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Abstract 

Background Per- and polyfluorinated alkyl substances (PFAS) have received increasing scientific and political atten-
tion in recent years. Several thousand commercially produced compounds are used in numerous products and tech-
nical processes. Due to their extreme persistence in the environment, humans and all other life forms are, therefore, 
increasingly exposed to these substances. In the following review, PFAS will be examined comprehensively.

Results The best studied PFAS are carboxylic and sulfonic acids with chain lengths of C4 to C14, particularly per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS). These substances are harmful to aquatic fauna, 
insects, and amphibians at concentrations of a few µg/L or less, accumulate in organisms, and biomagnify in food 
webs. Humans, as the final link in numerous food chains, are subjected to PFAS uptake primarily through food and 
drinking water. Several PFAS have multiple toxic effects, particularly affecting liver, kidney, thyroid, and the immune 
system. The latter effect is the basis for the establishment of a tolerable weekly dose of only 4.4 ng/kg body weight 
for the sum of the four representatives PFOA, PFOS, perfluorononanoic acid (PFNA) and perfluorohexane sulfonic acid 
(PFHxS) by the European Food Safety Authority (EFSA) in 2020. Exposure estimates and human biomonitoring show 
that this value is frequently reached, and in many cases exceeded. PFAS are a major challenge for analysis, especially 
of products and waste: single-substance analyses capture only a fragment of the large, diverse family of PFAS. As a 
consequence, sum parameters have gained increasing importance. The high mobility of per and polyfluorinated 
carboxylic and sulfonic acids makes soil and groundwater pollution at contaminated sites a problem. In general, 
short-chain PFAS are more mobile than long-chain ones. Processes for soil and groundwater purification and drinking 
water treatment are often ineffective and expensive. Recycling of PFAS-containing products such as paper and food 
packaging leads to carryover of the contaminants. Incineration requires high temperatures to completely destroy 
PFAS. After PFOA, PFOS and a few other perfluorinated carboxylic and sulfonic acids were regulated internationally, 
many manufacturers and users switched to other PFAS: short-chain representatives, per- and polyfluorinated oxo 
carboxylic acids, telomeric alcohols and acids. Analytical studies show an increase in environmental concentrations of 
these chemicals. Ultra-short PFAS (chain length C1–C3) have not been well studied. Among others, trifluoroacetic acid 
(TFA) is present globally in rapidly increasing concentrations.
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Conclusions The substitution of individual PFAS recognized as hazardous by other possibly equally hazardous PFAS 
with virtually unknown chronic toxicity can, therefore, not be a solution. The only answer is a switch to fluorine-free 
alternatives for all applications in which PFAS are not essential.

Keywords PFAS, Persistence, Mobility, Toxicity, Ecotoxicity, Bioaccumulation, Exposure, Trifluoroacetic acid, Sum 
parameters, Non-target analysis, Monitoring, Contaminated sites, Remediation, Essential uses, Regulation

Background
Per- and polyfluorinated alkyl substances (PFAS) are 
non-aromatic organic chemical compounds in which 
the hydrogen atoms have been either completely (per-
fluorinated) or largely (polyfluorinated) replaced by 
fluorine atoms. These substances have been syntheti-
cally manufactured since the end of the 1940s, do not 
occur naturally and are exclusively of anthropogenic 
origin. The most well-known members of this group of 
substances are perfluorinated alkyl carboxylic and alkyl 
sulfonic acids such as perfluorooctanoic acid (PFOA) 
and perfluorooctane sulfonic acid (PFOS). The produc-
tion and use of PFOA and PFOS are now restricted or 
banned globally [1]. As a consequence, they are increas-
ingly being replaced by other per- and polyfluoralkyl 
substances having similar properties. Shorter (C4–C6) 
or longer chain (C9–C14) PFAS are being detected more 
frequently in products, foodstuffs, in human blood and 
in the environment. Perfluorinated alkyl carboxylic and 
alkyl sulfonic acids are increasingly being replaced by 
per- and polyfluorinated oxo carboxylic acids [2] such as 
ADONA (perfluoro-4,8-dioxa-3H-nonanoic acid, ammo-
nium salt), C6O4 (perfluoro-{acetic acid, 2-[(5-methoxy-
1,3-dioxolan-4-yl)oxy]}, ammonium salt) and HFPO-DA 
(2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) propanoic 
acid).

Due to the exceptionally high stability of the C–F 
bond there are neither biological nor abiotic degradation 
mechanisms that lead to mineralization of these sub-
stances. In some cases, so-called precursors, non-fluori-
nated moieties are transformed [3], but a perfluorinated 
residue always remains.

PFAS are employed in countless applications, both in 
consumer products as well as in industrial processes [4]. 
Since they are extremely stable, it is not surprising that 
they are being detected increasingly in humans and in the 
environment. Of particular concern are soil and ground-
water contamination where remediation is extremely dif-
ficult. Since some PFAS show adverse biological effects 
even in very low concentrations the field of chemical 
analysis is challenged to develop methods for very sensi-
tive detection of as many PFAS as possible.

In general, all chemicals with a -CF2- or -CF3 group 
belong to the PFAS [5, 6]. Thus, short-chain fluorinated 
and chloro-fluorinated hydrocarbons (HFCs and CFCs), 

which damage the ozone layer and/or have a high global 
warming potential, also belong to the substance group 
PFAS, as do fluorinated polymers such as polytetrafluor-
oethylene (PTFE) or polyacrylates, whose side chains are 
per- or polyfluorinated. In total, more than 4700 chemi-
cals are counted as PFAS [5]; other sources refer to as 
many as 12,000 substances [7]. The total quantity of fluo-
ropolymers produced alone is estimated at 320,000 tons 
annually worldwide [8, 9].

The focus of discussion is increasingly turning to pos-
sibilities for strict PFAS regulation. In a recent review, 
authors from the US EPA provide an overview on the 
diversity of PFAS in the environment, their distribution, 
their environmental fate, and options for remediation of 
resulting damage [10]. The division of several thousand 
PFAS into categories according to their structural char-
acteristics has been proposed [6, 11, 12]. For example, the 
Organization for Economic Cooperation and Develop-
ment (OECD) divides the PFAS into 15 subgroups [13]. 
The European Union (EU), which is currently preparing 
a plan to restrict PFAS as a whole group of substances, 
is following the subgrouping approach of the OECD [14].

Pressure to comprehensively regulate the entire sub-
stance group of PFAS is growing worldwide. In the so-
called Zurich Statement of 2018, more than 50 scientists 
called for new approaches to the assessment and manage-
ment of PFAS as a group of substances [15]. This publica-
tion reviews various aspects of properties, applications, 
occurrence and regulative approaches regarding PFAS. It 
specifies arguments and facts substantiating the urgency 
to phase out PFAS as completely as possible and to reme-
diate contamination to protect environment and humans.

Technical characteristics and applications
PFAS are characterized by their high thermal and 
chemical stability. They do not decompose at high tem-
peratures of several hundred degrees and/or under 
the influence of aggressive chemicals, making them 
of interest for numerous technical applications. This 
property is the result of the extraordinary stability of 
the carbon–fluorine bond (485  kJ/mol), which, for 
example, is significantly higher than the bond energy 
of the carbon–oxygen single bond (358  kJ/mol). The 
strongly electronegative property of the fluorine atom 
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is not only responsible for the fact that the trifluoro-
methyl groups (-CF3) are desirable building blocks, 
but also that many PFAS are water repellant as well as 
oil and dirt repellent. This opens up a wide range of 
applications, particularly for the surface-active PFAS 
(perfluorinated tensides, PFT) with polar functional 
groups. The compilation by Glüge et  al. [4] makes it 
evident that virtually no area of life or industrial sector 
is free of fluorochemicals. Two hundred applications 
in 64 use categories have been identified. Thus, very 
diverse sources of environmental and human exposure 
must be considered. The most important areas of appli-
cation are:

• Some fluorinated hydrocarbons are still widely used 
as propellant gases, refrigerants and extinguishing 
agents, as well as in plastic foams (polystyrene and 
polyurethane).

• Textiles and leather are impregnated with PFAS to 
render them water and dirt repellant [16]. This is par-
ticularly the case for outdoor and work clothing as 
well as for home textiles and carpets. Polymers with 
fluorinated side chains are often used to coat mate-
rials. Waterproofing sprays often contain PFAS, for 
example polyfluorinated silanes, such as trichloro 
(1H,1H,2H,2H-tridecafluoro-n-octyl)silane.

• The water- and oil-repellant properties of PFAS are 
welcome for the surface treatment of paper and 
printed products. Studies by a number of environ-
mental organizations show that food packaging 
(including that which is actually compostable) such 
as coffee cups, disposable dishes and pizza boxes 
can be significantly contaminated with PFAS [17]. 
Oil beading containers from compostable plant fib-
ers, e.g., contained up to 680 mg/kg dry matter (dm) 
fluorine (median). First investigations in Hesse, a fed-
eral state of Germany, on water and ethanol extracts 
of coated food contact material confirm these results: 
in every third sample, von Abercron [18] discovered 
more than 100  µg organic fluorine per gram paper, 
the same as found in the USA [19]. Recycling of 
impregnated paper can thus result in PFAS contami-
nation of recycled paper.

• The use of PFAS in fire-extinguishing foams is based 
on the surface-active properties of PFAS, e.g. PFOS. 
Extinguishing exercises and operations using these 
foams have occurred particularly often at airfields, 
refineries, oil platforms and other sites with highly 
inflammable liquids.

• PFAS in ski wax increases the gliding properties.
• PFOS and its substitutes such as 6:2 fluorotelomer 

sulfonic acid (6:2-FTS) are used in electroplat-

ing with chromium VI as wetting agents to prevent 
emergence of toxic chromate aerosols and to improve 
the draining properties of pickling solutions.

• PTFE and other fluoropolymers are used to coat pots 
and pans and other surfaces. This prevents foodstuffs 
and residues from sticking to the surfaces and the 
products can withstand high thermal and chemical 
stresses. Fluoropolymers have a great variety of appli-
cations. In their production PFOA and its substitutes 
such as ADONA and HFPO-DA often serve as emul-
sifiers. Fluorine-free processing aids have rarely been 
used [20].

• Perfluoropolyethers (PFPE) exist as liquids or greases 
and are used in electronic industry as lubricants [21].

• Cosmetics such as sun protection and skin and hair 
care products often contain PFAS to make them 
water-repellent. Besides PTFE fluoroalcohol (C9–
C15)-phosphates play a significant role [22, 23].

• PFAS may be found in numerous building products 
such as floor coverings, cables, coated woods, solar 
panels and glasses [24].

• The oil and gas industry as well as the mining indus-
try are broad fields of application. Numerous, diverse 
PFAS are used to reduce the viscosity of crude oil, 
in drilling fluids, among other applications [4]. For 
instance, a side-chain fluorinated aromatic com-
pound was found in the vicinity of an oil-producing 
area in northern China [25].

• Short-chain and ultra-short-chain perfluorinated 
compounds such as tris(pentafluoroethyl)-trifluoro-
phosphate (FAP) and bis(trifluoromethylsulfonyl)-
imide (NTf2) are increasingly used in ionic liquids, 
such as those found in lithium batteries [26, 27].

• Certain pesticides contain PFAS as co-formulants, 
e.g. as wetting agents, although PFOA is now being 
replaced by other substances. In addition, PFAS have 
been shown to be released from fluorinated HDPE 
containers into pesticides transported in these con-
tainers [28].

• Fluorochemicals are of growing importance as pes-
ticides [29]. Approximately 45 pesticide active ingre-
dients approved in the EU contain trifluoromethyl 
(-CF3) groups (e.g. flufenacet or diflufenican), which 
after transformation in the environment contribute 
to the spread of trifluoroacetic acid (TFA) [30, 31].

• This also applies to certain biocidal products and 
pharmaceuticals, for example λ-cyhalothrin, fipronil 
and flocoumafen or flecainide and sitagliptin, respec-
tively. Meanwhile, about 30% of all newly approved 
active pharmaceutical ingredients are organofluorine 
compounds [32]. Inoue et  al. identified 342 fluori-
nated active pharmaceutical substances [33].
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Two manufacturing processes for organofluorines 
dominate: electrochemical fluorination and oligomeriza-
tion. Electrochemical fluorination, in particular, produces 
many unintentional by-products, the identity, occurrence 
and distribution of which are virtually unknown [10]. 
A complete acquisition of data regarding the amounts 
manufactured and used is not possible due to the lack of 
transparency. However, there are indications that in spite 
of the critical discussions concerning PFAS their produc-
tion continues to increase. For example, the number of 
patent applications in the USA with “perfluor” in the pat-
ent text has increased from ca. 200 per month in 2000 to 
ca. 400 in 2012 [34].

The EU intends to regulate PFAS as a substance group 
[35]. To mitigate human and environmental exposure, 
PFAS are to be restricted in their applications. Treatment 
as a substance group is meant to prevent the substitution 
of an individual representative of the group with another, 
equally critical, but less well studied PFAS (“regrettable 
substitution”). Rather, the aim is to switch to fluorine-free 
alternatives and to completely end unnecessary applica-
tions, for example, in cosmetics. Another argument for 
the grouping approach is that it is practically impossible 
to study the individual toxicity of hundreds of relevant 
PFAS compounds aiming to develop safety thresholds in 
a timely manner.

