105
grams lower than infants born to mothers in the lowest quartile (Fei et al., 2007). Fei et al. (2008) also
reported maternal plasma PFOA levels in early pregnancy to be inversely associated with birth length and
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abdominal circumference. An inverse association was also seen for placental weight and head circumference,
although not statistically significant.
A British study (Maisonet et al., 2012) which included 447 singleton girls showed reduced birth weight with
increased PFOA concentration (-133 g; 95% CI: -237, -30). Another recent study of 901 women from the
Norwegian MoBa study (Withworth et al., 2012) found slightly lower birth weight among infants born to
women with the highest vs lowest PFOA levels (-106 g; CI: -219.6, 7.2). However, Whitworth et al., in 2012
speculate that mothers of lower birth weight babies might experience less plasma volume expansion and
therefore reduced clearance of PFOA through glomerular filtration. Increased GFR has been shown to be
associated with increased birth weight (Morken et al., 2014). When Morken et al., 2014, adjusted for GFR,
the inverse correlation between PFOA and birth weight was partially reduced. The above mentioned studies,
among others, were included in a large meta-analysis. A US team tested a systematic literature review
methodology they called the “navigation guide” by reviewing evidence for the effects of perfluorooctanoic
acid (PFOA) on foetal growth, both in animals and humans. The meta-analysis looking at human effects
included nine human studies (out of eighteen) that met specific inclusion criteria. Through the analysis, the
study estimated that a 1ng/mL increase in serum or plasma PFOA was associated with a -18.9 g (95% CI: 29.8, -7.9) reduction in birth weight. The study group concluded on a weight of evidence approach that there
was “sufficient” human evidence that developmental exposure to PFOA reduces foetal growth (Johnson et
al., 2014). As mentioned above, alternative explanation for the association between maternal PFOA
concentration and reduced birth weight has been discussed in the literature. The pharmacokinetics of PFOA
during pregnancy may be different. Mothers of low birth weight babies might have less plasma volume
expansion and therefore reduced clearance of PFOA through glomerular filtration. When the study group
behind the meta-analysis investigated the possibility for such reverse causation, no evidence was found to
conclude such relationship although they cannot disprove this hypothesis (Lam et al., 2014).
The conclusion from the meta-analysis differs from the C8-science panel conclusion that found no probable
link between PFOA and low birth weight. The explanation for this is probably that the studies included in the
C8-science panel analysis primarily examined odds of low birth weight (<2500 grams) rather than a change
in birth weight on a continuous scale. In addition, the exposure estimation was less accurate in the studies
by the C8 science panel as they were based on residence, retrospective modelling of several parameters or
maternal postnatal exposure. In addition, the US-team behind the meta-analysis were able to include more
recent publications showing consistent results and an overall reduction in birth weight associated to PFOA
(Chen et al., 2012; Maisonet et al., 2012; Whitworth et al., 2012).
The data adds to the evidence that PFOA may be associated with reduced birth weight, although a previous
review did not find any correlation with birth outcomes (Olsen et al., 2009). Taken together, the results
suggest that PFOA exposure may reduce foetal growth both in animals and humans. Furthermore, effects on
mammary gland development are reported in animal studies. The estimated difference in mean birth weight
among children in the highest PFOA-exposed quartile compared with children in the lowest quartile was
around 100 grams. In comparison, the reduction in birth weight observed for children exposed in utero to
maternal smoking is between 100 to 200 grams (Li et al., 1993).
Human epidemiological findings together with animal studies indicate a PFOA-mediated effect on the
endocrine system (Yang et al., 2009; Martin et al., 2007; Lopez-Espinosa et al., 2011; Knox et al., 2011a;
Halldorsson et al., 2012; C8 Science panel; Melzer et al., 2010). There are several studies suggesting that
PFOA may alter steroid hormone production (Zhao et al., 2010, 2012; York, 2002; Butenhoff et al., 2004b;
Suh et al., 2011) or act indirectly, via ovarian effects, as a mean of endocrine disruption (Dixon et al., 2012).
As reported above, several recent studies show PFOA-mediated changes in mammary gland development in
mice even at low doses of PFOA. Supplementation of oestrogen or progesterone reversed the PFOAinhibitory effect on mammary gland in one study (Zhao et al., 2010). Dixon et al. (2012) showed low dose
effect on uterus weight and histopathological changes of uterus, cervix and vagina of immature CD-1 mice.
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In addition, low dose exposure during a sensitive window of development seems to induce elevated levels of
serum leptin and insulin, and overweight in mid-life, giving evidence for metabolic disturbances such as
diabetes later in life (Hines et al., 2009). PFOA may thus act as a so-called obesogene similar to other
endocrine disruptive compounds (EDCs) that can act directly on ligands for nuclear hormone receptors or
affect components in metabolic signalling pathways (Hines et al., 2009; Janesick and Blumberg, 2011). In
addition, a human prospective study cohort showed a correlation between low-dose PFOA exposure of 655
Danish pregnant women and obesogenic effects in their offspring at 20 years of age. Adjusted relative risks
comparing the highest with lowest quartile (median: 5.8 vs. 2.3 ng/mL) of maternal PFOA concentration were
3.1 [95% confidence interval (CI): 1.4, 6.9] for overweight or obese (BMI ≥ 25 kg/m2) and 3.0 (95% CI: 1.3,
6.8) for waist circumference > 88 cm among female offspring. Maternal PFOA concentrations were positively
associated with serum insulin and leptin levels and inversely associated with adiponectin levels in female
offspring (Halldorsson et al., 2012). Furthermore, on the basis of several epidemiological studies there seems
to be a link between exposure to PFOA and changes in different thyroid hormones leading to altered thyroid
function inducing thyroid disease such as hypothyroidism or hyperthyroidism (Lopez-Espinosa et al., 2012;
Knox et al., 2011b; Kim et al., 2011a; Meltzer et al., 2010).677 Pharmacokinetic modeling of these
concentrations has suggested that Australians are exposed to approximately 100 ± 37 and 54 ± 15 ng d-1 PFOS
and PFOA respectively, and in some case increasing in effluent relative to influent.678
Available epidemiological reports on elevated cholesterol levels and its association with PFOA shows that
there is evidence of a probable link between PFOA and hypercholesterolemia or elevated total cholesterol
and LDL cholesterol. The different studies are mostly cross-sectional supported by a few longitudinal studies.
The second quartile showed a statistical significant increase in hypercholesterolemia and clearly showed a
higher level of total cholesterol and LDL in serum compared to the lower quartile groups. Thus the internal
LOAEL was estimated to be: 13.2 ng/mL serum. In addition, several human studies have shown an inverse
association between PFOA and reduced birth weight. A reduction in adjusted birth weight of 105 grams
between the highest and the lowest quartile of PFOA was shown. The internal LOAEL was measured to be in
the range 5.21-6.96 ng/mL of PFOA in plasma.
Different pathways, such as exposure from food, drinking water, inhalation of air, ingestion of dust as well as
dermal exposure, have to be considered for the assessment of human exposure to PFOA. Further, the foetus
is exposed to PFOA through transport of PFOA across the placental barrier and breast-fed children are also
exposed through consumption of breast milk. In addition, it has also been demonstrated that e.g
fluorotelomer alcohols (FTOHs) and polyfluoroalkyl phosphates (PAPs) can be biodegraded to PFOA (Nabb et
al., 2007, Butt et al., 2014). Thus, exposure to PFOA can also occur through degradation of ‘PFOA-related
substances’ such as FTOHs and PAPs from the various pathways. Therefore the European Commission
recommended including these ‘precursors’ in the overall assessment (Commission regulation 2010/161/EU)
on the monitoring of perfluoroalkylated substances in food.679
Humans are very slow eliminators of PFOA, when compared with other species. The elimination half-life of
PFOA was studied for the first time in 26 retired fluorochemical production workers who had high initial
serum concentrations (Olsen et al 2007). Depuration followed a first-order kinetic, and geometric means of
half-lives were 3.5 years. The half-life range for PFOA found in highly exposed workers was later confirmed
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in studies of general populations from Germany and the US exposed to PFOA through contaminated drinking
water. The median half-life was found to be 2.3 years (Bartell al. 2010).680

681

680

ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
681
ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
235

Animal studies show that PFOA increases the incidence of complete litter loss, postnatal mortality, decreases
foetal body weight, delays ossification, changes mammary gland development and delays maturation in
several developmental studies in mice (and some in rat) depending on dose, time and length of exposure
(Lau et al., 2006; Abbott et al., 2007; Macon et al., 2011; White et al., 2007, 2009, 2011; Wolf et al., 2007;
Yang et al., 2009; Zhao et al., 2012; Dixon et al., 2012, Suh et al., 2011). CD-1 mouse study by Lau and
coworkers (Lau et al., 2006) with PFOA (0, 1, 3, 5, 10, 20 and 40 mg/kg bw/day with ≥17 mice/group) given
by daily oral gavage during gestation (GD 1-17) resulted in a statistically significant increase in full litter
resorption (5 mg/kg bw/day), a significant decrease in foetal body weight (starting from 3 mg/kg bw/day),
marked delay in ossification (starting from 1 mg/kg bw/day), increase in neonatal mortality, delay in eye
opening (5 mg/kg bw/day) and, in addition, an earlier onset of sexual maturation of males (1 mg/kg bw/day).
The LOAEL of maternal toxicity was 1 mg/kg bw/day based on increased liver weight. In this study the BMDL5
(Benchmark dose level) was estimated to be 0.86 mg/kg bw/day for reduced pup weight at weaning at post
natal day 23 (PND 23), and the corresponding maternal serum level was measured to be 15,700 ng/mL at GD
17 (Borg and Håkansson, 2012). A study by Suh and co-workers (Suh et al., 2011) supports a possible mode
of action for PFOA and reduced pup weight. They demonstrated that PFOA has indirect inhibitory effect in
mice on the expression of the placental prolactin-family hormone genes and hence an impact on placental
development and endocrine function. This reduced placental efficiency partly contributed to the foetal
growth retardation in the mouse indicating a mode of action for reduced pup weight.
Abbott et al. (2007) studied the influence of PPARα on PFOA-induced developmental toxicity using WT and
PPARα (KO) mice (129S1/SvlmJ). Timed-pregnant mice were dosed by daily gavage from gestation days 1-17
with water (control) or 0.1, 0.3, 0.6, 1, 3, 5, 10 or 20 mg PFOA /kg bw/day. Endpoints evaluated included
maternal weight, embryonic implantation number, pup weight, neonatal survival, and eye opening. PFOA did
not affect maternal weight, embryonic implantation, number, or weight of pups at birth. There was a trend
across dose for reduced pup weight in both WT and KO mice on several postnatal days, but only WT mice
exposed to 1 mg/kg were significantly different from control (PND7-10 and 22). The incidence of full litter
resorptions increased at doses of 5 mg/kg bw/day and above in both WT and KO mice.
Neonatal survival was reduced in the WT mice starting at the 0.6 mg/kg dose, giving a NOAEL of 0.3 mg/kg
bw/day for this endpoint. At PND 22, maternal mice with pups weaning had serum levels at 2840 +/- 387
ng/mL and those with no pups weaning had serum concentration at 10,400 +/-781ng/mL. Eye opening was
delayed in WT starting at the 1 mg/kg dose. PFOA significantly increased relative liver weight in both WT and
KO adult females and weaned pups. The lowest dose at which relative liver weight was significantly increased
was 0.1 mg/kg bw/day in WT pups or 1 mg/kg bw/day in WT adult females and 3 mg/kg bw/day in the KO
adults and pups. There was a trend of increased relative liver weights also in KO pups from 0.1 mg/kg bw/day,
but the variation seemed to be greater in this group than in WT and adult animals. An additional group of
heterozygous litters were produced in WT and KO dams and exposed to PFOA during gestation to study the
effects of maternal toxicity on pup survival. Survival was significantly reduced for the heterozygote pups born
to both WT and KO dams indicating that pup mortality is caused by a PPARα dependent effect in the exposed
foetus. This study indicates that several of the developmental effects in mice are influenced by PPARα (postnatal lethality, delayed eye opening and deficits in postnatal weight gain) although other mechanisms may
contribute. In contrast, early pregnancy loss appeared to be independent of PPARα expression. Abbot et al
examined the expression of PPARα mRNA and protein during human foetal development (Abbot et al., 2009)
and found that the receptor is expressed in human foetal tissue. PPARα-mediated developmental effects may
therefore be relevant for humans as well. In conclusion, the NOAEL for neonatal survival in WT mice was 0.3
mg/kg bw/day.
A meta-analysis of twenty-one animal studies, meeting specific inclusion criteria, concluded that increasing
concentrations of PFOA were associated with a decrease in mean pup birth weight (Koustas et al., 2014). The
meta-analysis was limited to data from mice studies due to the slower elimination rate of PFOA in mice
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(similar to humans) compared to rats. In two studies by White et al. (White et al., 2007, 2009), the effects of
PFOA on the development of mammary gland following gestational exposure was reported. In the former
study (2007), timed-pregnant CD-1 mice were orally dosed with 5 mg PFOA /kg bw/day on gestation days
(GD) 1–17, 8–17, 12–17, or vehicle on GD 1–17. PFOA exposure had no effect on maternal weight gain or
number of live pups born. Mean pup body weights on PND 1 in all PFOA -exposed groups were significantly
reduced. This persisted until weaning. Mammary glands from lactating dams and female pups on PND 10 and
20 were scored based on differentiation or developmental stages. A significant reduction in mammary gland
differentiation among dams exposed during GD 1-17 or 8-17 was evident on PND 10. On PND 20, delays in
normal epithelial involution and alterations in milk protein gene expression were observed. All exposed
female pups displayed stunted mammary epithelial branching and growth at PND 10 and 20. While control
litters at PND 10 and 20 had average mammary gland developmental scores of 3.1 and 3.3, respectively, all
treated litters had scores of 1.7 or less (using a criteria scale from 1 to 4, adjusting for stage of development
and age), with no progression of duct epithelial growth evident over time. Body weight was an insignificant
covariate for these effects. In the 2009 study, timed pregnant CD-1 dams received PFOA by oral gavage over
various gestational durations. Cross-fostering studies identified the 5 mg/kg bw/day dose, under either
lactational- or intrauterine-only exposures, to delay mammary gland development as early as PND 1,
persisting beyond PND 63. Intrauterine exposure during the final days of pregnancy caused adverse
mammary gland developmental effects similar to that of extended gestational exposures.
Macon et al. (2011) showed that PFOA, when exposed in a critical window of susceptibility for mammary
gland development (GD 10-17), already at a dose of 0.01 mg/kg bw/day, induces changes in offspring
mammary gland development in CD-1 mice. Upon visual observation, all quantitative and qualitative
measurements were collectively utilized to determine overall developmental mammary gland scores. In this
study, developmental delays in mammary gland were most prominent at PND 21, although changes in
longitudinal epithelial growth were significantly changed from PND 1 to 14 when exposed to 0.1 mg/kg
bw/day and above. The number of terminal end buds (TEB) was significantly reduced in a dose dependent
manner at PND 21 after a late gestational exposure (GD 10-17) of 0.1 mg PFOA/kg bw/day. The serum
concentration in pups after a late gestation exposure with 0.01 mg PFOA/kg bw/day was measured to be
284.5 ng/mL at PND1. Increase in liver weight in both female and male offspring occurred at higher doses
(0.3 mg/kg bw/day) after full gestational exposure (GD 1-17). Thus, the LOAEL of 0.01 mg /kg bw/day for
mammary gland development was identified at an internal concentration of 284.5 ng/mL at PND 1.
These studies suggest that there is a window of mammary gland sensitivity in late foetal and early neonatal
life and that the effects might be persistent. A study by White et al. (2009) reported that PFOA exposure of
P-dams (0, 1 and 5 mg/kg bw/day) during gestation days 1-17 induced delays in mammary gland development
and/or lactational differentiation across three generations in CD-1 mice. The same delays were demonstrated
in a second group of P-dams exposed to 1 mg/kg bw/day during gestation with a continuous exposure of F1
and F2 generation through drinking water (5 ppb). This chronic low-dose PFOA exposure in drinking water
was also sufficient to alter mammary morphological development in mice at concentrations similar to those
found in the contaminated human water supplies in France, Germany and the US. Delays in mammary gland
development did not result in functional deficit when F2 offspring growth and survival was used as proxy
measures for nutritional support. Other developmental endpoints were not studied. This study identified a
LOAEL of 1.0 mg/kg bw/day for delayed mammary gland development in F1 in addition to altered lactational
morphology in P-dams. In addition, chronic low dose exposure of PFOA (5 ppb in drinking water across two
generations) reduced mammary gland development in F1 as well as F2. In a study by Yang et al. (2009), the
effects of peripubertal exposure (21 through 50 days of age) to PFOA (1–10 mg/kg bw/day) on mammary
gland development was examined in two different strains of mice; Balb/c and C57BL/6, 5 mice per group.
PFOA treatment caused hepatocellular hypertrophy (at 1 mg/kg bw/day) and delayed vaginal opening (at 5
mg/kg bw/day) in both mouse strains. While Balb/c mice exhibited inhibition of mammary gland and uterine
development at the two highest doses (5, 10 mg/kg bw/day), C57BL/6 mice exhibited stimulatory effects in
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both organs at 5 mg/kg bw/day and inhibition at the highest dose. Another study from the same group (Zhao
et al., 2010) elaborates on the mechanisms underlying the effect of PFOA on mammary gland development
in C57Bl/6 mice and the possible dependence of this effect of PPARα-activity. The authors report that
mammary gland stimulation in C57BL/6 mice by PFOA was observed in both PPARα KO and WT mice. PFOA
treatment significantly increased serum progesterone levels in ovary-intact mice and lead to elevated
mammary gland levels of several growth factor receptors, growth hormones and proliferation markers in
both wild-type and PPARα knockout mice. The results indicate that PFOA stimulates mammary gland
development in C57Bl/6 mice by promoting steroid hormone production in ovaries and increasing the levels
of a number of growth factors in mammary glands. Palkar and coworkers (Palkar et al., 2010) showed that
PPARα agonists gave increased liver weight of dams but did not induce developmental effects or pup survival
as PFOA does.682
Taken together, studies have shown that PFOA decreases pup body weight and impairs offspring
development in mice. PFOA-mediated changes in mammary gland development in various mouse-strains
such as CD-1 (Macon et al., 2011) and C57Bl/6 wild-type or Balb/c (Zhao et al., 2010; Yang et al, 2009) are
reported. PFOA has been shown to delay or stimulate mammary gland development depending on mouse
strain and/or the concentration used for exposure. The changes seem to be dependent on steroid production
in ovaries and independent of PPARα. PFOA has also been reported to alter sexual maturation and pubertal
timing in female and male offspring of rats and in multiple strains of mice (York, 2002; Butenhoff et al., 2004b,
Yang et al., 2009), indicating a disruption of the normal steroid hormone regulation.683
Vestergren and Cousins (2009) reviewed a wide range of studies of PFOA in human blood sera from all over
the world. The data show that the background-exposed population in the industrialized countries worldwide
exhibits a narrow concentration range; arithmetic means of published studies range between 2 and 8 μg/L
PFOA, with the exception of a few outlier studies. Significantly higher concentrations were found in
ammonium perfluorooctanoate (APFO) production workers and elevated serum concentrations of PFOA
(mean 27.4-423 μg/L) in non-occupationally exposed populations have been reported from areas where use
of contaminated soil conditioner and a fluoropolymer production site, respectively, were identified as
sources of contamination. The authors conclude that food intake is the major contemporary exposure
pathway for the background population, whereas drinking water exposure is dominant for populations near
sources of contaminated drinking water.684
In general, as mentioned, there are two important sources of exposure of perfluorinated substances to
humans namely via food and drink intake and through exposure to house dust. The median human intake of
PFOA in several regions studied worldwide is estimated to 2.9 ng/kg bw/day. Cereals and fish are major
sources of the PFOA intake. The largest intake of PFOA may occur from contaminated food, including drinking
water. The median intake of PFOS was found to be 1.4 ng/kg bw/day. Fish and shellfish are a major source
to the PFOS intake. In general, the level of PFOS in fish is found to be higher than the level of PFOA. As for
PFOA, the largest intake of PFOS seems to occur from contaminated food, including drinking water. Further,
PFOA and PFOS have been detected in indoor house dust at concentrations up to 694 ng/g and 147.7 mg/g,
respectively. Humans are also exposed via consumer products. PFOA was found in coated fabrics and PFOS
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was found in leather and carpet products at concentrations higher than the EU regulatory level for PFOS.
PFOS is included in REACH Annex XVII, covering restricted use of substances.685
The acute and chronic toxicity of APFO and PFOA to environmental species is considered to be low. There is
evidence based on the inclusion of PFOA and APFO in Annex VI of Regulation (EC) No 1272/2008 that the
substances meet the criteria for classification as toxic for reproduction category 1B and the criteria for
classification as specific target organ toxic after repeated dose cat.1 (STOT RE 1). With this classification PFOA