For this purpose, the concept of “essential uses” is to 
be applied. The Montreal Protocol already recognized 
this approach and defined applications as essential that 
were necessary for health and the security and function-
ing of society. No technically and economically suitable 
alternatives should be available. Cousins et al. [36] tested 
a number of PFAS applications and divided them into 
three groups: (i) non-essential uses, e.g. ski waxes, (ii) 
substitutable uses, e.g. most uses of firefighting foams 
where fluorine-free substitutes with adequate perfor-
mance exist, (iii) essential uses, e.g. medical devices, for 
which currently there are no adequate alternatives. The 
authors specified their proposal in a further publication 
and pointed out that this approach is suitable to signifi-
cantly accelerate risk management of the applications 
of hazardous substances [37]. The concept of ‘func-
tional substitutions’ as developed in the USA [38], which 
assesses function and necessary performance, can be use-
fully linked with the concept of essential uses [39]. At the 
same time, it should be noted that trade-offs in perfor-
mance can be justified. For example, water and oil repel-
lency need not be as effective for leisure wear as it is for 
functional clothing for fire departments or in the medi-
cal sector. Glüge et  al. tested this concept on a number 
of examples. They determined that for consumer-related 
applications such as the impregnation of carpets, knowl-
edge of alternatives is generally adequate to establish 

the substitutability of the PFAS application. In contrast, 
industrial applications, e.g. in the semiconductor indus-
try, often proved to be very complex and it was difficult 
to assess the substitutability of PFAS applications [40]. 
The concept of essential uses is currently also discussed 
in North America to be eventually implemented in 
chemicals management [41]. The EU Commission plans 
to include this concept in the upcoming revision of the 
REACH regulation [35]. However, Commission post-
poned the presentation of its proposal. Apparently, it is 
difficult to define the criteria for essential uses precisely.

Indeed, for many widespread applications fluorine-free 
alternatives are available, e.g., fluorine-free firefighting 
foams [42] and impregnating agents for water-repellent 
textiles [43]. Straková et al. could show that due to legal 
restrictions on PFAS in Denmark fluorine-free food con-
tact materials became available [17]. The OECD pub-
lished a report on PFAS alternatives in coatings, paints 
and varnishes [44], as well as alternatives to PFAS-con-
taining food contact materials [45, 46]. The use of PFAS 
in chromium electroplating and synthetic pickling solu-
tions are also not without alternatives (use of chromium 
III instead of chromium VI) [47]. In many areas, how-
ever, uncertainty prevails as to which alternatives are 
suitable. Websites such as PFAS- Free Produ cts—PFAS 
Centr al can be helpful in finding appropriate PFAS-free 
alternatives. Controversial discussions on the dispensa-
bility of certain applications are to be expected. Regula-
tion should therefore be an impetus for government and 
industry to initiate research programs to develop suit-
able, non-hazardous alternatives for the remaining PFAS 
applications and to fill existing data gaps.

Pathways of entry into the environment
The many diverse applications of PFAS lead to numerous 
and varied inputs into the environment. Wang et al. pub-
lished a global inventory for emission of PFCA (C4–C14) 
and quantified a number of entry routes. The authors 
also included precursor substances that are transformed 
into PFCA in the environment. According to their calcu-
lations 2610 to 21,400 tons of PFCA have been released 
into the environment from 1951 to 2015 mostly with a 
continuously increasing tendency, especially in the Asian 
region [48, 49]. In part, PFAS are emitted directly into 
the environment, e.g. as fire-extinguishing foam or as ski 
wax; in others they reach the environment via sewage 
from electroplating operations, laundries, dry cleaners 
and cosmetics from private households. Von Abercron 
measured significantly higher AOF concentrations in 
discharges from industrial wastewater treatment plants 
than from municipal treatment plants [50]. In wastewater 
treatment plants polyfluorinated precursors are partially 
oxidized to PFCA, whereby concentrations in the effluent 

https://pfascentral.org/pfas-free-products/
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may be higher than in the influent [51]. PFAS are to some 
extent bound by sewage sludge [52]. Not incinerating this 
material and using it for agricultural purposes leads to 
soil and groundwater contamination. Abrasion particles 
from polymeric PFAS as well as nano-sized fluorinated 
polymers are also found in sewage sludge, combined with 
microplastics from other polymers.

Many PFAS reach the environment as constituents of 
waste. For example, near Rastatt in Baden-Württemberg, 
Germany, large-scale soil and groundwater contamina-
tion is the result of application of PFAS-contaminated 
sludge from production of impregnated paper [53] (see 
“PFAS contaminated sites” section). In general, prod-
uct streams are problematic when waste products are 
collected separately and subsequently recycled, e.g., of 
paper, food packaging materials and textiles. During 
recycling PFAS are transferred into and contaminate the 
secondary products. Consequently, products containing 
PFAS as a rule are not recyclable and thus contradict the 
goals of a ‘circular economy’ [54].

In Europe, in the past decades production wastes and 
municipal wastes were mostly disposed of in landfills. 
In other parts of the world disposal of (organic) waste 
in landfills is still common. It is calculated that landfills 
are nowadays the largest share of PFAS [55]. In particu-
lar, older landfills that are not state-of the-art may lead 
to significant groundwater contamination. Propp et  al. 
analyzed PFAS in leachate impacted groundwater near 
20 historic landfills in Ontario (Canada) [56]. In several 
cases, the sum of 17 PFAS exceeded 1 µg/L.

But even modern landfills which largely prevent emis-
sions to the environment do not provide safety for sev-
eral decades or centuries. The lifetime of the liners at the 
basis of a landfill is generally shorter than the half-life of 
most PFAS, in particular the side-chain fluorinated poly-
mers which can hydrolyze and are a continuous source 
of non-polymeric PFAS. An investigation of 22 leachate 
samples from municipal landfills in Germany showed 
that contamination with PFAS is significant dominated 
by short-chain PFBA and PFBS [57]. Leachate is usually 
collected and may be pretreated, e.g. by reverse osmosis, 
before it is discharged into the sewage system.

To date, there are few and conflicting data on the con-
ditions under which PFAS are fully mineralized dur-
ing incineration [58]. The high degree of stability of the 
C-F bond results in a problem for waste disposal. Pre-
sumably treatment of at least 1100 °C for more than 2 s 
is adequate to completely cleave the majority of PFAS 
[59–62, Appendix C]. There is evidence that organoflu-
orines may largely be transformed into inorganic fluo-
ride by best available techniques (BAT) incineration of 
domestic waste (minimum temperature 850 °C) [63]. On 
the other hand, mineralization of carbon tetrafluoride 

 (CF4), thermal cleavage of which is especially diffi-
cult, requires an incineration temperature of more than 
1400 °C [64]. Incineration of PFAS results in the forma-
tion of short-chain fragments and hydrofluoric acid (HF), 
which, together with other acidic components of the raw 
exhaust gas, are removed by means of basic substances. 
Any unburned PFAS and their derivatives are to be 
bound by adsorption (e.g. to activated charcoal, coke or 
lime) or wet scrubber and thus eliminated from the raw 
exhaust gas. However, there is still a lack of sufficient and 
valid experimental data on the effectiveness of the elimi-
nation of PFAS and their fragments from the raw exhaust 
gas [58, 65]. An estimate of the efficacy of possible meth-
ods to remove a range of more than 160 relevant PFAS 
is given in [65]. For anionic PFAS like PFOA und PFOS, 
an effective retention is assumed by incineration plants 
having a wet scrubbing cleanup step of the flue gases [65, 
66]. PFAS have been detected in condensate, fly ash and 
slag of waste incinerators in the Netherlands; the high-
est levels in condensate were quantified for perfluorob-
utanoic acid (PFBA), perfluorohexanoic acid (PFHxA), 
perfluorononanoic acid (PFNA) and perfluorodecanoic 
acid (PFDA), especially [65–67]. For the numerous neu-
tral PFAS of technical importance, in contrast, an effec-
tive retention from exhaust gas is probably unlikely [65]. 
Presumably, sufficiently high temperatures (as high as 
1400 °C) are reached in cement kilns if fed with the main 
burner where alkaline conditions prevail for neutraliza-
tion of hydrofluoric acid (HF), to destroy PFAS almost 
completely; however, validated studies on this are also 
lacking.

Also of importance regarding the distribution of 
PFAS in the environment is the atmospheric path-
way. Fluorotelomer alcohols such as 6:2 FTOH 
(1H,1H,2H,2H-Perfluorooctanol) and 8:2 FTOH 
(1H,1H,2H,2H-Perfluoro-1-decanol) are so volatile that 
they can be detected in relevant concentrations in indoor 
air [68]. In 2013 Schlummer et al. measured the concen-
trations of fluorotelomer alcohols in the indoor air in 
German stores that sell outdoor and sports textiles or 
carpets. The concentrations were three orders of magni-
tude higher than in the outdoor air of urban areas [69]. 
These concentrations, e.g., from impregnated carpets 
lead to such high human exposure that the atmospheric 
pathway, together with exposure from contaminated 
foodstuffs must be viewed as an important source for 
uptake of PFAS by humans. In the vicinity surround-
ing of production facilities for fluoropolymers and other 
PFAS in Gendorf (Bavaria)  as well as in Dordrecht and 
Helmond (Netherlands), substantial and extensive pollu-
tion of the air, and, as a result of atmospheric deposition, 
of the soil were determined [70–74] (see “PFAS contami-
nated sites” section). Another input into the atmosphere 
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of possible importance is shown by Vierke et al. [75]: the 
aerosol above aeration tanks of a sewage treatment plant 
showed particle- and gas-phase concentrations of anionic 
and especially neutral FTOH up to 11  ng/m3 (average 
sum of FTOH). When calculating a mass balance for per-
fluorocarboxylic acids in Lake Vättern (Sweden), Björns-
dotter et  al. [76] determined that the entries for PFOA 
through atmospheric deposition were of a similar order 
of magnitude as those from rivers and sewage discharge. 
This explains the extensive transport of PFAS to remote 
areas where air and seawater measurements reveal the 
problematic characteristics of this group of substances 
globally [77–80]. In accordance with these observations, 
Cousins et al. showed that the rainwater concentrations 
of PFOA, PFOS and the sum of the four PFAS evalu-
ated by the European Food Safety Authority (EFSA) (see 
“Toxicological evaluation” section) often exceed limit and 
guidance values for drinking water [81]. Even in Antarc-
tica and in the Tibetan highlands the concentrations were 
just below those levels. In depth profiles, Joerss et al. [82] 
were able to demonstrate that PFAS accumulate in Arc-
tic Sea water. Propagation over the water is linked to the 
atmospheric pathway because a transition occurs from 
the aerosol droplets above the water surface in which 
PFAS are highly enriched into the atmosphere, resulting 
from spray drift [83, 84].

Occurrence in the environment
The numerous and diverse emissions and the extensive 
distribution of entry pathways for PFAS (see “Pathways of 
entry into the environment” section) lead to a ubiquitous 
contamination of the environment. For example, Les-
meister et al. [85] described the pollution situation of the 
Rhine River between 2009 and 2020 with predominantly 
perfluoroalkyl carboxylic and sulfonic acids, with the 
highest values measured for C4- and C8-acids. Li et  al. 
emphasize the global distribution of short-chain PFAS 
(C4–C7), of which PFBA and PFBS amount to more 
than 50% [86]. In a recent review, Kurwadkar et al. pre-
sented a comprehensive picture of the global distribution 
of PFAS in water and sewage [87]. In Chinese and Ger-
man rivers that are polluted with industrial PFAS, Joerss 
et  al. detected 86 different compounds, among them 35 
carboxyl- and 21 sulfonyl derivatives, as well as 22 fluori-
nated mono-, di- and polyether carboxylic acids [88].

The current knowledge on background contamination 
of soils is incomplete, partly due to the different ana-
lytical methods used. Investigation campaigns in North 
Rhine Westphalia, Germany, and in Baden-Württem-
berg, Germany [89, 90], as well as a recent study from 
Vorarlberg in Austria [91] show a diffuse contamination, 
presumably resulting from precipitation: Humer and 
Scheffknecht were still able to measure 0.05 to 0.1 µg/L 

PFAS (sum of perfluorinated carboxylic acids) in soil elu-
ates, even in “uncontaminated” samples. Entry via the 
atmospheric pathway has likely been underestimated. 
Washington et  al. [92] studied the hydrolysis of PFAS 
side-chain polymers (polyacrylate with fluorotelomer 
alcohols as side chains) in soil and water; half-lives were 
in the order of 10 to 100 years. This persistence contrib-
utes to background levels of PFAS in marine and terres-
trial ecosystems due to high production volumes. The 
authors consider 10–60 ng/kg as diffuse background con-
tamination of soil [93].

Soil contamination often leads to groundwater contam-
ination, in particular in contamination sites (see “PFAS 
contaminated sites” section). Long-chain PFAS are more 
tightly bound in soils than short-chain compounds [94]. 
For this reason, the latter pass into the groundwater 
more rapidly. When contaminated surface or ground-
water is used as drinking water, it will also contain PFAS 
if, as a result of the properties of this special group of 
substances, the barriers in drinking water treatment are 
overcome. These barriers are not even present if contam-
inated ground- or surface water is used for irrigation in 
home gardens or for fishponds without treatment so that 
PFAS can accumulate in soil, crops or fish and thus find 
their way into human food [95–100].

Meanwhile, PFAS levels in soils and waters, in organ-
isms, in food, and in humans are being determined in 
monitoring programs [101]. In this context, the concen-
trations of PFOA and PFOS (so-called legacy PFAS) have 
decreased over the past 10 to 20 years in environmental 
media like North and Baltic Sea, rivers [85, 102, 103], 
groundwater [104] and soil [73, 101], or in biota (fish, 
crustaceans, poplar and beech leaves, earth worms, roe 
deer, herring gulls) [101, 103, 105, 106] and especially in 
human blood [103, 107] (as well as in human breast milk 
[108], see “Human exposure from food” section), since 
these two substances are already strictly regulated under 
chemical regulations. In contrast, concentrations of other 
PFAS, which have been less studied and are used as sub-
stitutes, are increasing [70, 72–74, 102, 104, 105, 109, 
110]. For example, data from the German Environmental 
Specimen Bank (UPB) [111] show an increase in contam-
ination of fish with long-chain PFAS in the past 25 years 
(Fig. 1) [112].

Some of the PFAS that have become widespread in the 
meantime such as per- and polyfluorinated oxocarboxylic 
acids are not yet recorded in the monitoring programs. 
By means of the TOP assay (Total Oxidizable Precursor—
see “Sum parameters for PFAS” section), which also rec-
ognizes numerous unknown precursors, it can be shown 
that the concentrations of the PFAS sum in sediments 
and in bream are often many times higher than the values 
of individual determinations [113, 114]. The transfer of 
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contaminants to humans via food can be seen, for exam-
ple, in the analysis of eggs from chickens that were fed 
with feed from a contaminated site [115, 116].

Contamination of fish is of relevance in respect to 
human uptake, too. Values between 1.8 and 30  ng/g 
fresh matter (fm) of the sum of PFOS, PFOA, PFHxS 
(perfluorohexane sulfonic acid) and PFNA were found 
in fillets of fish (perch, whitefish and tench) from Lake 
Constance in Central Europe [117]. In seven fish species 
from the Belgian North Sea, Byns et al. [106] found mean 
PFOS concentrations in muscle tissue up to 3.0 ng/g fm. 
Teunen et  al. [118] measured median PFAS concentra-
tions of 21 to 22 ng/g fm in perch and eel as well as in 
mussels from 44 locations all over Flanders, Belgium. The 
PFAS profile was dominated by PFOS in fish and PFOA 
in mussels. Rüdel et  al. [119] investigated mean PFOS 
concentrations of 3.2 and 8.0 ng/g fm in roach and perch, 
respectively, from German inland and coastal waters. 
In Bremen and Lower Saxony, Germany, PFOS concen-
trations up to 1000 or 2000  ng/g fm, respectively, were 
found in fillets of individual river fish caught at two loca-
tions near a contaminated site [100]. Bioaccumulation 
and biomagnification of e.g. PFOS can be clearly seen: if 
bream have a load of 1 ng/g fm in muscle tissue the con-
centration in the liver will be on average 100 ng/g fm. As 
with warm-blooded animals [120], the liver is apparently 
the target organ for accumulation of PFAS in fish [121]. 
Other animals that feed on fish such as white-tailed 
eagle, harbor seal, and otter show loads up to 6200 ng/g 
fm in the liver according to individual studies conducted 
by the University of Athens (see Table  1) [122]. Robuck 

et al. analyzed PFAS in the livers of seabirds feeding on 
fish at the U.S. Atlantic coast, where PFOS dominated, 
but PFOA and PFOS substitutes (ether carboxylic- and 
-sulfonic acids) were also found at concentrations up to 
about 100 ng/g [123].

PFAS can also be detected in animals living in for-
ests  [124, 125]. Studies by the Hessian State Laboratory 
showed that wild boars are more strongly contaminated 
than roe deer. Values as high as 18.6 ng/g fm for the four 
PFAS in muscle tissue, with a peak value of 1470 ng/g fm 
in liver were found in wild boars [124].

Forever chemicals
The outstanding property of all PFAS is their extraor-
dinary persistence: they are hardly degradable under 
natural conditions. In the case of partially fluorinated 
hydrocarbons slow, microbial transformation processes 
are known to occur with degradation of the non-fluor-
inated part of the molecule, however, the remaining 
perfluorinated residue will persist for a very long time. 
Consequently, partially fluorinated precursors that are 
slowly converted into perfluorinated molecules in the 
environment [3] cannot be considered suitable alterna-
tives. There is virtually no way to cleave multiple car-
bon–fluorine bonds on a carbon atom by a biological 
or abiotic process under environmental conditions. For 
this reason, PFAS are referred to as “forever chemicals”. 
Regardless of their ecological or toxicological properties, 
extremely persistent substances pose a threat to the envi-
ronment simply because they are irrecoverable and lead 
to environmental pollution lasting decades to centuries 
and eventually longer [126–130].

In addition, a number of PFAS such as the long-chain 
carboxylic and sulfonic acids PFOA and PFOS are highly 
bioaccumulative (see “Bioconcentration and biomagnifi-
cation in the food chains” section) and according to the 
EU’s REACH regulation (REACH: Registration, Evalu-
ation and Authorization of Chemicals) are classified as 
PBT substances (PBT: persistent, bioaccumulative, toxic).

Fig. 1 Increase in concentration of longer-chain perfluorocarboxylic 
acids in the liver of bream at Bimmen (Lower Rhine) © Environmental 
Specimen Bank [112]

Table 1 PFOS-concentration in biota samples from the German 
Environmental Specimen Bank [122]

Sample type PFOS-
concentration 
(ng/g fm)

Bream (Filet) 1

Bream (Liver) 100

Herring gull (eggs) 35

White-tailed eagle (Liver) 625

Harbor Seal (Liver) 693

Otter (Liver) 6182
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Furthermore, many PFAS are mobile when dissolved in 
water. They penetrate the unsaturated soil zone and can 
then be carried for great distances via groundwater. The 
shorter the carbon chain the higher the mobility. When 
364 groundwater measuring points in Hesse, Germany, 
were sampled for 21 different PFAS, contamination was 
found at 90% of the monitoring wells [113]. Zhao et  al. 
evaluated studies on groundwater investigations dating 
from 1999 to 2021 and found that short-chain PFAS and 
other alternatives to PFOA and PFOS are increasingly 
being detected [131]. A review from Johnson et al. [132] 
lists C3-, C4- and C5 perfluoroalkyl carboxylic acids 
(PFCA) with average groundwater concentrations of 
2.2, 1.4 and 3.7 µg/L and C3–C5 perfluoroalkyl sulfonic 
acids with 22, 4.9 and 25 µg/L, respectively, for the same 
period; the review comprises about 21,000 data points for 
sites distributed in 20 countries worldwide. Thus, PFAS 
also pose a threat to many drinking water supplies. The 
German Federal Environment Agency (UBA), therefore, 
classifies a number of PFAS as PMT substances (PMT: 
persistent, mobile and toxic) [133]. Due to their mobility 
(besides persistence and toxicity), perfluorobutane sul-
fonic acid (PFBS) and hexafluoropropylene oxide dimer 
acid (HFPO-DA) have been classified by the European 
Chemical Agency (ECHA) as SVHC (SVHC: substances 
of very high concern) [134].

Bioconcentration and biomagnification in the food 
chains
PFAS can accumulate in aquatic organisms and along 
food chains, especially long-chain molecules such as 
PFOS, PFNA and EtFOSA (N-ethyl perfluorooctane 
sulfonamide) [135]. They bioaccumulate by binding to 
proteins in the blood, liver and kidney [136]. Binding 
on phospholipids is also discussed [137]. Excretion only 
occurs very slowly. In muscle tissues of nine fish species 
from rivers of south China, Pan et al. [138] only detected 
long-chain perfluorinated alkylcarboxylic- and -sulfonic 
acids from C8 upwards: the bioconcentration factors 
(BCF) fish(muscle)/water of the carboxylic acids were 
found between about 60 (PFNA) und 3200 (PFUnDA), 
that of PFOS between 500 and 2500; in the liver the meas-
ured BCF were about ten times higher. These values are 
lower than those of fish from other waters (PFOS: 5500–
25,000). Tal and Vogs determined the BCF fish(total)/
water for several species as 3–100 (PFOA), 8–250 
(PFHxS) and 82–5400 (PFOS), the highest accumulation 
being measured in the blood plasma of zebrafish (PFOA 
930, PFHxS 870 und PFOS 13,200) [139]. Studies from 
Belgium showed that both mechanisms play a significant 
role in bioaccumulation of long-chain PFAS: bioconcen-
tration via exchange with the surrounding medium and 
biomagnification via consumption of food [106, 118]. 

Biomagnification of long-chain PFAS in food chains is 
also extremely significant, so that concentrations in pred-
ators such as seals, sea birds and otters are often orders 
of magnitude higher than in their diet (see Table 1) [122]. 
Androulakis et al. demonstrated enrichment in Northern 
European top predators in studies on 56 PFAS [140].

In contrast to bioconcentration in aquatic animals and 
the biomagnification in the related food chain, enrich-
ment in plants favors short-chain over long-chain PFAS. 
Uptake apparently occurs through contaminated soil or 
irrigation water into the vegetative parts of the plants 
[94–99, 141–145]. A study of the vicinity of a PFAS pro-
duction site in China reported that bioaccumulation fac-
tors (BAF) soil → plant (Σ PFAS) were seen to be as high 
as 48 for the green plant parts above-ground [141, 146]. 
Lesmeister et  al. evaluated the bioaccumulation fac-
tors for numerous perfluoroalkyl carboxylic and sulfonic 
acids. The authors confirmed the chain-length depend-
ency in vegetative plant parts and urge investigation of 
polyfluorinated precursors, oxo carboxylic acids and 
ultra-short-chain PFAS [147].

If crop plants are involved, this enrichment can con-
tribute substantially to contamination of human nutri-
tion. The use of PFAS-contaminated groundwater to 
supply fishponds can also contribute to human exposure 
(see “Human exposure from food” section). PFAS have 
also been detected in honey samples, most commonly 
PFHpA (perfluoroheptanoic acid, < 17–440 ng/kg, n = 16 
of 26 samples), occasionally PFOA, PFNA, PFDA and 
PFHxS PFOS in trace amounts [148] (cf. extreme enrich-
ment in honeybees, see the following section).

Ecotoxicological effects
Aquatic toxicity has only been well investigated for 
individual PFAS such as PFOS. There is considerable 
variation with respect to trophic levels, individual 
species, and the various PFAS. According to current 
knowledge the manifold toxic effects of perfluorinated 
acids such as PFOA are triggered by activation of 
nuclear receptors, oxidative stress or direct interac-
tion with membranes [149]. Changes in the tissue 
level follow; thyroid disorders, fatty liver or cell death 
result in negative effects on fertility rate, hatching rate, 
embryonic development or motor functions. At PFOS 
concentrations of 0.5  µg/L over a period of 28  days 
rainbow trout show changes in hormone levels and in 
clinical-chemical parameters [150]. After 120  days of 
exposure to PFDA or PFTrDA (perfluorotridecanoic 
acid) (10 µg/L) both male and female zebrafish showed 
significant changes in steroid levels [151]. Chronic no 
observed effect concentrations (NOEC) for mortality 
of larvae and juveniles are specified as 10  µg/L PFDA 
or 100  µg/L PFTrDA and for adult fish as 1000  µg/L 
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PFDA or 10  µg/L PFTrDA [151]. After exposure to 
only 10  µg/L fluorotelomer alcohol 8:2 FTOH for a 
period of 4 weeks serious disruptions in sex hormones 
were observed, that at 30  µg/L resulted in significant 
reduction in egg diameter and sperm density, leading 
to a 30% decrease in hatching rate [152]. After 6  days 
exposure to 15  µg/L PFOS turbot embryos and larvae 
showed skeletal deformation of the larvae, at 30  µg/L 
alterations to the yolk sac and pericardial edema [153]. 
Water fleas and other invertebrates are also affected 
by chronic exposure to PFOS and PFBS as well as the 
telomer acid 10:2-FTCA (2H,2H-perfluorododecanoic 
acid) at concentrations of just a few µg/L and below 
[154–157]. Development of larval Mediterranean mus-
sels is also impaired by PFOA and PFOS when acutely 
(48 h) exposed at levels as low as 0.1 µg/L [158].

Li et  al. [98] reported on the effects of 13 different 
PFAS (primarily perfluoroalkanoic acids and telomer car-
boxylic acids) on green algae (mostly Chlorella sp. and 
Pseudokirchneriella subcapitata). The  EC50 values range 
from about 0.3  mg/L PFUnDA (perfluoroundecanoic 
acid) to ca. 260 mg/L PFBA and 1100 mg/L 5H 4:1 FTOH 
(1H,1H,5H-perfluoro-1-pentanol) [98, 159].