and APFO fulfils the T criterion according to REACH Annex XIII, sections 1.1.3 (b) and (c).686
PFOA is listed on the REACH Candidate List as a substance of very high concern due to its PBT-properties (and
its toxicity for reproduction). Furthermore, PFOA-related substances can degrade to PFOA and must
therefore be considered as PBT substances as well (Regulation No 1907/2006 Annex XIII) (in the same manner
as PFOS-related substances have previously been treated under REACH (Regulation No 1907/2006 Annex
XVII) and currently in the EU POPs regulation (Commission regulation (EU) No 757/2010)). Derivation of
PNECs is not applicable to substances with these properties (REACH Article 60 (3) b)). Exposure of the
environment (and humans) with these substances should be reduced to the possible extent, and according
to Art 55 substitution is the ultimate objective. It was demonstrated above that the environment is exposed
to PFOA and PFOA-related substances via various emissions sources (wide dispersive and wide spread uses).
Due to the PBT-properties environmental exposure and risks cannot be quantified. Information about the
use of PFOA and PFOA-related substances, available emission estimates and environmental monitoring data
are a proxy for unacceptable risk.687
As described in the Support Document for the identification of PFOA/APFO as Substances of Very High
Concern (ECHA, 2013), several human studies have reported detectable concentrations of PFOA and other
PFASs in umbilical cord blood: the concentrations of PFOA in cord blood were highly correlated with the
corresponding concentrations in maternal serum at the time of delivery. In addition, the transfer efficiency
of PFASs from maternal to cord serum increases with shorter carbon-chain length (Kim et al., 2011b), and
branched isomers pass more easily than their linear counterparts. Hence, PFOA passes the placenta more
readily compared to other long chained PFASs (Kim et al., 2011b; Gutzkow et al., 2012). In humans, an inverse
correlation between PFOA and birth weight and ponderal index has been reported in two mother-child
cohort studies; one with 293 cord samples from Baltimore, USA, with a median PFOA concentration of 1.6
ng/mL (Apelberg et al., 2007b) and the other with 214 sample pairs from a Danish National birth cohort with
an average maternal PFOA concentration of 5.6 ng/mL (Fei et al., 2007). A recent cross-sectional study in
China involving 108 mothers from Guiyu (an electronic waste recycling area) and 59 mothers from Chaonan
(control area), with median PFOA concentrations of 16.95 ng/ml and 8.7 ng/ml respectively, showed an
association between high maternal PFOA levels (mostly from electronic-waste recycling) and neonatal health
outcomes such as reduced gestational age, birth weight and apgar score (Wu et al., 2012). However, other
cohorts did not find any correlation with birth outcomes, as reviewed in Olsen and co-workers (Olsen et al.,
2009). Several studies reported effects of PFOA on the human reproductive system, most probably induced
by hormonal changes, indicating an endocrine disrupter effect. A cross-sectional analysis was performed to
investigate whether perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) were associated
with indicators of sexual maturation in a 2005-2006 survey of residents with PFOA water contamination from
the Mid-Ohio Valley. Median PFOA and PFOS serum concentrations in the Mid-Ohio Valley population were
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28.2 and 20.2 ng/mL respectively. These levels were high compared to the general American population
which were 4.2 and 17.5 ng/mL for PFOA and PFOS respectively in serum samples collected during the same
period of time (2005-2006). Participants from the mid-Ohio Valley were 3076 boys and 2931 girls aged 8-18
years. They were classified as having reached puberty based on either hormone levels (total >50 ng/dL and
free >5 pg/mL testosterone in boys and oestradiol >20 pg/mL in girls) or onset of menarche. For boys, there
was a relationship of reduced odds of reached puberty (raised testosterone) with increasing PFOS
concentration (delay of 190 days between the highest and lowest quartile). For girls, higher concentrations
of PFOA (>58 ng/mL) or PFOS (>27 ng/mL) were associated with a 130 or 138 days of delay, respectively. The
results suggest a delayed onset of puberty by 3 to 6 months for both boys and girls (Lopez-Espinosa et al.,
2011).
A retrospective study assessed puberty and PFASs in the UK ALSPAC birth cohort. They compared 218 girls
with early puberty (reported as <11.5 years) with a similar number with later puberty, in relation to PFAS
concentrations (predominantly PFOS (19.8 ng/mL) and PFOA (3.7 ng/mL) median concentration) in serum
samples taken from the girls' mothers during pregnancy (1991-1992). In this study the PFAS exposure did not
appear to be associated with altered age at menarche, maybe due to the low serum concentrations of PFOA
measured in these mothers (Christensen et al., 2011). As described above, Lopez-Espinosa et al. (2011)
reported an association between PFOA and a delayed puberty onset. Furthermore, Knox et al. (2011a) reports
an association between PFOA and an earlier onset of menopause. These effects are most probably induced
by hormonal changes indicating that PFOA has an endocrine disrupter effect. Further, three studies of the
population of the mid-Ohio valley, one of diagnosed thyroid disease based on interviews in 2009-2001, and
two of thyroid hormones among adults and children, were evaluated by the C8-science panel. These three
studies provided inconsistent suggestions for an association between PFOA and thyroid function or disease,
however they concluded based on these studies together with animal studies that there is a probable link
between PFOA and thyroid disease.
The strongest evidence as evaluated by the C8 Science Panel was the study where medically validated thyroid
disease (hyperthyroidism in woman and hypothyroidism in men) was associated with cumulative PFOA
exposure (2005-2006) in a prospective analysis (2005-2010). The NHANES population (a non-occupational
population with low exposure levels) (n=3,966) showed an odds ratio (OR) of 2.2 (95% CI: 1.4, 3.7) for thyroid
disease in association with the highest versus first and second quartiles of serum PFOA in females (PFOA
mean=3.77 ng/mL) (Melzer et al., 2010), which supports the suggestion of an association between PFOA and
thyroid disease. However, there is a concern with this study that the age of diagnosis was not given and that
the PFOA concentration may not reflect the true value prior to diagnosis. There have been several small
studies on thyroid hormone levels in workers with occupational exposure to PFOA. They all involve small
populations with much higher serum PFOA levels than the average in the community. In the first study (Olsen
et al., 1998) TSH was assessed in two populations of 111 and 80 workers and found no clear evidence of an
association between levels of TSH and PFOA. In a 2000-study including 518 workers from two chemical plants,
PFOA was positively associated with increases in T3. Other measured thyroid hormones, such as TSH, TT4 or
FT4 and found no association with PFOA (Olsen et al., 2003).
A new cross-sectional analysis of data, including a male subsample of the 2000-survey and male workers
from another plant (n=506), showed a negative association between PFOA and FT4 and positive with T3, but
not with TSH or TT4 (Olsen et al., 2003). In the 2000-study, Olsen and co-workers reported that results were
not of clinical relevance since most hormone measurements were within reference ranges (Olsen and Zobel,
2007). A recent occupational study (Olsen et al., 2012) was longitudinal and showed no association between
PFOA and lipids, but was limited in time of follow-up (mean 5.5 years) and sample size (n=179).
Taken together, the C8 Science Panel suggests a probable link between PFOA and thyroid disease. Thyroid
function regulates a wide array of metabolic parameters, such as lipoprotein metabolism and thus thyroid
dysfunction can have an important effect on lipid profile and may influence the overall risk for CVD (cardio
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vascular disease). The C8 Science Panel also suggested a probable link between exposures to PFOA and
diagnosed hypercholesterolemia. These observations may be related as cholesterol levels may increase when
TSH levels are high or T4 levels are low, a typical situation in patients with hypothyroidism.688
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A number of substances may serve as precursors for PFOA in the environment and for human exposure to
PFOA by transformation, degradation or metabolism. Examples of those precursors are long-chain
fluorotelomer alcohols (e.g. 8:2 FTOH), perfluorinated phosphonic acids and fluorotelomer-based side-chain
fluorinated polymers. These precursors may be present in a wide range of consumer products, such as
impregnated clothing and carpets. An assessment of sources of PFOA to the Baltic Sea estimated with high
uncertainty that 30% of the releases were due to transformation of fluorotelomers. If this estimate is correct,
the precursors may contribute significantly to the intake of PFOA with food.690
The median human intake of PFOA has been estimated, based on a duplicate diet study, to 2.9 ng/kg bw/day
(Fromme et al. 2007). However, the estimated intake of PFOA in the Norwegian population was found to be
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lower than what has been reported from Spain, Germany, UK, Canada and Japan. According to Norwegian
data, cereals give a major contribution to the intake of PFOA. In Norway PFOA in bread was estimated to be
a major source of the total intake of PFCs (Haug et al., 2010b). Fish are assumed to be a major source of
fluorinated substances. In a Norwegian study, fish and shellfish were estimated to give the largest
contribution of PFOA for human intake (38%). According to the author (Haug et al., 2009) this could be
explained by the Nordic fish being caught in open sea rather than coastal areas and due to different fish
species (NCM, 2013). The largest intake of PFOA may occur from contaminated food, including drinking
water; this is followed by ingestion of dust and inhalation of air. Drinking water may be a significant source
of PFOA exposure to humans. This is in accordance with another German study reporting high levels of PFOA
(519 ng/L) in public water supplies produced from river water with bank filtration or artificial recharge. In a
recent study, tap water from six European cities was analysed for PFCAs: the highest level of PFCA was found
for PFOA (8.6 ng/l) in water samples from Amsterdam (NCM, 2013).691
PFOA has a low to moderate potential to adsorb on soil and sludge; sorption onto sludge is stronger than
onto soil. Therefore, a high mobility of PFOA in soils can be assumed and soil can be a long-term source of
PFOA to underlying groundwater. Little information is available on distribution coefficients of PFOA-related
substances. However, for 8:2 FTOH which can be regarded as one of the most relevant PFOA-related
substances, adsorption to soil and sludge might play an important role.692
The protonated form of PFOA has sufficient volatility to leave surface and atmospheric water and/or soil, and
generate a slow release of PFOA into the atmosphere. The environmental relevance of this release is
unknown. While perfluorooctanoate (PFO), the conjugate base, is not volatile, pure PFOA (protonated) is
moderately volatile; when dissolved in water, the strong acid PFOA dissociates. The degree of dissociation
depends on the pH. Consequently, partitioning between environmental media depends on environmental
conditions. Although data on vapour pressures and air-water partitioning coefficients are variable it is wellrecognised that FTOHs, including 8:2 FTOH, remain predominantly in the gas phase (Stock et al., 2010).693
For humans, as we have just seen, the C8 science panel found a probable link between PFOA and
hypercholesterolemia: elevated risk of cholesterol levels that needs medical treatment was associated with
increased PFOA levels in serum. In addition, they found a probable link between PFOA and ulcerative colitis.
Both cross sectional and longitudinal studies support a PFOA-associated increase in total cholesterol and LDL
in humans. The epidemiological studies of the general populations report larger shifts in cholesterol per unit
change in PFOA compared to the occupational studies. On this basis, there is a trend that low exposed
populations show a greater trend in cholesterol increase per unit change in PFOA than high exposed workers.
This would indicate a low dose effect. The difference in findings in the working and general population may
also be due to different age and sex distributions of the groups studied or the different sizes of the study
populations. Although the available studies did not show that the cholesterol increasing effect of PFOA was
within a range directly associated to a critical adverse health effects, it was at levels that require medical
treatment. However, a possible low chronic increase in cholesterol may increase the risk of atherosclerosis
and eventually the risk of heart disease, pregnancy induced hypertension or preeclampsia due to the fact
that the exposure is of a chronic nature combined with the long half-life of PFOA in humans.
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The inconsistency in the PFOA-mediated effect on total cholesterol and lipoprotein metabolism between
humans and rodents may reflect the much lower PPARα expression in humans. Furthermore, PPARα seems
to regulate different genes depending on species (Fletcher et al., 2013). In addition, some animal studies
were performed in liver and not from extrahepatic sites such as lymphocytes or macrophages as was done
in the human studies; the contradictory results between the animal and human studies may be due to tissue
or species differences. Thus, the PPARα-mediated effect on cholesterol seen in rodents may not be relevant
to humans.694

694

ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
243

Fluorotelomer alcohols
Fluorotelomers is a term often used in literature, sometimes referring to substances produced with the
telomerisation process; fluorotelomers might be PFOA-related substances, if they contain the respective
chain length. It was reported that 80% of current fluorotelomers alcohols are used in polymers and 20% in
non-polymeric applications (Telomer Research Program Update, 2002), as stated by Ellis et al., 2003.
Fluorotelomers alcohols or FTOHs are used as intermediates in the production of other fluorotelomers and
side-chain-fluorinated polymers. Fluorotelomer alcohols are volatile: their main sources are the manufacture
and use of fluorotelomer-based products. PFOA and other PFCAs may be found at very low trace levels in
some fluorotelomer products as a by-product of their synthesis and as a result of residuals/precursors
breaking down to PFCAs.695 Airborne fluorotelomer alcohols (FTOHs) are precursors of the perfluorinated
carboxylates (PFCAs), while perfluorinated sulfamidoethanols are precursors to PFOS. Evidence has been
presented that supports the theory that FTOHs are the source of PFCAs to remote regions such as the Arctic.
FTOHs were recently shown to yield PFCAs under indirect photolysis conditions.696
Fluorinated telomer alcohols (FTOH) and other substances are converted on a large scale into different
surface-active chemicals. Synthetic fibre coatings are manufactured from these compounds for the finishing
of textiles, paper and building materials, making them water- fat- and dirt-repellent. In the case of textiles
this primarily concerns outdoor and sports clothing, health-protection textiles, seat covers and carpets. These
substances can also be found in polishes, wax, all-purpose cleaners, window cleaners, impregnation sprays
and food packaging.697
FTOHs or fluorotelomer iodice is used to make acrylate monomer, a fundamental building block for the
polymeric products representing >80% of the fluorotelomer-based products manufactured. The worldwide
production of fluorotelomers is estimated at 11,000-14,000 t/y. The largest amount is used as intermediates
in the production of side-chain-fluorinated polymers, but exactly how much is not reported. The polymers
are used as surfactants for a wide range of applications and the major uses are all-weather clothing and other
impregnated textiles, carpets and various coatings on other materials.698
US-EPA (2009) reports that the world-wide production of fluorotelomers in 2006 was mainly used in:
 Textiles and apparel (50%), largest share;
 Carpets and carpet-care products (second largest share in consumer uses);
 Coatings, including those for paper products: third largest category of consumer product
uses.699
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FTOH production and history
The fluorotelomer acrylate monomer is a fundamental building block for the side-chain fluorinated polymers:
fluorotelomer-based acrylate polymeric products are prepared by aqueous emulsion polymerisation of
fluorotelomer acrylate monomer with other monomers. The polyfluorinated substances are covalently
bound to the non-fluorinated backbone. However, up to 2% of the monomers remain unbound (Russell et
al., 2008). The product is an aqueous dispersion comprised of acrylate polymer particles 100-300 nm in size,
dispersed with hydrocarbon surfactants in water. The acrylate polymer particles have a high molecular
weight (>10 000 amu), are water insoluble, and hydrophobic (Russell et al., 2008).701
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Fluorotelomer-based products have been manufactured since the early 1970s and are used in many of the
same industrial and consumer product applications as POSF-derived products; it has been calculated that,
from 1985 to 2000, the global production of fluorotelomers increased from 2,000 to 11,000 t/y. According to
U.S. EPA (2009), world-wide production of fluorotelomers in 2006 was estimated at about 9,000 t/y and the
USA accounted for more than 50 percent of this fluorotelomer production. This estimate was low compared
with another estimate made by the German Umweltbundesamt (2009), stating that the annual worldwide
production of the basic fluorinated telomere alcohols (FTOH) was estimated at 11,000 to 14,000 tonnes.702
The current global annual production volume of fluorotelomer-based products is estimated to be in the order
of magnitude of 45.000 t; this recent estimate includes fluorotelomers with different chain lengths (Wang et
al., 2014). It is uncertain what the fraction of C8-homologues in the overall production is. A conservative
estimation is that approximately 30% of the fluorotelomers manufactured are PFOA-related substances,
accounting for 13.500 t/a. According to Prevodourus (2006), global fluorotelomer iodide production between
2000 and 2002 was between 5.000 and 6.000 t per year. Telomer A was manufactured at one site in the
United States, one site in Germany, and two sites in Japan. It is likely that other smaller manufacturing and
processing facilities exist as well (Prevedouros et al., 2006). It is not known which manufacturers are doing
this production nowadays globally. The amount of manufactured C8-based substances is unknown. Van Zelm
et al. estimated the worldwide production of fluorotelomer acrylates with fluorinated side-chains of eight
carbon atoms to 1.650 to 2.145 t per year in the time period from 1995 to 2004 (van Zelm et al., 2008). The
OECD survey on the production, use and release of PFASs from 2009 indicated several PFOA-related
compounds that are manufactured such as the 8:2 polyfluoro alcohol, 8:2 polyfluoro iodide, 8:2 polyfluoro
methacrylate, 8:2 polyfluoro acrylate, and 8:2 polyfluoro olefin. However, the response rate of industry was
rather low and it was not possible to derive a robust estimate of total global volumes from the data gained
in the survey (OECD, 2011).703
According to the Danish Product Register, the production of apparel is estimated to consume around 50% of
the global production of fluorotelomer-based substances. It is further indicated that in 2009 approximately
10,000 tons of fluorinated finishing agent were imported to China for the production of apparel and other
textile products. The fluorinated agents are typically used for clothing for outdoor uses to make the clothing
water and soil repellent. It was reported that about 400 kg fluorinated substances were being used for
impregnation of textiles in Denmark (excluding carpets) in the 2008 survey; the average content of
fluorinated substances in the agents was about 17%. Limited data are available on the manufacture of
fluorotelomers and side-chain-fluorinated polymers in China, but the production volume was in 2009
apparently still relatively low. In 2009, the China Dyeing and Printing Association reported that approximately
10,200-10,600 tons of fluorinated finishing agents were used each year in China (Lim et al., 2011). Of this
9,800-10,200 tons were imported and 300 tons were domestically made.704
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FTOH environmental assessment
Perfluoroalkyl compounds are considered to be environmentally persistent chemicals: they are resistant to
biodegradation, direct photolysis, atmospheric photo-oxidation and hydrolysis (ATSDR, 2009).705 Concerning
FTOHs and perfluorooctylsulfonamides, it has been observed that concentrations are highest in air around
populated regions and seem to decrease at semi-rural sites and over-water in the Great Lakes.706
Actually, certain PFOA-related substances, such as 8:2 FTOH, are volatile substances. They are released to air
and wastewater during manufacture of the substances themselves, from side-chain fluorinated polymers and
during use and disposal of consumer articles treated with PFOA-related substances. When emitted to the
atmosphere, they can be degraded to PFOA, and deposited on soil or surface waters; they are also washed
out from the atmosphere via precipitation. In soil it has been shown that PFOA-related substances can be
biotically degraded to PFOA.707 According to the Fluoro Council, 6:2 FTOH readily degrades to form shorterchain compounds in soil and sediment. Therefore, 6:2 FTOH is unlikely to be persistent in the environment.
6:2 FTOH has been shown to form persistent degradation products in low yields.708
Volatile precursors, such as FTOHs, can undergo long-range atmospheric transport and can be degraded via
abiotic and biotic mechanisms. The detection of FTOHs in the Arctic and Antarctic air agreed with the model
prediction and conclusion, and supported the hypothesis of atmospheric transport toward remote regions.
Dreyer et al. (2009) found that total gas-phase concentrations of ship-based samples ranged from 4.5 pg/m3
in the Southern Ocean to 335 pg/m3 in European source regions. Concentrations of 8:2 FTOH, the analyte
that was usually observed in highest concentrations, were between 1.8 and 130 pg/m3. PFC concentrations
decreased from continental regions toward marine regions and from Central Europe toward the Arctic and
Antarctica. According to the authors, the study gives further evidence that volatile PFCs undergo long-range
atmospheric transport to remote regions and may contribute to their contamination with persistent PFCAs
and PFSAs. The significance of precursors to the levels of PFASs found in the Arctic is not well understood for
all substances.709