At concentrations of 2–10 µg/L PFBS, PFOA and PFOS 
also have toxic effects on insect larvae such as chirono-
mids or dragonflies [154, 160–163]. The reproductive 
capacity and the behavior of pollinator insects such as 
honey bees and bumble bees are also affected by PFOS: 
Honey bee broods are almost completely inhibited after 
4 weeks exposure to 20 µg/L in sugar syrup [164]. Devel-
opment of ground bumble bee drones is completely 
inhibited after 11 weeks exposure to 1000 µg/L in sugar 
water; an extreme accumulation to more than 2 µg/g bw 
was observed in bumble bees at 100  µg/L (BAF = 28) 
[165].

Embryonal and larval development of leopard frogs is 
slightly up to significantly impaired after 40  days expo-
sure to PFHxS, PFOS, PFOA or H4PFOS (tetrahydropol-
yfluorooctane sulfonic acid) at 10 µg/L, most severely by 
PFHxS [166]. A significant reduction in development of 
American bullfrog tadpoles was observed at 144  µg/L 
[167]. After 2  months exposure to 100  µg/L PFOS after 
metamorphosis African clawed frogs showed liver cell 
degeneration [168]; at only 0.1 µg/L PFOS an increase in 
the expression of TRbA mRNA in the brain and tail tis-
sue occurred, a sensitive indicator of thyroid function 
disorder [169].

Similar to Giesy et  al. [170] and Ulhaq et  al. [171], 
Duchêne verified, on the basis of numerous publications 
on 18 PFAS, a tendency of increasing toxicity to aquatic 
organisms with the chain length [172].

Growth of terrestrial vertebrates such as reptiles 
(Bahama-Anolis)  is also reduced in the presence of low 

PFOS concentrations (3  mg/kg bw per day); PFHxS 
caused reduced viability [154].

Earthworms, unlike organisms of other trophic levels, 
have effective detoxification mechanisms; therefore, in 
the chronic test (35 d) effects are observed only at PFAS 
concentrations (PFOS, PFOA, N-EtFOSE (N-ethyl per-
fluorooctane sulfonamidoethanol) above 50–500 mg per 
kg soil [173].

Crop plants may gain in biomass or undergo a loss of 
yield depending upon species, PFAS compound and 
length of exposure: growth of wheat and oilseed rape is 
promoted by the presence of 0.3 mg/kg PFOA and PFOS 
in the soil for 70  days [174], whereas photosynthesis in 
cucumbers was reduced by 0.2 mg/kg PFOA [175]. Con-
centrations of 6  mg/kg PFOA or greater disrupted root 
growth in sorghum, whereas 50  mg/kg are required for 
the same effect in Chinese cabbage. Further effects of 
PFAS on terrestrial plants occur at substantially higher 
concentration ranges of 40–400 mg/kg [98].

In summary, numerous publications report on diverse 
aquatoxic effects of PFAS in the lower µg/L range, in 
some cases even lower. PFAS of different structure and 
organisms of varying trophic levels and habitats have 
been studied. For the majority of the several thousand 
per- and polyfluorinated alkyl substances that are used 
technically and are found in the environment, however, 
data is either completely missing or is insufficient.

Biological effects of PFAS on experimental animals 
and on humans
Perfluorinated alkyl carboxylic acids and sulfonic acids 
with chain lengths C6–C14 have been most thoroughly 
studied. For other PFAS, e.g. short-chain members, tel-
omer alcohols and acids or fluorinated oxo carboxylic 
acids only a few research results are presently available. A 
number of reviews report the numerous and varying bio-
logical effects of PFAS on experimental animals as well as 
on human beings [176–184]. The mechanisms that may 
be responsible for the pro-carcinogenic effects of PFAS 
are described by Boyd et al. in a review [185].

PFAS are now not only ubiquitous in the environment, 
they are found in the blood of almost all humans living 
in developed countries as well as in the organs of human 
fetuses (liver, lung, heart, CNS, fatty tissue) (see “Human 
exposure from food” section) [178, 179, 186]. Long-chain 
PFAS are slowly excreted in urine and feces, in females 
via breast milk and menstrual fluid, additionally [187].

Results from experimental animal studies
Animal toxicological studies on the livers of rodents have 
shown that PFOS and PFOA are apparently not geno-
toxic, but instead act as liver tumor promotors. Expo-
sure to PFOS and PFOA is reported to be accompanied 
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by an increase in liver mass (hyperplasia and hypertro-
phy of hepatocytes) [181, 182, 184]. Evidently, activation 
of the peroxisome proliferator-activated receptor alpha 
(PPARα) may take part in the biological effects of PFAS; 
however, this will require final clarification [178].

Exposure of adult rats to PFDoDA (perfluorododeca-
noic acid) leads to cognitive deficits [188], and findings 
in mice show that early exposure (neonatal, postnatal) to 
PFOS, PFOA and PFHxS affects the cholinergic system 
and brain development [189].

Exposure especially of mice to various PFAS leads to 
a reduction in the T-cell dependent antibody response 
[183].

Results from studies on humans
Toxicological results on humans are summarized in 
Table 2. Particularly relevant data are:

In particular, effects of PFAS on the immune system 
must be emphasized [190]. Epidemiological studies on 
children have shown that the formation of vaccine anti-
bodies is significantly decreased dependent upon the 
levels of PFAS in serum [191, 192]. The results of these 
studies have led, among others, to EFSA’s toxicological 
evaluation of PFAS (PFOA, PFOS, PFHxS and PFNA) 
[183] (see “Toxicological evaluation” section).

A dose-dependent reduction in birth weight of children 
was attributed to exposure to PFOA [193, 194] and PFOS 
[194–196] in the USA, Japan and the Faroe Islands. Fur-
thermore, findings from Kashino et al. [197] showed that 
intrauterine exposure to long-chain PFAS is apparently 
negatively correlated with birth size of newborns.

An important target organ for PFAS is the liver. The 
complexity and importance of metabolic changes in 
the liver has been described in detail by Jin et  al. [198]. 

Table 2 Toxicological results on humans

Affected organ/function Consequences

Toxicokinetics Uptake via water, soil, plants, foodstuffs [99, 183]

Uptake Excretion via cord blood, breast milk and menstrual fluid [187]

Excretion Higher PFAS concentrations in children than in adults [380–384]

1. Liver: hepatotoxic NAFLD, liver fibrosis, markers change [198, 200, 385–388]

2. Kidney: nephrotoxic Reduced excretion of toxins [204, 389, 390]; increased incidence of CKD [203, 391]; ferroptosis [392]

3. Lungs/bronchi Promotion of asthma in youth [393]

4. Endocrinic system Thyroid [217, 394–396]; steroid(cortisone) [397–399] and sex hormones [398, 400, 401]

5. Metabolism (a) Glucose [402]; type 2-diabetes [403–406]; gestational diabetes [213]

(b) Fat [387, 407–409]

(c) Bile acid [387]

(d) Total and non-HDL cholesterol [410–412]

6. Fertility: toxicity to reproduc-
tion, embryotoxic, fetotoxic

(a) Delayed occurrence of desired pregnancy/childlessness [413, 414]

(b) Miscarriage [415]

(c) Lifelong effects on organ health and development of disease [416–422]

(c) Pregnancy/mother: hypertension [423], preeclampsia [423–425]

(d) Pregnancy/child: miscarriage [139, 426, 427], reduced birth weight [195, 196, 428], reduced fetal growth [139, 193, 
194, 197, 427, 429–433], reduced fetal head growth [434–436], tendency to premature birth [437], increased mortality 
[438], intrauterine disorder of the thyroid hormones [194, 213, 439]

7. Brain, Neurotoxicity ADHD [419, 440–452]; Alzheimer dementia [453–456], ASD [446, 457–459], dopamin-metabolism [440, 447, 460], brain 
structure/-volume [461], hearing loss [462], reduced IQ [407, 453, 459, 463, 464], short-term memory [465], Parkinson 
[454, 466], Developmental delay [448, 467], linguistic development [217], eye-hand coordination [399, 467], behavior 
[468, 469], cerebral palsy [470], stroke [471], neurobehavioral function and cognition [472–475], neuronal network 
function [476]

8. Bones Osteoporosis [410, 448, 477–484]

9. Immune system (a) Reduced formation of vaccine antibodies [182, 183, 191, 192, 485, 486]

(b) Autoimmune diseases: Colitis ulcerosa [487]

10. Heart, Circulatory system Cardiovascular issues [488–492]

Hypertension [410, 488, 493, 494]

11. Genetics: epigenetic PFAS-effects can be transferred to following generations [455, 495–499]

12. Cancer (a) Kidney cancer [209, 500–506], testicular cancer [209, 500–502, 505]

(b) Secondary effects (fatty liver → liver cirrhosis→): liver cancer [201, 507]

(c) Breast cancer (postmenopause) [508]
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Studies of 7- to 19-year-old children and adolescents 
indicate that exposure to PFAS is associated with the 
occurrence of non-alcoholic fatty liver disease (NAFLD) 
[198]. In the USA, 30 million inhabitants are affected by 
NAFLD, 10% of them already in childhood, especially 
severely overweight children (38%) [199]. Even prena-
tal exposure to PFAS leads to increased liver disease in 
children in a dose-dependent manner [200]. In general, 
an association with the occurrence of liver cancer is seen 
[201]. Moreover, the liver plays a role in the enterohe-
patic circulation of PFAS. Reabsorption from bile into 
blood and liver reduce their elimination and enhance 
their accumulation [202].

The incidence of initially asymptomatic “chronic kid-
ney disease” (CKD) is on the rise worldwide and affects 
approximately 10% of adults in the USA and between 
1 and 17% of the population of Europe, depending on 
region [203]. Since PFAS are not effectively removed 
from the body by the kidney as excretory organ con-
centrations in this organ are comparatively high. This is 
exacerbated by the peculiarities of kidney function (reab-
sorption) because the substances are repeatedly trans-
ported through the renal tubules. In this respect, damage 
to the kidneys by the surface-active PFAS is evident and 
of great importance because of the number of individuals 
affected—practically all people. Even more astonishing 
is the fact that to date there exists no prospective and/
or longitudinal study on the effect of PFAS on the kid-
ney’s cleansing function. However, many case–control 
studies indicate an impairment of the kidney’s cleansing 
function, since with increasing PFAS levels in the blood, 
the estimated glomerular filtration rate (eGFR)—a meas-
ure of kidney function—decreases. For example, Kataria 
2015 found a decrease in eGFR of approximately 7 and 
9 mL/min per 1.73  m2 by PFOA and PFOS, respectively, 
in children when comparing the lowest to the highest 
quartiles [204]. Wen et  al. report that some PFAS pro-
mote autophagy and apoptosis of kidney cells [205]. The 
authors call for a more accurate assessment of the long-
term accumulation risk in humans.

Furthermore, Fenton sees PFAS, with high probabil-
ity, as the trigger for kidney cancer (as well as testicu-
lar cancer) [178]. In 2019, IARC (Internatioal Agency 
for Research on Cancer) rated PFOA as having limited 
evidence of causing kidney and testicular cancer [206]. 
Shearer et al. [207] and Steenland et al. [208] confirm the 
evidence for kidney cancer caused by PFOA from epide-
miological studies.

In the opinion of the Agency for Toxic Substances and 
Disease Registry at Center for Disease Control (ATSDR) 
additional indications of other types of cancer exist 
[209], for example for PFOA, PFOS, PFHxS, PFDA, and 
PFUnDA for the initiation of prostate cancer in cases in 

which a first-degree family member has prostate cancer, 
and for an increased risk of breast cancer with PFOSA 
(perfluorooctanesulfonamide) [210–212].

Effects on the hormone system of pregnant women 
have been observed at comparatively low PFAS concen-
trations; in particular, long-chain PFAS affect levels of 
thyroid, but also of sex hormones, with long-term con-
sequences for organ development (genitals, liver, kidney, 
brain) in the child and for metabolic disorders in the 
mother such as gestational diabetes [213, 214]. Based 
on current knowledge PFAS affects the comprehensive 
effective homeostasis of the thyroid hormones [178, 179, 
194]. PFAS like PFOS and PFOA are, therefore, consid-
ered to be endocrine disruptors [215, 216]. The authors 
of a recent paper suggest that prenatal exposure to PFAS 
in combination with other endocrine disruptors such as 
bisphenol A and phthalates can impair linguistic devel-
opment of children in the first year of life [217].

For human studies, the EFSA has selected four end 
points as potentially critical effects of PFOS and/or 
PFOA [182]:

• Increase in low density lipoprotein (LDL) level and 
total cholesterol in serum (risk factor for cardiovas-
cular disease),

• Increase in the level of alanine aminotransferase 
(ALT) as a marker for the effects on liver cells,

• Reduced birth weight and
• Influences on the immune system in terms of 

reduced formation of vaccine antibodies.

The most relevant effects of PFAS on humans are illus-
trated in Fig. 2.