Mapping

Arctic and North Atlantic
Most modelling results address transport of PFOA; these conclude that the degradation
of FTOHs is likely to be a minor source of PFSAs in the Arctic. Ionic PFCAs and
perfluoroalkyl sulfonates (PFSAs), which have higher water solubility, are mainly
distributed in surface waters. Global transport by marine ocean currents was indicated
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as the major pathway of PFASs’ delivery to non-emission regions by both monitoring
and modelling results (Zhao et al., 2012).710
Zhao et al. (2012) detected elevated levels of ΣPFASs in the North Atlantic Ocean with
the concen-trations ranging from 130 to 650 pg/L. In the Greenland Sea, the ΣPFAS
concentrations ranged from 45 to 280 pg/L, and the five most frequently detected
compounds were perfluorooctanoic acid (PFOA), perfluorohexanesulfonate (PFHxS),
perfluorohexanoic acid (PFHxA), perfluorooctane sulfonate (PFOS) and
perfluorobutane sulfonate (PFBS). The presence of PFASs in the Arctic environment has
been extensively studied, among others as part of the Arctic Monitoring and
Assessment Programme (AMAP). The available data have been reviewed by Butt et al.
(2010) as part of the AMAP POPs assessment (2009) and by Houde et al. (2011).

Environmental risk related to fluorotelomer-based short-chain
chemistry
The aerobic biodegradation of 6:2 FTOH was performed in a flow through soil incubation system (Liu et al.,
2010a). After 1.3 days 50% of 14C labelled 6:2 FTOH disappeared from soil, because of microbial degradation
and volatilisation. 16% [14C] 5:2 sFTOH, 14% [14C] 6:2 FTOH and 6% [14C] CO2 were measured in the airflow
after 84 days. In soil the following stable transformation products were detected after 84 days: 5:3 acid (12%),
PFHxA (4.5%), and PFPeA (4.2%). In soil-bound residues the major transformation product was 5:3 acid, which
may not be available for further biodegradation in soil. In a further study, the authors investigated the aerobic
biodegradation of 6:2 FTOH in soil (closed system) (Liu et al., 2010b). After 180 days the following substances
were accounted: 30 % PFPeA, 8% PFHxA, 2% PFBA, 15% 5:3 acid, 1 % 4:3 acid, 3 % 6:2 FTOH, and 7% 5:2
sFTOH. 5:2 sFTOH, 5-3 acid and the intermediate 5:2 FT ketone were incubated with soil to elucidate the
biodegradation pathway. 5:2 FT ketone yielded 5:2 sFTOH (78%), PFHxA (4%) and PFHeA (18%) after 90 days.
Incubation with 5:2 sFTOH for 60 days yielded PFHxA (12%), PFPeA (85%) and small amounts of 5:2 FT ketone
(<0.5%). Incubating with 5:3 acid 4:3 acid (2.3±0.4%) was the only metabolite after 60 days. The concentration
of the initial 5:3 acid concentration decreased to 63%, this is likely due to the strong adsorption to soil (5:3
acid is becoming non-extractable).
Zhao et al. investigated the aerobic biotransformation of 6:2 FTOH in activated sludge of two domestic WWTP
(Zhao et al., 2013b). Primary biotransformation was rapid: more than 97% converted within 3 days to at least
nine transformation products. The most abundant transformation product was the volatile 5:2s FTOH. After
two months 40 mol% of initially dosed 6:2 FTOH (30 mol% in the headspace) was detected. Further major
biotransformation products were 5:3 acid (14 mol%), PFHxA (11 mol%), and PFPeA (4.4 mol%). PFBA and
PFHpA were not observed within two months. Another study investigated the biotransformation of 5:3 acid
in activated sludge (Wang et al., 2012). After 90 days the 5:3 acid biotransformation yielded 4:3acid (14.2
mol%), PFPeA (5.9 mol%) and PFBA (0.8 mol%).
In an aerobic river sediment system, similar biotransformation products as in soil and activated sludge were
detected (Zhao et al., 2013a). After 100 days 22.4 mol% 5:3 acid, 10.4 mol% PFPeA, 8.4 mol% PFHxA, and 1.5
mol% PFBA were detected. PFHpA was not observed. Most of the 5:3 acid formed bound residues with
710
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sediment organic components, which can only be recovered by NaOH and ENVI-Carb™ carbon. In addition,
5:3 acid can be further degraded to 4:3 acid (2.7 mol%). Major intermediates during biotransformation of 6:2
FTOH were 6:2 FTCA, 6:2 FTUCA, 5:2 ketone, and 5:2 sFTOH. The studies show that 6:2 FTOH will be
transformed to perfluorinated carboxylic acids containing three to five fluorinated carbon atoms. These
perfluorinated carboxylic acids are structurally very similar to PFOA and differ only in the number of
fluorinated carbon atoms. Consequently, the short-chain perfluorinated carboxylic acids are equally
persistent in the environment and cannot be degraded under biotic or abiotic conditions.