Toxicological evaluation
Until 2020 the EFSA only toxicologically evaluated 
PFOA, PFOS and their salts; a first opinion was pub-
lished in 2008 [184]. Decisive for PFOS was a study on 
the subchronic toxicity to Cynomolgus monkeys in which 
a NOAEL (no observed adverse effect level) of 30 µg/kg 
bw per day was derived. At the next-higher dose level 
of 150 µg/kg bw per day the animals showed changes in 
lipids and thyroid hormones. Assuming an overall uncer-
tainty factor of 200 as a basis resulted in a TDI (toler-
able daily intake) of 0.15 µg/kg bw per day [184]. This is 
equivalent to a TWI (tolerable weekly intake) of 1.05 µg/
kg bw per week. The EFSA estimates the exposure of 
PFOS through alimentary uptake in humans to be about 
0.06 µg/kg bw per day, but for the group of most highly 
exposed individuals “may slightly exceed the TDI”. On the 
basis of increase in liver weight in male rats a  BMDL10 
(benchmark dose lower limit for a 10% response) 
of 300  µg/kg bw per day was established for PFOA. 
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Applying an overall uncertainty factor of 200 results in 
a TDI of 1.5 µg/kg bw per day [184], corresponding to a 
TWI of 10.5 µg/kg bw per week. The EFSA estimated the 
dietary exposure to PFOA to be 0.002 µg/kg bw per day 
for average consumption and 0.006 µg/kg bw per day for 
high consumers. Further information on the exhaustion 
of TDI values at that time can be found in [184].

In 2018 the EFSA published new insights into the risk 
assessment of PFOS and PFOA based on epidemiological 
studies (human data). Regarding alimentary exposure of 
PFOS and PFOA, increase in cholesterol levels in adults 
was identified, along with others, as a “critical effect.” 
Using benchmark dose (BMD) modeling [219], EFSA 
derived a TWI for PFOS of 13 ng/kg bw per week and for 
PFOA of 6 ng/kg bw per week. The EFSA closes its “Sci-
entific Opinion” with the sentence “For both compounds, 
exposure of a considerable proportion of the population 
exceeds the proposed TWIs” [182].

Meanwhile, several thousand PFAS are known (see 
“Background”). This raises the question of the toxico-
logical evaluation of PFAS mixtures in regard to human 
PFAS exposure. Until now mainly individual chemical 

substances have been evaluated toxicologically, but a col-
lective evaluation of a substance group only exists for the 
polychlorinated dibenzo-p-dioxins and dibenzofurans 
(PCDD/PCDF) and dioxin-like polychlorinated biphenyls 
(dl-PCB), which, as a result of their structural similarity, 
share binding of the cellular Ah receptor. Because of this 
commonality, toxicity equivalent factors (TEF)  can be 
derived and used to calculate toxicity equivalents [220]. 
This approach is rarely followed since common biologi-
cal features like these usually do not exist. Thus, for the 
toxicological evaluation of four PFAS, EFSA has used a 
comparatively new approach [221]: first, human exposure 
is estimated, followed by the estimation of the toxicity 
of the respective mixture or its individual components. 
Subsequently, the combined exposure is compared to the 
combined toxicity.

This is the manner in which EFSA evaluated the com-
pounds PFOA, PFOS, PFHxS and PFNA [183]. These 
PFAS contribute most to human exposure via the dietary 
intake of fish, meat and meat products, fruits and prod-
ucts thereof, as well as eggs and egg products. They are 
accordingly found at the highest levels in serum. These 
four PFAS show roughly similar toxicokinetic proper-
ties, accumulation behavior and comparatively long 
half-lives. According to EFSA they in general exhibit the 
same effects in the organism [183], allowing a common 
toxicological evaluation [221]. Based on the available 
data from animal studies and from humans EFSA’s CON-
TAM PANEL “Contaminants in the Food Chain” identi-
fied the immune system [191, 192] as the most important 
target of these PFAS. In this respect the panel assumes 
that the four PFAS mentioned have comparable poten-
tials in regard to their effects on the immune system. 
They subsequently compared the combined exposure 
to PFOA, PFOS, PFHxS and PFNA with their combined 
toxicity: this was based on a German study [192]  of 
breastfed infants showing that the sum of the levels of 
the four PFAS in the serum of these 1-year-old children 
(internal exposure) were inversely related to the titers of 
antibodies to Haemophilus influenza type b (Hib), diph-
theria, and tetanus. The lowest  BMDL10 of 17.5  ng/mL 
for was derived for PFOA, PFOS, PFHxS and PFNA with 
respect to titers against diphtheria. Using “PBPK mod-
eling” (physiologically based pharmacokinetic modeling) 
[222] and assuming a lactation period of 12 months, this 
 BMDL10 corresponds to a daily intake by the mother of 
0.63 ng/kg bw or a weekly intake of 4.4 ng/kg bw, respec-
tively, for the sum of the four PFAS. The EFSA corre-
spondingly set the TWI at 4.4 ng/kg bw per week [183]. 
This TWI covers the other critical endpoints set by the 
EFSA, such as the increase in serum cholesterol, reduced 
birth weight and the comparatively high serum level of 
ALT. The EFSA-derived TWI of 4.4 ng/kg bw for the sum 

Fig. 2 Illustration of reported effects of PFAS on humans © HBM4EU 
https:// www. hbm4eu. eu/ [218]

https://www.hbm4eu.eu/
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of PFOA, PFOS, PFNA and PFHxS should be considered 
as the current benchmark for limit and guideline values 
with regard to the assessment of PFAS contamination 
with potential human exposure. However, the present 
evaluation leaves open the consideration of other PFAS 
present in serum, for which no feasible approach is cur-
rently known. If future toxicological evaluations show dif-
ferent decisions, e.g., of the US EPA or the World Health 
Organization (WHO) [223] these should be considered.

Toxicological evaluations of xenobiotics and the ADI 
(acceptable daily intake) or TWI values derived from 
them are subject to constant change, as seen in Fig.  3 
or in the literature [220]. This is primarily due to new 
findings on the substances to be assessed. The dramatic 
reduction of TWI values for PFAS [183], however, shows 
that at least in this case the usual system of minimizing 
the uncertainty caused by incomplete or inadequate data 
through the use of uncertainty factors apparently was not 
adequate.

The work of Caporale et al. [217] raised the attention to 
endocrine effects of PFAS. Consideration should be given 
to including this category of effects of PFAS in future 
evaluations.

The approach of Bil et al. should also be further exam-
ined and developed; these authors determined the rela-
tive potencies of 16 PFAS for liver toxicity and suggested 
using “relative potency factors” (RPF) to determine the 
effect of PFAS mixtures [224]. The EU SCHEER Scientific 
Committee agreed to the use of the RPF for the deriva-
tion of Environmental Quality Standards (EQS) and rec-
ommended to relate it to the more sensitive endpoint 
immunotoxicity [225]. A corresponding approach was 
published by Amstutz et  al. [226]. Behnisch et  al. [227] 
presented another RPF approach is, which is based on 
a bioassay targeted on thyroid hormone disruption (see 
“Biological effect test for PFAS” section).

Evaluation of the other PFAS that occur in serum is 
also urgently needed; particular attention should be given 
to the short-chain PFAS, which accumulate particularly 
in plants and are detected in increasing concentrations 
in the environment and in food (see “Bioconcentra-
tion and biomagnification in the food chains” section). 
More attention also needs to be paid to substances that 
are being increasingly used, such as fluorinated-chlo-
rinated PFAS and oxo acids like HFPO-DA, C6O4 and 
ADONA. For HFPO-DA (GenX), US EPA determined a 
chronic reference dose of 3 ng per kg bw and day (PFBS 
reference dose and draft PFOA and PFOS values are 300, 
0.0015 and 0.0079 ng per kg bw and day, for comparison 
[228, 229]).

Fig. 3 Development of tolerable weekly intake amounts (TWI) from 
2008 to 2020 © Own representation based on Kowalczyk (BfR): with 
increasing knowledge of the biological properties and the toxicity of 
PFAS the values for the tolerable weekly intake (TWI) were reduced 
[182–184]
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Human exposure from food
Human exposure to PFAS can be detected by human 
biomonitoring (HBM) studies determining levels in 
blood serum. Adolescents 12 to 18  years of age were 
examined for 12 different PFAS in a large-scale study in 
nine European countries (HBM4EU). The results show 
decreasing serum concentrations of PFOA and PFOS, 
but an increase in concentrations of other PFAS [218]. 
A German human biomonitoring study of children aged 
3–17  years whose blood plasma was analyzed for 12 
PFAS showed that plasma concentrations exceeded the 
HBM-I value of 2 ng/mL for PFOS in 21% of children and 
adolescents and 7.3% exceeded the HBM-I value of 5 ng/
mL for PFOA [230]. Below the HBM-I value, no adverse 
health effects are expected. Concentrations greater than 
the HBM-II values, at which health consequences are 
possible, were only reached in rare cases: in only 0.2% of 
the participants concentrations of PFOS greater than the 
HBM-II value were determined. The authors [218, 230] 
note that aside from household dust, consumer products, 
cosmetics and various other sources, food and drink-
ing water appear to be major uptake pathways for PFAS. 
PFOA added to sunscreen is absorbed transdermally by 
the body; in a self-assay, a small amount of the substance 
crossed the skin barrier and was detected in the blood of 
the test person [231]. A Belgian study shows that 77% of 
the adults exceeded HBM-I values for PFOS and PFOA 
in 2014. The authors showed that the consumption of 
lean fish, shellfish, potatoes and locally grown food e.g. 
chicken eggs is associated with higher PFAS blood levels. 
The use of cosmetics can be a possible route of exposure 
to PFAS [232], which was also demonstrated in another 
study [233]. These studies indicate that increased atten-
tion should be given to ongoing blood serum testing to 
estimate population exposure to PFAS.

Also critical is the transfer of PFAS from mother to 
child during the nursing period. Fromme et  al. deter-
mined a median value of 40 pg/mL breast milk for PFOS 
[234]. Breast milk from 50 women was tested for the 
presence of 39 PFAS in a US study [108]. The authors 
ascertained an anticipated daily uptake for 18 PFAS in 
> 50% of the samples studied. Based on these data, if the 
EFSA TWI of 4.4 ng/kg bw and week for PFHxS, PFOS, 
PFOA, and PFNA were used for a 1-month-old infant, 
this TWI would be exceeded by 12-fold. The EFSA TWI 
is, however, derived from a life-long weekly uptake [235]; 
therefore, exceeding the TWI as described here can only 
be considered an indication of that comparatively high 
uptake of PFAS via breast milk. Thus, a reduced immune 
competence of affected infants cannot be ruled out. From 
the comparison with other breast milk studies Zheng 
et  al. conclude that the concentrations of regulated 
PFOA and PFOS are in decline, whereby concentrations 

of short-chain and other long-chain representatives are 
increasing significantly [108], in accordance with meas-
ured concentrations in blood serum (see above [218]).

The German Federal Institute for Risk Assessment 
(BfR) has published the results on food products tested in 
Germany 2007–2020. The results show that in addition to 
foodstuffs of animal origin, for children the dietary intake 
of PFHxS, PFOA, PFOS and PFNA from milk and milk 
products apparently plays a greater role than for adults 
[235]. Thus, entry of PFAS into the environment and 
food chains must be urgently reduced. Here, soils and 
the concentration enrichment in crops are of particular 
importance, also in view of the climate-induced increases 
in the use of ground- and surface water for irrigation of 
arable lands [53, 236] (see “Bioconcentration and bio-
magnification in the food chains” section). Therefore, 
more attention must be paid to short-chain PFAS such as 
PFBA, PFBS as well as to TFA. Maximum levels of PFOS, 
PFOA, PFNA and of PFHxS in foodstuffs were intensively 
discussed in relevant committees and interested groups, 
whereby the focus is on possibilities for further market-
ing of foods that contain PFAS [237]. In August 2022, the 
EU Commission published a recommendation that mem-
ber states in collaboration with food business operators 
during the years 2022 to 2025 should monitor the pres-
ence of PFAS in food. A wide variety of foodstuffs should 
be covered reflecting consumption habits. Here, not only 
PFOS, PFOA, PFNA and PFHxS are to be analyzed, but 
also, where possible, other compounds which have a dif-
ferent alkyl chain length and may occur in food, drinking 
water and/or human serum in relevant concentrations. 
For PFOS, PFOA, PFNA and PFHxS, the Commission 
specifies limits of quantification (LOQ) to be applied. If 
indicative levels are exceeded, further investigations are 
recommended [238]. In the case of foodstuffs, particular 
attention should be paid to PFAS levels in the liver as well 
as in the edible tissues of fish; the liver apparently rep-
resents a target organ for PFAS accumulation in warm-
blooded animals and especially in omnivores such as 
wild boar [120, 124]; fish fillets may also be particularly 
contaminated: In fillets of fish from the central European 
Lake Constance (perch, whitefish, tench), levels between 
1.8 and 30  ng/kg fm were found for the sum of PFOS, 
PFOA, PFNA, and PFHxS [117] (see "Occurrence in the 
environment" section). On the basis of the EFSA TWI of 
4.4 ng/kg bw per week [183] for these four PFAS, a 70 kg 
adult would only need to have one meal of 200 g of fillets 
contaminated with 1.8 ng/g fm to reach the TWI and at 
maximum value would exceed it by 20-fold. Short-chain 
PFAS have not yet been included in these calculations. 
Recently, the EU Commission has adopted a regulation 
with maximum levels of perfluoroalkyl substances in 
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certain foodstuffs (PFOS, PFOA, PFNA, PFHxS and for 
the sum of PFOS, PFOA, PFNA, and PFHxS) [239].