FTOH degradation, biodegradation and oxidation assessment
Generally speaking, precursors like FTOH may undergo some initial transformation and degradation but
eventually result in formation of the corresponding carboxylic or sulfonic acid compounds. Some shorter
chain (e.g. butane-based) alternatives also appear to be persistent but not to bioaccumulate to the same
extent, as they are excreted rapidly from the organisms studied.711
Biodegradation of 14C-labelled 8:2 FTOH has been investigated in mixed bacterial cultures and in activated
sludge (Dinglasan et al., 2004; Fasano et al., 2006; Wang et al., 2005a); the results showed that 8:2 FTOH is
adsorbed to sludge and degraded. A significant portion of the 8:2 FTOH had volatilized from the
solid/aqueous matrix and deposited onto the PTFE septa of the experimental vessels. Eight mass labelled
transformation products have been identified. PFOA, PFHxA and PFHpA have been identified as stable end
products. Based on a 14C mass balance PFOA had a yield of 2.1% after 28 days in activated sludge and 6%
after 90 days in mixed bacterial culture (< 1% for PFHxA) (Wang et al., 2005a; Wang et al., 2005b).
Similar degradation pathways were observed in aerobic soil, whereby yields of PFOA were higher in the soil
compared to mixed bacterial cultures and activated sludge. 10-40 % of 14C-8:2 FTOH was degraded to form
PFOA (steady state after 7-56 days) (Wang et al., 2009). Anaerobic degradation of 8:2 FTOH under
methanogenic conditions has been analysed by Zhang et al., (Zhang et al., 2013). Anaerobic digester sludge
was incubated dosed with 14C-8:2 FTOH for 181 days. PFOA yield was much lower compared with the results
of the aerobic sludge and soil studies (0.3% within 181 days). 2H, 2H, 3H, 3H-Perfluordecanic acid (7:3 acid)
was detected as a stable degradation product. The results on anaerobic degradation obtained by Zhang may
be relevant for conditions such as landfill leachate and anaerobic WTTP sludge.
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Prevedouros and co-workers assumed that 1-2 wt % FTOH and/or FTOH present per unit Telomer A5
produced and 1-10% degraded to PFASs, resulted in 6-130 t emitted globally from 1974-2004 (Prevedouros
et al., 2006). Wang et al. (2014) obtained notably higher emission estimates from the life-cycle of
fluorotelomer-based products compared to Prevedouros et al. (2006), mainly attributed to the fact that
further sources and updated degradation yields derived from recent studies have been considered. They
predict decreasing emissions due to a global transition trend. Although emission quantification has been
improved by Wang et al., there are still relevant data gaps which have been outlined in their uncertainty
analysis.
More recent degradation studies show that up to 40% of the initial 8:2 FTOH are degraded to PFOA after 7
months. Therefore, it can be assumed that after a longer time period PFOA yield will be even higher than
estimated by Wang et al. (Wang et al., 2014). Furthermore, Prevedouros et al. and Wang et al. did not
quantify emissions from the degradation of side-chain fluorinated polymers. The importance of indirect
sources of PFOA in the environment, in particular atmospheric degradation of residuals in fluorotelomerbased products, has been highlighted by Ellis et al. (Ellis et al., 2004).713 Ellis and co-workers studied the
kinetics of the reactions of Cl atoms and OH radicals with a series of fluorotelomer alcohols with differing
chain lengths (2:2; 3:2, 4:2 FTOH) in 700 Torr of N2 or air, diluent at 296 +/- 2K. Interestingly, the length of
the perfluorinated carbon chain residue had no discernible impact on the reactivity of the molecules. The
authors conclude atmospheric life-time of the FTOHs of 20 days by reaction with OH radicals (Ellis et al.,
2003).
Atmospheric degradation was further 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 shorter
chain PFCAs. The authors stress that the yield of PFOA is small but significant and postulate that FTOH
degradation is likely an important source of PFOA and other PFCAs in remote areas.
The aqueous phase photo-oxidation of 8:2 FTOH was investigated by Gauthier and Mabury (Gauthier and
Mabury, 2005). The major products detected were ~60% 8:2 FTCA (8:2 fluorotelomer carboxylate,
C8F17CH2COOH) and ~40% PFOA; 8:2 FTAL (8:2 fluorotelomer aldehyde, C8F17CH2C(H)O) was observed as
a short-lived intermediate that underwent further photo-oxidation to PFOA. 8:2 FTCA was shown to undergo
aqueous phase photo-oxidation leading to PFOA as the major product. It therefore appears that aqueous
phase photo-oxidation of 8:2 FTOH will result in close to 100% PFOA. Although the study is only of qualitative
nature (no rate coefficients reported), it shows that fluorotelomer alcohols and other related compounds
will undergo photo-oxidation in aqueous surface layers and in the atmospheric aqueous phases (cloud
712
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droplets and deliquescent particles). Since the PFOA yield from 8:2 FTOH photo-oxidation is close to 100% in
the aqueous phase (compared to 3-6% in the gas phase), aqueous phase photo-oxidation may turn out to be
very important in spite of the low solubility. Any quantitative statements will require multiphase modelling.714
The biodegradation potential of a fluoroacrylate polymer product was studied in four aerobic soils over two
years (Russell et al., 2008). It was assessed whether the FTOH side chain covalently bonded to the polymer
backbone may be transformed to PFOA. The fluoroacrylate polymers contain the polymer itself and also
residual raw materials (e.g. FTOH) and impurities. Depending on soil, the estimated half-lives of the polymer
ranged from 95 to >2000 years (all soils combined 1160 years). The estimated half-lives of residuals (residual
raw material and impurities) were 12 to 43 days (all soils combined 27 days). After application of the
degradation rate to the estimated total historic fluoroacrylate polymer production, use and disposal, the
biodegradation of fluoroacrylate polymer and residuals is calculated to contribute less than 5 tonnes per year
(based on 2007) to the global environmental concentration of PFOA. Anyway, the study from Russell et al.
was commented by Renner (Renner, 2008): she noted that the bottles, which were used for the experiment,
leaked and may have released degradation products. Furthermore, FTOHs that were added to sterile control
bottles could not be recovered. Russell et al. justified this with irreversible binding to the soil; however, no
evidence exists for this claim. Furthermore, the soil experiments did not maintain mass balance. It is stated
that it is very difficult to determine the breakdown rate for the polymer because of the relatively large
amount of the residuals. A degradability test with a polymer (also containing fluoroacrylate ester linkage)
from another manufacture shows relatively rapid fluorochemical polymer breakdown (Renner, 2008).
Therefore, the study from Russell should not be given too much weight (!).
Washington et al. also investigated the degradability of an acrylate-linked fluorotelomer polymer in soil
(Washington et al., 2009). The polymer can be degraded in soil through attack on the carbon backbone and/or
the ester linkage connecting the backbone to the fluoroalkyl side chains resulting in PFOA via the
intermediate 8:2 FTOH; estimated half-life of the tested coarse-grained polymer ranged from 870 to 1400
years. Modelling indicates much shorter half-lives (10-17 years) for more finely grained polymers assuming
degradation is surface-mediated. The authors observed degradation of PFOA with an estimated half-life of
130 days. However, this result is contradictory to other studies which stated that PFOA is not degradable in
soil (Moody et al., 2003; OECD, 2006).715
Studies of the 8:2 FTOH in biotic degradation demonstrate the formation of PFOA and to a lower extent
shorter chain PFCAs; the yield of PFOA in most of these studies is rather small. However, studies lasting for
several months show a higher yield of PFOA. In a seven months’ study in aerobic soil, 8:2 FTOH degradation
resulted in 10 to 40% PFOA, < 1% PFHpA and 1-4 % PFHxA (Wang et al., 2009). PFOA is created after a cascade
of steps. It appears likely that one or two of these degradation steps are rather slow. This indicates that biotic
degradation of 8:2 FTOH is an important source of PFOA in the environment. In experimental and modelling
studies (Ellis et al., 2004; Wallington et al., 2006) the atmospheric degradation of 8:2 FTOH to PFOA was
observed. Even if only a small amount of PFOA was released, atmospheric degradation of 8:2 FTOH is a
significant global source of PFOA, especially in remote areas. The aqueous phase photo-oxidation was also
investigated (Gauthier and Mabury, 2005). PFOA yield from 8:2 FTOH is close to 100%. Therefore, aqueous
phase photo-oxidation may turn out to be very important in spite of the low solubility. It could be assumed
that 8:2 FTOH is completely degraded to PFOA and shorter chain PFCAs.
The biotic and abiotic (hydrolysis and atmospheric) degradation of 8:2 fluorotelomer derivates (e.g.
Fluorotelomer stearate monoester, fluorotelomer (meth)acrylates, polyfluoroalkyl phosphoric acid
714

ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
715
ANNEX XV RESTRICTION REPORT PROPOSAL FOR A RESTRICTION; nn.; 2014; ECHA - European Chemical Agency;
Version Number 1.0
251

monoester and diester, polyfluorinated olefins, etc.) was confirmed (Nielsen, 2013). The 8:2 fluorotelomer
derivates degrades, mainly via 8:2 FTOH, to PFOA. Side-chain fluorinated polymers degrade very slowly in
soil: estimated half-lives ranged from 49 to 1400 years (Russell et al., 2010; Washington et al., 2009).
Modelling data indicates much shorter half-lives (10-17 years) for finely grained polymers (Washington et al.,
2009). Nevertheless, PFOA was observed as a degradation product. Therefore, side-chain fluorinated
polymers are significant sources of PFOA in the environment. In conclusion, all PFOA-related substances are
degraded to PFOA and shorter chain PFCAs by abiotic and biotic processes in the environment. Hence, these
substances need to be considered as important sources of PFOA in the environment. Furthermore, they need,
according to REACH, to be considered as PBT-substances as well.716
Wet deposition of FTOH from the atmosphere was calculated by Ellis et al. taking into account wet deposition
as a simple first-order loss process, and the assumption that the molecule is in equilibration with water in
precipitating stratus for mid latitudes (Ellis et al., 2003). A Henrys law constant of 316 was calculated.
According to their results, the expected lifetime of 8:2 FTOH with respect to wet deposition is estimated to
be 2.5 x 106 years. Thus, wet deposition is thought to be an insignificant loss mechanism. Ellis et al. concluded
a dry deposition rate of 3.78 x 10-9 s-1 and discuss that dry deposition is not expected to be a significant
atmospheric loss mechanism for 8:2 FTOH (Ellis et al., 2003). The authors’ conclusion was that 8:2 FTOHs
were degraded in the atmosphere by reaction with OH radicals. Atmospheric life-time of FTOHs was
calculated to be 20 d. Moreover, the authors stressed that FTOHs will be transported downwind long
distances from its point of emission (up to 7000 km in 20 d by considering a global average wind speed of
13.8 km/h). Air samples of the Arctic atmosphere were collected during a crossing of the North Atlantic and
Canadian Archipelago to investigate air concentrations of 8:2 FTOH (Shoeib et al., 2006). 8:2 FTOH were
detected in the range of 4.16-22.7 pg/m³ in the gas-phase and 1.07-8.37 pg/m³ in the particle-phase. The
Authors suggested that these findings confirm previous model results that predicted the long-range
atmospheric transport and widespread distribution of 8:2FTOH in the Arctic.717
Piekarz et al. estimated that atmospheric residence times of 6:2 FTOH, 8:2 FTOH and 10:2 FTOH were 50, 80
and 70 days, respectively (Piekarz et al., 2007).

FTOH toxicity assessment
According to the German Federal Institute for Risk Assessment (Bundesinstitut für Risikobewertung, BfR) it
has not been shown that consumers are significantly exposed to PFOA and FTOH from clothing fabrics
(Umweltbundesamt, 2009). The BfR estimates that the maximum quantity amounts to 20 ng/kg gram of body
weight. A recently published report came to the conclusion that less than one per cent of the daily uptake of
PFOS and PFOA occurs through the skin (Kudo et al., 2002 as cited by Umweltbundesamt, 2009).718 On the
basis of reviews of the literature of the potential direct exposure from precursors, it has been concluded that
FTOHs have only a negligible contribution (<1%) to the total mean and high intake PFOA exposure of adults.
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Moreover, the contribution of the converted ΣFOSAs/FOSEs to total PFOS exposure of the general population
was estimated to reach only 10%.719
According to the Fluoro Council, (…) “the toxicity of 6:2 FTOH has been evaluated in laboratory studies, both in
vitro and in vivo. These studies show no evidence of significant toxicity at levels expected to be encountered.
These studies indicate that 6:2 FTOH is not toxic to aquatic organisms at levels expected to be encountered.”
Other sources, instead, underlined different findings. For instance, the fluorotelomer alcohols 6:2 FTOH and
8:2 FTOH induce MCF-7 breast cancer cell proliferation and up-regulates the oestrogen receptor, according
to the researches carried out by Maras et al., 2006 and by Vanparys et al., 2006.720 The liver appears to be
the most sensitive target organ for 8:2 FTOH toxicity, based on the available studies: this finding is supported
by studies reporting hepatotoxic effects of PFOA, the major metabolite of 8:2 FTOH in male rats. However,
the adversity of the liver toxicity observed in the study by Ladics (2008) is found not to be severe enough for
the classification as repeated dose toxicity.721
According to a 2015 paper, 6:2 fluorotelomer alcohol has been duly evaluated for potential systemic
repeated-dose and reproductive toxicity in mice. 6:2 FTOH was administered by oral gavage to CD-1 mice as
a suspension in 0.5% aqueous methylcellulose with 0.1% Tween-80 at dosages of 1, 5, 25, or 100 mg/kg/day.
The no-observed-adverse-effect level (NOAEL) for systemic toxicity was 25 mg/kg/day (males) and
5 mg/kg/day (females), based on effects at higher doses on mortality, clinical observations, body weight,
nutritional parameters, hematology (red and white blood cell), clinical chemistry (liver-related), liver weights,
and histopathology (liver, teeth, reproductive tract, and mammary gland). However, 6:2 FTOH was not a
selective reproductive toxicant. The NOAEL for reproductive toxicity was >100 mg/kg/day; no effects on
reproductive outcome were observed at any dosage. The NOAEL for viability and growth of the offspring was
25 mg/kg/day, based on clinical signs of delayed maturation in pups, and reductions in pup survival and pup
body weight during lactation at 100 mg/kg/day. While the severity of the effects was generally greater in
mice than previously reported in CD rats, the overall NOAELs were identical in both species, 5 mg/kg/day for
systemic toxicity and 25 mg/kg/day for offspring viability/growth. 6:2 FTOH was not a selective reproductive
toxicant in either species; no effects on reproductive outcome occurred at any dose level, and any effects
observed in offspring occurred at dose levels that induced mortality and severe toxicity in maternal
animals.722
According to the registration dossier for 6:2 FTOH on ECHA's webpages, oral and inhalation metabolism
studies in rats (supported by a rat, mouse and human hepatocyte study) show that the substance is rapidly
(minutes or hours) metabolized into several metabolites, where the most prominent measurable terminal
metabolites are 5:3 fluorotelomer acid and the PFCAs (PFBA, PFHxA, and PFHpA) with extensive loss of the
mother compound. However, as urine data are lacking, it is presently unclear if the metabolites leave the
body in reasonable time without causing harm. One rat gavage metabolism study indicated some fluorine
retention in liver and fat. Repeated dose toxicity studies demonstrate liver toxicity (e.g. liver enlargement)
and dental effects (e.g. white discoloration of the teeth). Few performed 6:2 FTOH studies concern mice, for
instance no acute or reproductive toxicity study is available in mice. Also, no carcinogenicity study is available
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in any species. If 6:2 FTOH has endocrine (oestrogen) disrupting effects needs to be further explored. One in
vitro study evaluated proliferation-promoting capacity and oestrogen -responsive genes in human MCF-7
breast cancer cells using a combination of three in vitro assays (E-screen, cell cycle analysis, and gene
expression analysis) (Maras et al., 2006). 6:2 FTOH stimulated proliferation and resting cells to re-enter the
synthesis phase (S-phase) of the cell cycle and induced a small up-regulation of the oestrogen receptor
(Maras et al., 2006). Using flow cytometry, the effect of fluorotelomer alcohols on oestrogen receptor
mediated cell proliferation in growth arrested MCF-7 breast cancer cells was studied by the same group. 6:2
FTOH (30 μM) stimulated cells to enter the S-phase of the cell cycle, and addition of the oestrogen receptor
antagonist ICI 182,780 completely abolished the oestrogen response (Vanparys et al., 2006). Another in vitro
study investigated 6:2 FTOH's interaction towards the human oestrogen receptor α (hERα) or β (hERβ) using
a yeast two-hybrid system. The relative activity of 6:2 FTOH was 3.7x10-3 towards hERα and 2.5x10-3 towards
hERβ compared to estradiol-17β (E2), for which the activity was set to 100 (Ishibashi et al., 2007). Thus, in
this study 6:2 FTOH displayed only a modest oestrogen effect.
Two published in vitro studies investigated the metabolism and cytotoxicity of fluorotelomer alcohols (4:2,
6:2, 8:2, and 10:2 FTOHs) in vitro, using isolated rat hepatocytes from male Sprague-Dawley rats. In the first
study, using HPLC/MS/MS analyses, 6:2 FTOH was found to be metabolized into FTOH-sulfate and FTOHglucuronide, although the authors find it likely (considering the metabolism of 8:2 FTOH) that also GSHconjugates and other metabolites are formed (Martin et al., 2005). However, a quantitative estimation of
such transformations appears not to have been performed in this study. In the second study, bioactivation
of fluorotelomer alcohols (the article mainly concerns 8:2 FTOH) with measurements of cytotoxicity (LC50),
protein carbonylation, lipid peroxidation and glutathione depletion in isolated rat hepatocytes was
investigated with the aim of elucidating the mode of action. All FTOHs examined were moderately toxic and
6:2 FTOH somewhat less cytotoxic (LC50=3.7 ± 0.54 mM) than 4:2 FTOH (LC50=0.66 ± 0.20 mM) and 8:2 FTOH
(LC50=1.4 ± 0.37 mM) (Martin et al., 2009). 6:2 FTOH did not show mutagenic properties in one published
non-guideline in vitro study: the umu (bacterial) test, with incubations in the presence or absence of S9 mixes
(Oda et al., 2007). 6:2 FTOH was also negative when tested for DNA damage induction in vitro using the
Comet assay. Primary testicular cells isolated from Wistar rats exposed to 100 and 300 μM 6:2 FTOH did not
significantly increase the number of DNA single strand breaks and alkali labile sites, nor Fpg-enzyme
(recognizes oxidative lesions) sensitive sites, over background levels (Lindeman et al., 2012).
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The French Food Safety Agency and the Norwegian Institute of Public Health evaluated the potential human
health risks related to the residual presence of PFOA and FTOH in non-stick coatings for cookware and
concluded that the consumer health risk is negligible. According to the German Federal Institute for Risk
assessment, it has not been shown that consumers are significantly exposed to PFOA and FTOH from clothing
fabrics. However, some authors conclude that given the present state of knowledge, it is not possible to say
whether the use of nonstick-coated cooking utensils or packaging materials with PFC-based coating lead to a
significant increase in dietary PFC intake.725
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ALANZO VITO [IT]; DI
COSMO ANNA [IT];
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BASSI GIUSEPPE [IT]
DIRSCHL FRANZ [DE];
MOSCH FRANZ [DE];
ARTNER WILHELM
[DE]; SCHIDEK
EDELTRAUD [DE];
GAUGENRIEDER HEINZ
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Products of the reaction between isocyanates and
hydroxyl compounds for textile finishing