At about 10%, drinking water makes a significant 
contribution to exposure of humans to PFAS, whereby 
drinking water supplies downstream of contaminated 
areas are of special importance [182, 183] (see “Regu-
lations of PFAS” section). The drinking water contami-
nation is widespread, e.g. in the US 200 million people 
are affected by levels above 1 ng PFOS and PFOA [240]. 
In China approximately 100 million people are exposed 
to drinking water with PFAS levels above stringent and 
science-based international limits [241].

Ultra‑short‑chain PFAS—trifluoroacetic acid
PFAS with chain lengths of C1 to C3 (ultra-short-chain 
PFAS) are often not included in analytical measurements. 
Toxicological and ecotoxicological properties of these 
substances have also been only sparsely investigated. 
Recent publications show that the relevance of these 
molecules has obviously until now been underestimated. 
This is evident in surveys of Canadian rivers and rain 
water in which 40% of PFAS contamination was attrib-
uted to ultra-short-chain molecules [242]. Neuwald et al. 
examined 46 samples from 13 drinking water supplies in 
Germany [243]. The authors identified numerous ultra-
short-chain PFAS in a concentration range of 1–10 ng/L, 
whereby the anions of trifluoroacetic acid (TFA), trifluo-
romethanesulfonic acid (TFMS) and pentafluoropropi-
onic acid (PFPrA) were detected in almost all samples. It 
is known that between 100 and 1000 tons of TFMS are 
produced each year in the EU, used in the manufacture 
of chemicals and optic, electric and electronic equipment 
[244].

TFA as the smallest of the perfluorocarboxylic acids 
takes on a special status among the PFAS. It is a strong 
acid and is used in biotechnology and chemical synthe-
ses. Pollution of the Neckar River resulting from the 
discharge of a chemical company in the town of Bad 
Wimpfen (Baden-Württemberg, Germany) attracted 
attention a few years ago [245]. However, TFA is not 
only a regional problem, but is ubiquitous. Neuwald et al. 
measured TFA in drinking water samples with an aver-
age of 1 µg/L, by far the highest concentration found for 
ultra-short-chain PFAS [243]. It is found in precipitation, 
bodies of surface water, groundwater, soil and in the air, 
whereby concentrations are increasing significantly. The 
concentration in surface water in the area around Bejing 
in 2012 was 17-fold higher than in 2002 [246]. Even in 
remote bodies of water, in mountainous areas and in 
the oceans, concentrations of 100 to 600 ng/L have been 
measured [31, 247, 248, 261]. It is contested that TFA 
(to a small extent) is being formed naturally in deep 

sea vents [249]. However, most TFA occurs as a result 
of thermal disintegration of fluoropolymers like PTFE 
[250, 251] and is formed through degradation of chemi-
cals that contain a -CF3 group. Certain pharmaceutical 
substances and especially pesticides and biocides thus 
play an important role in local and regional water pol-
lution [30, 31, 252]. Annual emission from pesticides in 
Germany is estimated at 400–500 tons [30]. Apparently, 
TFA is principally formed from partly fluorinated fluoro-
hydrocarbons such as 1,1,1,2-tetrafluoroethane (R134a) 
and polyfluorinated propenes such as 2,3,3,3-tetrafluo-
ropropene (R1234yf ). 2360 t/a of the TFA emissions are 
attributed to these refrigerants and propellants in 2020 
[30]. R1234yf, in particular, contributes to the increasing 
environmental concentrations of TFA. R1234yf and other 
fluorinated propenes such as R1234ze and R1234zd are 
widespread substitutes for fully halogenated FCKW that 
are damaging to the ozone layer and/or contribute to the 
greenhouse effect. The fluorinated substitutes have a rel-
atively low greenhouse potential and disintegrate quickly 
into the derivative TFA. For 2030 in the EU, Behringer 
et al. estimate a theoretical TFA formation potential from 
refrigerants and propellants of 37,000 tons/year, even 
increasing, if R1234yf continues to be used in automotive 
air-conditioning systems [248].

Freeling et  al. investigated nearly 1200 precipitation 
samples from seven sites in Germany from February 2018 
to January 2019 for TFA and found a medium concentra-
tion of 0.21 µg/L, resulting in a wet deposition of 68 tons 
TFA for the 12-month investigation period [253].

Like other ultra-short-chain PFAS, TFA is a classic 
‘forever chemical.’ It is spread over the globe and is non-
recoverable from water by standard treatment processes. 
Even if the harmful effects of TFA known at present are 
limited, urgent measures must be taken to prevent fur-
ther entry into the environment, such as the disuse of 
R1234yf as a refrigerant in automotive air-conditioning 
units, which can also use  CO2 [30]. Diffuse emissions of 
TFA in the environment are apparently increasing. Most 
notably, this leads to a long-term contamination of bod-
ies of groundwater, used for or intended to be used for 
drinking water [30]. A yearly overall input of 170  kg is 
estimated for Lake Vättern (Sweden), whereby 98 kg are 
derived from atmospheric deposition. The balance of all 
inputs and outputs shows a total amount of 2600  kg, a 
yearly TFA increase of 150 kg (more than 5%) [76]. Since 
1995 TFA concentrations measured in German rivers 
have increased from 0.04–0.3 to 1.0  µg/L and greater 
[31]. Modeling by UBA shows that in a “business as 
usual” scenario the TFA contamination via precipitation 
by 2050 will increase ten times to 4 kg per  km2 per year in 
Germany [248, 254].



Page 16 of 50Brunn et al. Environmental Sciences Europe  2023, 35(1):20

In time series from the Environmental Specimen Bank 
TFA concentrations in poplar and beech leaves as well 
as spruce and pine needles from various locations in 
Germany were found to have increased by a factor of 5 
between 1990 and 2020 [255, 256]. The concentration 
enrichment in plants seems particularly critical regard-
ing human exposure, since crops such as rice, soy, wheat 
or sunflowers concentrate TFA with a BAF of 10 to 1000 
[257–259]. Relatively high concentrations of TFA are also 
found in human blood serum. Duan et  al. [260] meas-
ured a median of 8.5 ng/mL TFA in the serum of Chinese 
adults.

The data on the toxicology of TFA appears to be incom-
plete. Some animal studies on the TFA toxicity have been 
published recently: according to the ECHA registration 
dossier [261], the sodium salt of TFA showed effects on 
the rat liver in a subchronic oral feeding study, the cor-
responding NOAEL being 8.4 mg/kg bw per day (male). 
From this point of departure, ECHA derived a chronic 
no-effect level for the general population of 42 µg/kg bw 
with an overall uncertainty factor of 200 [261].

In a current chronic toxicity study sodium trifluoro-
acetate was administered to rats by drinking water 
for 52  weeks with a recovery period of 6  weeks. In the 
absence of any treatment-related adverse effects, the 
NOAEL for this study was reported to be 600 mg/L, cor-
responding to a daily dose of about 38 mg/kg bw (male) 
and 64  mg/kg bw (female), respectively [261]. Accord-
ing to the German UBA the same study revealed a dose-
dependent increase of the enzyme ALT, an indicator of 
possible liver damage, already at drinking water concen-
trations of 120  mg/L [262, 263]. From the NOAEL of 
30 mg/L corresponding to 1.8 mg/kg bw per day, a TDI of 
18 µg/kg bw was derived applying an overall uncertainty 
factor of 100 [262, 263].

In mice, TFA as a metabolite of 2-bromo-
2-chloro-1,1,1-trifluoro-ethane (halothane) passes the 
placental barrier and accumulates in the fetus and amni-
otic fluid [264]. TFA was also found in breast milk of 
monkeys as metabolite of the refrigerant 1,1,1-Trifluoro-
2,2-dichloroethane (HCFC-123) [265]. whereas in two 
recent studies on rats, TFA did not show any develop-
mental effects with NOAEL of 150 and 382  mg/kg bw 
per day, respectively [261], in rabbits, on the other hand, 
major abnormalities have been observed at 375 and 
750 mg/kg bw per day as well as, to a lesser extent, at the 
lowest dose level of 180 mg/kg bw per day predominantly 
affecting the eyes [261]. The malformations of rabbit eyes 
caused by the water soluble and persistent TFA anion, 
which can accumulate in fetus and amniotic fluid, require 
further attention [261]. Potential reprotoxic effects on 
humans need to be elucidated.

Analysis of per‑ and polyfluorinated alkyl 
substances (PFAS)
The vast number of PFAS compounds with numerous 
substance groups having disparate physical–chemi-
cal characteristics poses an almost impossible challenge 
for the analytical laboratory. Only a limited number of 
PFAS can presently be identified as individual substances 
and/or quantified with the analytical methods available. 
Determination of sum parameters for organic fluorine 
compounds can potentially reduce this gap in methodol-
ogy with relatively minor effort.

Complete, concurrent extraction of different PFAS 
substance groups from solid and aqueous matrices 
requires extensions or modifications to conventional 
extraction methods for perfluorinated carboxylic 
and sulfonic acids. For the determination of PFAS in 
exhaust gases and waste air from combustion and 
industrial plants suitable and validated sampling pro-
cedures are currently unavailable, even for individual, 
defined PFAS substance groups, except one method in 
development [266] (see below).

Analysis of individual PFAS substances
Methods for sensitive and specific determination of per-
fluorinated carboxylic and sulfonic acids with four and 
more carbon atoms in aqueous and solid environmental, 
food and human samples have been well established since 
the first decade of the twenty-first century. The analytes 
are first enriched by means of extraction and are then 
measured by coupling high-performance liquid chroma-
tography with tandem mass spectrometry (LC–MS/MS). 
Since isotope-labeled reference compounds are available 
for the majority of perfluorinated carboxylic and sul-
fonic acids with 4 to 14 carbon atoms, addition of these 
standard substances before extraction makes quantitative 
determination at trace levels reliable and accurate.

Aqueous matrices
Enrichment of perfluorinated carboxylic and sulfonic 
acids with four or more carbon atoms in aqueous matri-
ces is performed by solid-phase extraction (SPE) with 
a weak anion exchanger and elution with methanol. 
The German Standard DIN 38407-42 [267] from 2011 
describes the analysis of seven perfluoroalkyl carboxylic 
acids and three perfluoroalkyl sulfonic acids in water 
with a lower limit of quantification (LOQ) of 10  ng/L 
each. Currently, good laboratories routinely achieve an 
LOQ of about 1  ng/L. A number of laboratories have 
also successfully expanded the methods to include long-
chain perfluorinated carboxylic acids with 11 to 14 car-
bon atoms, fluorinated oxo carboxylic acids (PFOA 
substitutes ADONA and HFPO-DA), perfluorinated 
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fluorotelomer sulfonic acids (e.g. H4PFOS) and in some 
cases other PFAS.

The ISO 21675 standard [268], published in 2019, 
included the analysis of 30 individual substances with low 
LOQs, 0.2  ng/L for most substances), however, it does 
not cover all 20 perfluorinated carboxylic and sulfonic 
acids with 4 to 13 carbon atoms, the sum limit value for 
which is fixed in the new EU Drinking Water Directive 
[269].

In August 2022, the Technical Committee Water Anal-
ysis of the European Committee for Standardization 
(CEN) has published the draft of the European standard 
EN 17892 for determination of perfluorinated substances 
in drinking water [270]. In addition to the 20 perfluori-
nated carboxylic and sulfonic acids in the Drinking Water 
Directive [269], the method has been validated for nine 
other PFAS that play a role in environmental samples, 
including fluorotelomer sulfonic acids and the PFOA 
substitutes ADONA and HFPO-DA. For most substances 
an LOQ of 1  ng/L can be achieved. The applicability of 
the method to other aqueous matrices like ground- and 
surface water has to be validated in each case.

The new EU Drinking Water Directive limit of 100 ng/L 
for the sum of 20 perfluorinated carboxylic and sulfonic 
acids is mathematically equivalent to a limit of 5  ng/L 
per individual substance [269]. As a general rule of 
thumb, the LOQ of an analytical method for limit mon-
itoring must be at least a factor of 5–10 lower than the 
limit value. For the analysis of the 20 PFAS, an LOQ of 
0.5–1  ng/L per individual substance must therefore be 
reliably achieved in the routine.

Solid matrices
Perfluorinated carboxylic and sulfonic acids are enriched 
from solid samples by extraction with methanol. The 
German standard DIN 38414-14 [271], published in 
2011, describes the analysis of seven perfluoroalkyl car-
boxylic and three perfluoroalkyl sulfonic acids in soil, 
compost, and sludge, each with an LOQ of 10  µg/kg 
dm. However, a limit of quantification of 10  µg/kg dm 
is clearly too high to detect background PFAS contami-
nation of soils. Even with a concentration of 2–4  µg/kg 
dm for the sum of PFOA and PFOS, one must assume 
a (pre-)contamination of the soils [91]. However, some 
laboratories are already at this time achieving an LOQ in 
the range of 1 µg/kg dm per individual substance [91]. In 
addition, several analytical laboratories have succeeded 
in extending the method to include the determination 
of other PFAS in a similar manner to that used for water 
analysis. For the analysis of 40 PFAS single substances in 
soil, sludge and sediment, a new standardization project 
is currently under development by a CEN committee in 
the Netherlands. The LOQs are to be in the lower µg/kg 

dm range. However, this European standard will not be 
ready until 2023 at the earliest.

The routine analysis of perfluoroalkyl carboxylic and 
perfluoroalkyl sulfonic acids in food is presently possible 
with an LOQ of approximately 1 µg/kg fm per individual 
substance; under ideal conditions an LOQ of 0.1  µg/kg 
fm can also be achieved. Currently, there is a method in 
development and validation in state research laboratories 
in Germany for the simultaneous determination of 22 
PFAS in food with LOQs in the lower ng/kg range [272].

After EFSA in 2020 significantly lowered the TWI value 
for the sum of the four common PFAS PFHxS, PFOS, 
PFOA, and PFNA to 4.4  ng/kg bw [183], the EU Com-
mission has amended Regulation (EC) No. 1881/2006 to 
include maximum levels of these four PFAS in certain 
foodstuffs in December 2022 [239]. For the individual 
substances, the maximum levels for some food groups 
are in the range of 0.2–0.3 µg/kg FM. This means that sig-
nificantly lower analytical LOQs are necessary for food 
monitoring now, i.e. well below 0.1 µg/kg per PFAS indi-
vidual substance.

For the analysis of PFAS single substances in products 
and waste, fundamental development and standardiza-
tion work on sample processing, especially on extrac-
tion methods, is necessary. The extraction method 
standardized for soil and sludge should be suitable for 
different types of waste and products, however this will 
require testing. Although the Regulation (EU) 2019/1021 
(EU POP regulation) has set limit values for PFOA and 
related compounds in waste there is, however, no ana-
lytical method available for most of these substances nor 
does a standard exist. This means that for many PFOA-
related substances a surveillance of valid limit values in 
waste is not possible. For determination of PFOS in prod-
ucts CEN only developed a technical specification with-
out validating it [273]. In this context it is important to 
keep in mind that a large share of PFOS and other PFAS 
in products are part of side-chain fluorinated polymers. 
Currently, there is no method which can quantify these 
covalently bond PFAS.

Air and exhaust gas
Determination of perfluorinated carboxylic and sulfonic 
acids and other ionizable PFAS, as well as volatile neu-
tral PFAS such as fluorotelomer alcohols, in ambient air 
has been conducted in various urban and rural areas [79, 
274–277]. Active air sampling was predominant; a review 
of methods can be found in Wu et al. [278]. However, in 
virtually all studies, the semi- to low-volatile ionizable 
PFAS were determined only in the particulate matter 
deposited on glass or quartz fiber filters. On the other 
hand, the sorbents used in the sampling cartridges to 
capture gaseous PFAS such as polyurethane (PU) foams 
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and/or XAD-2 granules (a styrene–divinylbenzene copol-
ymer) were analyzed only for volatile neutral PFAS.

A study in Bavaria, however, showed that perfluori-
nated carboxylic and sulfonic acids with four or more 
carbon atoms deposited on the glass fiber filter are vola-
tilized by the air flow when the sampling period exceeds 
2  days. This volatilization sets in earlier and more 
intensely the shorter the chain length and thus the more 
volatile the substance is [279]. Therefore, if air sampling 
lasts more than 2 days the gaseous fraction of ionizable 
PFAS must be analyzed, in addition to the particle-bound 
fraction. For this purpose, the same sampling technique 
(combination of glass fiber filter and two subsequent PU 
foams) as standardized for the determination of PCDD/
PCDF, polychlorinated biphenyls, and some polybro-
minated flame retardants is basically suitable [71] (VDI 
guidelines [280–282]). Wu et al. showed that by extend-
ing such a sampling cartridge with activated charcoal, it 
is possible to detect additional groups of volatile neutral 
PFAS such as diiodofluoroalkanes (FDIAs) in ambient air 
[278].

In contrast to water and solids, however, there is no 
standardized method for the determination of one or 
more groups of PFAS in air, so that there are no continu-
ous and state-organized monitoring programs for the 
detection of PFAS in ambient air in the EU. This results 
in corresponding knowledge gaps on the volatilization 
of PFAS and their atmospheric dispersion. The crucial 
steps for validation and standardization are sampling and 
enrichment for instrumental-analytical determination.

Some studies on the occurrence of PFAS in outdoor air 
have been conducted with passive samplers, including 
the Global Atmospheric Passive Sampling Network, in 
which air samples from 21 monitoring sites in the west-
ern part of the Northern Hemisphere were analyzed for 
volatile neutral and semi-volatile ionizable PFAS in 2009, 
2013, and 2015 [78]. The highest concentrations were 
found for the volatile fluorotelomer alcohols 6:2 FTOH 
and 8:2 FTOH, consistent with studies using active air 
sampling [276, 277].

Up to now, only few studies have been published on 
the occurrence of PFOS and PFOA in exhaust gas and 
waste air from combustion and industrial plants and 
thus on their release into the atmosphere [65]. Suitable 
and validated sampling methods—even for the classic 
perfluorinated carboxylic and sulfonic acids with four 
to ten carbon atoms—have not yet been established. For 
PFAS emission measurements, the US EPA’s OTM-45 
method is currently the only method claiming standardi-
zation [266]. The method has the status “in progress” and 
is therefore not yet validated. The OTM-45 describes a 
complex and small-scale sampling and processing pro-
cedure with up to eight subsamples and four individual 

analyses, which, according to emission experts, is too 
complicated and costly for European practice. From 
individual emission measurements carried out in Ger-
many, there are still unpublished indications that, when 
it comes to sampling, the complete capture of PFAS from 
exhaust gas and waste air is probably the greatest chal-
lenge. Achieving sufficiently LOQs is also essential—as 
it is for ambient air measurements. In thermal plants, 
moreover, fragments of the PFAS such as TFA can occur. 
For example, when nine aqueous daily samples were ana-
lyzed from the acidic first flue gas scrubber of a sewage 
sludge mono-incineration plant in southwestern Ger-
many, TFA concentrations in the range of 1  µg/L were 
found in all samples [283]. Therefore, the selection of a 
limited number of suitable PFAS lead substances seems 
necessary and practicable for emission measurements.

There is thus a comprehensive and urgent need for the 
development and standardization of sampling for exhaust 
gas and waste air measurements of PFAS [65], especially 
since plants from numerous industries are potential 
PFAS emitters.

Non-target analysis of PFAS
Mass spectrometers with a very high mass resolution and 
mass accuracy (HRMS, high-resolution mass spectrom-
etry) have been available for about 10  years. This basi-
cally allows the determination of the exact masses of the 
molecular and fragment ions of a substance contained in 
the sample and ultimately the molecular formula of the 
compound. On this basis, by applying user-specific or 
external mass spectrometric databases it is in principle 
possible to identify unknown substances contained in 
the sample. Due to the exact atomic mass characteristic 
of the element fluorine, per- and polyfluorinated com-
pounds can be identified in this manner.

By coupling high-performance liquid chromatography 
with a high-resolution mass spectrometer (LC-HRMS), 
this non-target analysis can be applied particularly well 
to aqueous samples, since the samples can be injected 
directly without a prior extraction step. This allows the 
determination of a large number of compounds from dif-
ferent substance groups, provided that the substances are 
analytically detectable under the chromatographic and 
mass spectrometric conditions applied. Even unknown 
fluorine-containing compounds can in principle be 
detected by non-target analysis.

However, since a prior enrichment step would not or 
would only incompletely detect numerous substance 
groups of PFAS, the direct measurement of water sam-
ples results in higher LOQs than with specific PFAS 
analysis of single substances analysis or a subset detect-
able with the respective extraction. Therefore, non-target 
analysis of original water samples is still too insensitive 
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for PFAS monitoring of surface or groundwater. None-
theless, an important potential application can be the 
analysis of wastewater, since the LOQs would be suffi-
cient for this purpose.

Joerss et al. [88] analyzed river water affected by indus-
trial point sources in Germany and China with LC-HRMS 
after solid-phase extraction on a cartridge consisting of 
four sorbents with different properties thereby achieving 
a compromise between good sensitivity and capture of 
numerous various groups of PFAS. Comparing raw data 
with a substance list of 3655 PFAS in total 86 PFAS from 
18 structural groups were tentatively identified, among 
them eight compounds which have not been reported in 
the environment yet. 17 of the 86 PFAS were confirmed 
by analytical standards.

In a guideline, the Wasserchemische Gesellschaft (Soci-
ety of Water Chemistry) of the Gesellschaft Deutscher 
Chemiker (German Chemical Society) has defined basic 
quality criteria for the application of non-target analysis 
by LC-HRMS in water analysis [284], which should also 
be considered for the identification of unknown PFAS. A 
clear identification of an unknown substance with non-
target analysis is ultimately only possible if the suspected 
compound is available as a reference substance for a con-
firmatory measurement [285]. Even for the now widely 
used oxo carboxylic acid C6O4, this is not the case [286]. 
Thus, the limited availability of reference standards from 
the large substance group of PFAS currently places strict 
limits on the application of non-target analysis for the 
identification and quantification of PFAS.

Recently, the application of Fourier transform ion 
cyclotron resonance mass spectrometry (FT-ICR MS) 
has been described as another solution for the non-target 
screening of PFAS in a firefighting foam product [287]. 
FT-ICR MS offers the highest mass resolution and accu-
racy and a wide dynamic range.

Sum parameters for PFAS
Adsorbable organically bound fluorine (AOF)
In this sum parameter, the fluorinated organic com-
pounds contained in a water sample are first adsorbed on 
activated charcoal. Inorganic fluorine species like fluoride 
can also adsorb on activated charcoal. To avoid resulting 
false high values of AOF, fluoride is removed from the 
activated charcoal by washing with a nitrate solution. The 
loaded charcoal is then burned in a stream of oxygen and 
the combustion gases are absorbed in an aqueous solu-
tion. The fluoride ions formed from the generated hydro-
gen fluoride are quantitatively determined by means of 
combustion ion chromatography (CIC), thus indirectly 
determining the sum of fluorinated organic compounds 
contained in the sample [288]. In routine use, an analyti-
cal limit of detection (LOD) of 1.3 µg F/L and an LOQ of 

2.0 µg F/L are achieved [50], which is sufficiently low for 
monitoring (industrial) wastewater. However, the AOF 
method is not sensitive enough for monitoring the limit 
of 0.5 µg/L for the sum of all PFAS in the new EU Drink-
ing Water Directive [269]. In a recent study, Han et  al. 
[289] optimized the AOF method and achieved an LOD 
of 0.3 µg/L and an LOQ of 0.4 µg/L.

Since ultrashort PFAS in particular do not adsorb well 
on activated charcoal, the AOF may more or less under-
estimate the true total PFAS content in a sample, depend-
ing on the nature and composition of the fluorinated 
substances. For example, in the studies by Han et al. [289] 
and von Abercron et  al. [50], the recoveries for several 
short-chain PFAS were actually low. Examining various 
water samples from 13 drinking water sources in Ger-
many, Neuwald et al. [243] demonstrated the non-detec-
tion by the AOF of the ultrashort PFAS TFA, PFPrA, and 
TFMS, which are practically ubiquitous and even domi-
nant in many samples.

On the other hand, the AOF also detects fluorine-con-
taining compounds that do not belong to PFAS, such as 
monofluorinated compounds and some pharmaceuticals 
and pesticides with fluorinated aromatics as well as their 
metabolites, so that in individual cases the PFAS content 
can also be overestimated, especially in the low concen-
tration range up to approx. 10 µg/L. According to a first 
pilot study, this seems to occur partly in surface water 
[50].

A German standard for AOF determination in aqueous 
samples is available since October 2022 [290]. The extrac-
tion is performed with synthetic activated charcoal, and 
the lower LOQ is 2.0 µg/L, expressed as fluorine. In the 
standard method, a drop of pH value of the sample before 
adsorption is avoided and the washing step to eliminate 
fluoride is performed with a neutral nitrate solution 
[288]. In June 2022, the application for writing it as an 
ISO standard was submitted [291].

Von Abercron [18] has shown in a pilot study that 
the AOF method can also be successfully used to detect 
PFAS in aqueous and ethanolic extracts of paper and 
paperboard food packaging. The LOQ is about 20 µg F/g 
paper, which corresponds to the indicator value set in 
Denmark for PFAS in food packaging.