[DE]; LUEDEMANN
SIMPERT [DE];
ROESSLER ERICH [DE]
DIRSCHL FRANZ [DE];
MOSCH FRANZ [DE];
ANGELE THEODOR
[DE]; ARTNER WILHELM
[DE]; SCHIDEK
EDELTRAUD [DE];
ROESSLER ERICH [DE]

2000

D06M2200/11 12

Perfluoralkyl-substituted compounds

---

1967

D06M13

Polyglycol-ethylene-imine derivatives process for their
preparation and their use as textile finishing agents

---

1973

D06M13

Oil- and water-repellent fluorine-containing
compositions

---

1966

D06M15

Aqueous oil and water repellent compositions which
cure at ambient temperature

SMITH RICHARD S [US];
AUDENAERT FRANS
[BE]

1994

D06M15

Mixed fluorinated organic compound/silicon
composition for conferring oil-repellency and/or waterrepellency on a textile material

DERUELLE MARTIAL
[FR]; GIRAUD YVES [FR]

2008

D06M15

Cromium compounds as waterproofing composition

MICHOL JONES [GB] ,
PETER WOMERSLEY
[GB], NEVILLE PILLING
[GB]

1972

D06M13

Textile materials and process for producing same

---

1971

D06M15

Fluorinated ether-acrylic esters and polymers thereof

JOHN T. GRESHAM

1978

D06M15

Cleaning and treating compositions

---

1975

C11D

1969

D06M15

1990

D06M14

1963

D06M15

1937

D06M13

1975

D06M15

2008

D06M2200/11 12

Fluorocarbon Copolymers
Grafting process, ensuring waterproofing, of a polymeric
material by a fluorinated monomer and material
obtained thereby
Textile treating agents

Improving textile fibres
High soil release oil- and water-repellent copolymer
Fluorinated polyurethane composition

SHERMAN PATSY
O'CONNELL; SMITH
SAMUEL
POULENARD JACQUES
[FR]; GAVET LOUIS [FR];
CHATELIN ROGER [FR];
GIORGIO ANNIE [FR]
LANGERAK ESLEY OREN;
NELSON JERRY ALLEN;
WRIGHT EVERETT
JAMES
Wilfred William Groves
KIRIMOTO KAZUSUKE;
HAYASHI TAKAO
RUSSO ANTONIO [IT];
GAVEZOTTI PIERO [IT];
QUALLO MICHAEL [US]
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Fluorine-free durable super-hydrophobic cotton fabric
finishing agent and cotton fabric finishing method
thereof

WU XU; WANG
ZHENGPING; ZHONG
XIMING; CHEN
JINGYUAN; LAI
YANGHONG

2015

D06M11

Textile treating compounds

---

1967

D06M13

Treatment of textile materials to give a permanent
"finish" and other improved properties

MELVIN HOPLEY,
EDWARD SYDNEY LANE

1948

D06M13

New and improved compositions adapted for waterrepellency treatment of textile fibre

---

1948

D06M13

Process for providing a shaped article made from a
synthetic crystallisable polyester with a durable
modified surface

ROBERTSON MICHAEL
MUNDIE; HORSFALL
GEOFFREY ALAN

1968

D06M15

Acrylyl hydroxamates and polymers thereof

---

1969

D06M15

Improvements in or relating to the manufacture of
textile treatment agents

WILLIAM BAIRD;
THOMAS BARR;
EDWARD SYDNEY LANE;
ARTHUR LOWE

1950

D06M13

Fluorine containing esters and polymers and copolymers
derived therefrom

---

1971

D06M15

New oil- and water-repellent polyfluoro compounds

BOUVET PIERRE
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D06M13

Process for rendering textile materials water-repellent

---

1962

D06M13

Water repellent compositions and products and process
of preparing the same

---

1964

D06M15

New water repellent agents

---

1940

D06M13

Novel compounds containing fluoroisoalkoxy-alkyl
radicals

---

1971

D06M13

Oil and water repellent substrates

---

1968

D06M15

Fluorinated Alkyl Ketene

---

1970

D06M13

Fluorinated oil- and water-repellent copolymers, their
preparation and uses therefor

---

1972

D06M15

Improvements relating to methods of waterproofing
textile materials and compositions therefor and
methods of making the said compositions

---

1948

D06M13
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Oil-and water-repellent agents for textiles - from
copolymerising of monomers contg. fluoroalkyl gps.,
vinyl chloride and maleate or fumarate esters
Substrates which have been provided with an oil-,
water- and soil-repellant treatment and fluorinecontaining compositions for this purpose

Tris-perfluoroalkyl terminated neopentyl alcohols and
derivatives therefrom

Aqueous oil and water repellent compositions which
cure at ambient temperature

HIROSHI UKIHASHI,
KAZUSUKE KIRIMOTO,
HIROAKI KOJIMA
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ZWEERING UWE DR
[DE]
FALK ROBERT A [US];
CLARK KIRKLAND P
[US]; JACOBSON
MICHAEL [US];
KARYDAS ATHANASIOS
[US]; RODGERS JULIANA
[US]
SMITH RICHARD S [US];
AUDENAERT FRANS
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D06M15
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C07C
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Mixed fluorinated organic compound/silicon
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Cromium compounds as waterproofing composition
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D06M13
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---
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Fluorinated ether-acrylic esters and polymers thereof

JOHN T. GRESHAM
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New hydroxy-ketones and process for their manufacture

---

1972

D06M13

Water-, oil-, and soil-repellent interaction products of
hydrophilic oxides and fluoroa liphatic acids, and
materials treated therewith

---

1967
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Textile treating agents

LANGERAK ESLEY OREN;
NELSON JERRY ALLEN;
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JAMES
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D06M15

Improving textile fibres

Wilfred William Groves
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D06M13

High soil release oil- and water-repellent copolymer

KIRIMOTO KAZUSUKE;
HAYASHI TAKAO

1975

Chelate-forming polyfluorinated ketones, alcohols and
esters

WALTER BLOECHL (AT)

1968

D06M13

Methylol and alkoxymethyl derivatives of fluorinated
amides and their use in treating textiles

---

1967

D06M15

Textile treating compounds

---

1967

D06M13

Treatment of textile materials to give a permanent
"finish" and other improved properties

MELVIN HOPLEY,
EDWARD SYDNEY LANE

1948
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New and improved compositions adapted for waterrepellency treatment of textile fibre

---

1948
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Process for providing a shaped article made from a
synthetic crystallisable polyester with a durable
modified surface

ROBERTSON MICHAEL
MUNDIE; HORSFALL
GEOFFREY ALAN

1968

D06M15

Acrylyl hydroxamates and polymers thereof

---

1969

D06M15

Improvements in or relating to the manufacture of
textile treatment agents
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EDWARD SYDNEY LANE;
ARTHUR LOWE
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D06M13

Fluorine containing esters and polymers and copolymers
derived therefrom
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1971

D06M15

New oil- and water-repellent polyfluoro compounds

BOUVET PIERRE
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BROUARD CLAUDE
MARIE HENRI EMI; LALU
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D06M13

Process for rendering textile materials water-repellent
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D06M13

Water repellent compositions and products and process
of preparing the same
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D06M15

New water repellent agents

---
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D06M13

Novel compounds containing fluoroisoalkoxy-alkyl
radicals

---
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D06M15

Oil and water repellent substrates
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Fluorinated Alkyl Ketene

---

1970

D06M13
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D06M15

1948

D06M13

1974

D06M15
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D06M15

1991

C07C

1987

D06M15

2015

D06M13

Fluorinated oil- and water-repellent copolymers, their
preparation and uses therefor
Improvements relating to methods of waterproofing
textile materials and compositions therefor and
methods of making the said compositions
Oil-and water-repellent agents for textiles - from
copolymerising of monomers contg. fluoroalkyl gps.,
vinyl chloride and maleate or fumarate esters
Water and oil repellent, soil resistant substrate, and
fluor containing compound

Tris-perfluoroalkyl terminated neopentyl alcohols and
derivatives therefrom

Aqueous dispersions of graft polymers or copolymers, a
process for their production and their use as
hydrophobizing and oleophobizing agents for textiles
Fluorine-free durable super-hydrophobic cotton fabric
finishing agent and cotton fabric finishing method
thereof
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Fluorinated polyurethane composition
Grafting process, ensuring waterproofing, of a polymeric
material by a fluorinated monomer and material
obtained thereby
Fluorocarbon Copolymers
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1969
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Cleaning and treating compositions
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Water- and oil-repellant composition for treating
textiles, useful for natural, artificial and synthetic
fabrics, is free of fluorinated compounds and comprises
polyurethane, acrylic binder and paraffin
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2014

D06M15

2007
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2016
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Preparation method for waterborne fluorocarbon fabric
three-proof finishing agent
Grease resistance and water resistance compositions
and methods
Glove and treatment method
Water-repellent fabrics
Cloth and textile product
Perfluoroalkyl (meth)acrylate polymers and their use as
surfactant and substrate treating reagents
Nano fluorine water-and oil-repellent and process for
producing the same
Manufacture of chloromethyl-substituted
polyfluoroalkyl esters
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