Extractable organically bound fluorine (EOF)
In the EOF method for water, sediment, and soil samples 
as well as biological tissues (Han et  al. [289] lists eight 
references for this), the PFAS contained in the sample 
are first enriched by SPE and simultaneously separated 
from fluoride. Subsequently, the SPE eluate is combusted 
and the fluoride formed is quantified by CIC similar to 
the AOF procedure. Since the common EOF procedures 
use weak anion exchange resins for the SPE step [292], 
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they are most likely ineffective in detecting cationic and 
some other PFAS (see below). At the German Federal 
Institute for Materials Research and Testing (BAM), the 
determination of fluorine in the SPE eluate is performed 
by high-resolution-continuum source-graphite furnace 
molecular absorption spectrometry (HR-CS-GFMAS), 
adding gallium salt solutions. The resulting in-situ for-
mation of gallium fluoride in the graphite furnace allows 
fluorine to be quantified selectively and with high detec-
tion capability, resulting in an instrumental LOQ that 
is about a factor of four lower than that achieved by ion 
chromatographic determination after combustion (CIC) 
[293]. For the overall procedure of EOF determination in 
water samples after SPE enrichment, Metzger et al. [292] 
report an LOQ of 18 ng F/L, which seems sufficiently low 
for monitoring surface waters. For EOF determination in 
soils and sediments with HR-CS GF MAS, the extraction 
method was optimized and simplified (four times with 
acidified methanol in an ultrasonic bath), such that an 
additional SPE step is unnecessary [294]. This achieves an 
LOQ for the overall method of 10.3 µg F/kg. The German 
standard DIN 38414-17 for EOX determination (sum of 
organohalogen compounds containing chlorine, bromine 
or iodine) [295] does not include organofluorine com-
pounds. There is no standardization activity yet for the 
EOF determination.

TOP assay (total oxidizable precursor)
The TOP assay is suitable for aqueous samples including 
soil eluates and solid samples. In this process, the addi-
tion of a strong oxidizing agent (e.g., peroxydisulfate) 
to the extract oxidizes the polyfluorinated precursor 
compounds contained therein to corresponding per-
fluoroalkyl carboxylic acids [296], which are then ana-
lyzed using established single-substance analysis with 
low LOQs of 1–10  ng/L for water samples. Thus, the 
TOP assay is significantly more sensitive than other sum 
parameters such as AOF and EOF.

The TOP assay is limited by the spectrum of per-
fluorinated oxidation products covered by the analyti-
cal method used. In addition, some precursors are only 
incompletely oxidized or not oxidized at all. For example, 
perfluorinated oxo carboxylic acids such as HFPO-DA 
and fluoropolymers are not detected. A detailed descrip-
tion of this problem can be found in Zhang et  al. [297] 
and Held [3]. Various polyfluorinated substances can give 
rise to the oxidation products trifluoroacetic acid and/
or perfluoropropanoic acid, but these are not detected 
by the standard analysis of perfluorocarboxylic acids 
[243]. This requires modification of the TOP assay and 
additional analysis of these two short-chain perfluoro-
carboxylic acids with ion chromatography [3, 298] or 

hydrophilic interaction chromatography (HILIC) after 
enrichment adapted to these ultrashort PFAS with a 
modified SPE method [243].

The standardization process of the TOP assay for aque-
ous soil eluates and groundwater is currently ongoing. 
For this purpose, a first draft standard for the determi-
nation of perfluoroalkyl carboxylic acids with four to ten 
carbon atoms has been prepared in Germany; an inter-
laboratory test has recently been carried out.

The TOP assay has recently been increasingly applied 
to solids such as soils, sediments and suspended solids. 
For this purpose, the assay has been adapted by adding 
the oxidant directly to the original sample prior to extrac-
tion. This allows extraction losses of unknown polyfluori-
nated precursor compounds to be avoided. This direct 
TOP assay (dTOP) gains LOQs in the range of 0.1 to 
10  µg/kg for soil samples being more sensitive than the 
EOF assay [299]. The dTOP assay was also successfully 
applied to biological samples by Göckener et  al. [115]. 
Standardization activities for the TOP assay for solid 
samples are not yet known; an international or at least 
European standard protocol for soil is, however, urgently 
needed [299].

Completeness of PFAS extraction
In the PFAS analysis of soil and other solid (environmen-
tal) samples with the methods established until now, the 
extraction is always carried out with methanol, regard-
less of whether this is followed by a single-substance 
analysis or a determination of the sum parameter EOF 
or TOP. Methanol extraction yields good recoveries for 
anionic PFAS (carboxylic and sulfonic acids) and—as 
far as known—also for neutral PFAS (e.g. fluorotelomer 
alcohols). However, cationic and zwitterionic PFAS are 
not completely extracted from the solid sample by this 
method [3] and are not adequately quantified. Thus, the 
determination of a PFAS sum parameter performed in 
this manner may yield systematically low levels. There-
fore, for a complete coverage of all PFAS compounds 
from soils, Nickerson et al. [300] proposed an optimized 
sequential extraction with basic methanol followed by an 
acidic extraction, which allows a better coverage of cati-
onic and zwitterionic PFAS.

Held [3] concludes that only the application of sev-
eral sum parameters in combination and an optimized 
extraction of soil samples can provide a sufficiently reli-
able estimate of the level of PFAS contamination. The 
optimized extraction of PFAS from solid samples must, 
therefore, find its way into the—not yet begun—stand-
ardization efforts of the TOP assay (for solids)  and the 
EOF determination.
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TOF assay (total organically bound fluorine)
In the TOF assay, a sum parameter for solid samples, 
the entire sample is combusted according to DIN 51723 
[301]. Hydrogen fluoride is formed from the fluorinated 
organic compounds contained in the sample, includ-
ing fluoropolymers and polymers with fluorinated side 
chains (and inorganic fluorine compounds). The hydro-
gen fluoride is collected in an aqueous buffer solution 
and quantitatively determined as inorganic fluoride by 
means of ion chromatography according to DIN EN ISO 
10304-1 [302]. The sum of PFAS contained in the sample 
includes fluorinated polymers in addition to small mol-
ecules and fluorinated aromatics (in contrast to the AOF 
for water samples). However, the proportion of fluoro-
polymers in the TOF value cannot be determined.

The TOF assay is well suited for the analysis of mate-
rials and products such as food packaging since these 
materials do usually not contain inorganic fluoride. Since 
fluoride is not separated from fluorinated organic sub-
stances, the TOF assay is not suitable for samples which 
may contain inorganic fluoride in the mg/kg range. The 
rather high LOQ of 1  mg F/kg strongly limits its suita-
bility for environmental samples [17]. Standardization is 
still necessary. The TOF assay is in principle also applica-
ble for the examination of solid waste.

Biological effect test for PFAS
Since 2009, many PFAS, like PFOA, are known to bind 
strongly to transthyretin (TTR), the transport protein 
for the thyroid hormone l-thyroxine (T4) [303]. This can 
cause a reduction in thyroid hormone levels in humans 
and animals. The binding of chemicals to transthyretin 
and the resulting displacement of T4 can be measured 
by the TTR-TR-CALUX bioassay, which combines two 
bioassays and can also be applied to extracts of (envi-
ronmental) samples [227]. Here, TTR and T4 are first 
added to the pre-purified extract and incubated. Then, 
the TTR-bound T4 is separated and added to a culture 
of the human U2OS cancer cell line. In these genetically 
engineered cells, the firefly luciferase gene is linked to 
the so-called thyroid responsive elements (TREs). In this 
way, a reporter gene is obtained for the presence of T4 
and other substances that activate the TREs. Now, when 
the cells are incubated with T4, they produce not only 
proteins whose gene expression is associated with TREs 
under normal circumstances, but also the enzyme lucif-
erase. After addition of luminol, the substrate for lucif-
erase, and incubation of the cells, the light emission of the 
luminescent product is measured. The higher the T4 con-
centration in the cell culture medium, the stronger the 
light intensity is. When incubated with TTR, the amount 
of TTR-bound T4 is decreased, if the sample extract con-
tains substances that also bind to TTR and compete for 

binding T4. This corresponds to the concentrations and 
potencies of action of the TTR-binding substances. The 
light intensity is then correspondingly weaker. The TTR-
TR-CALUX bioassay would allow the derivation of RPF 
for PFAS (similar to the DR CALUX for PCDD/PCDF) 
[227].

Such bioassays have the advantage over chemical sin-
gle-substance analysis in that a defined biological effect is 
measured that is triggered by the totality of all substances 
present in a sample that are capable of binding to the 
specific protein—regardless of their structure and abil-
ity to be chemically determined. Coupling the bioassay 
with instrumental analysis of the sample for compounds 
known to elicit this effect, a concentration with the 
equivalent effect can be calculated, taking into account 
the respective potency of each substance. An effect 
equivalent in the bioassay that is significantly higher than 
the value determined from the result of the chemical 
analysis indicates the presence of unknown substances 
that have not been detected by the single-substance anal-
ysis method used.

Since the effect of PFAS on the thyroid hormone sys-
tem is a sensitive endpoint for humans (see “Biological 
effects of PFAS on laboratory animals and on humans” 
section), this bioassay (and possibly others) can be a use-
ful supplement to the instrumental analysis of PFAS sin-
gle substances as relevant sum parameter.

PFAS‑contaminated sites
Contamination of soils and waters takes place along the 
entire life cycle of PFAS: from the production of PFAS 
to the use of PFAS in manufacturing (e.g. production of 
fluoropolymers and textiles), the use of products con-
taining PFAS (e.g. firefighting foams and pesticides) and 
the disposal of PFAS (e.g. landfills, disposal of sewage 
sludge). With the Stockholm Convention’s Guidance for 
the inventory of PFOS [304], a draft guidance with an 
approach for the systematic survey of the PFOS inven-
tory has been available since 2017. This guidance, which 
can also be transferred to other PFAS, provides contract-
ing states with a tool to identify emission sources, waste 
management measures and contaminated sites.

In addition to diffuse discharges via the atmospheric 
pathway and the agricultural application of contaminated 
materials such as sewage sludge and residual materi-
als from paper production, in recent decades there have 
been numerous, sometimes massive PFAS discharges 
into soil and groundwater through so-called point 
sources [61, 62]. Aqueous Film Forming Foam (AFFF) 
with PFOS as film-forming agent is of particular impor-
tance in this context. The use of PFAS-containing extin-
guishing foams in firefighting has led to massive soil and 
groundwater contamination in many places worldwide. 
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Large quantities of such extinguishing foam concentrates 
are kept on hand, especially at civil and military airports, 
and at industrial plants such as refineries and tank farms. 
In addition, large quantities of firefighting foams con-
taining PFAS have also been released in the past during 
firefighting exercises. In principle, every fire station also 
represents a potential point of entry, since this is where 
the foam concentrates are decanted, the extinguish-
ing equipment maintained and tested, and cleaned after 
operations.

In 2009, PFOS was included in Annex B of the Stock-
holm Convention. With Regulation (EU) No. 757/2010 
amending POP Regulation (EC) No. 850/2004 (POP: per-
sistent organic pollutant), the limit for PFOS in fire-extin-
guishing agents was reduced to 0.001 percent by weight. 
Even before this final ban on the use of PFOS-containing 
extinguishing foams, numerous alternative fluorosur-
factant-containing foam extinguishing agents came onto 
the market, in particular polyfluorinated substances such 
as H4PFOS, which, however, pose comparable risks to 
soil and water. To avoid such “regrettable substitutions”, 
the EU plans to restrict all PFAS in fire-extinguishing 
agents [305] (see “Regulation of PFAS” section).

Another major use of PFOS was as a wetting agent in 
the chromium plating of metal and plastic surfaces in 
electroplating shops. Here, too, polyfluorinated chemi-
cals are now frequently used instead of PFOS [47]. In an 
inventory of PFAS contamination of soil and groundwa-
ter in the German state of North Rhine-Westphalia, 73% 
of the cases reported by May 2021 could be attributed 
demonstrably or presumably to the use of fire-extin-
guishing agents. 12% of the cases could be traced back to 
electroplating [306]. Thus, 85% of the detected soil and 
groundwater contamination with PFAS originated from 
one of these two activities.

Further PFAS contamination may originate in par-
ticular from the use of these substances in textile fin-
ishing, semiconductor and paper industries as well as 
in the chemical industry. Landfills where waste con-
taining PFAS has been deposited can also be respon-
sible for point source contamination due to escaping 
leachate.

So far, there is no obligation for municipalities in 
Germany to systematically record suspicious areas and 
to verify or exclude a suspected contaminated site by 
appropriate investigations. Especially for the damage 
caused by firefighting foams, contemporary witnesses 
have to be interviewed and documents of the fire 
departments as well as reports in the local press about 
large fires have to be evaluated. A guideline from the 
German Working Group on Soil Protection of the Fed-
eral States and the Federal Government (LABO) on 
the systematic recording of PFAS suspected sites has 

been available since 2015 [307] and could serve as a 
basis for corresponding recommendations in other EU 
member states.

If PFAS enter the groundwater via the soil, they can 
lead to contamination plumes several kilometers long 
due to their mobility, depending on the characteristics 
of the aquifer. For example, a PFAS input from extin-
guishing agents in Düsseldorf has been documented to 
spread at a rate of about 200 m per year [308]. If such 
contamination remains undetected, the PFAS can, for 
example, reach soils and crops outside the narrower 
contamination area when groundwater is used for gar-
den wells and for irrigation of agricultural land. Due 
to their persistence, concentrations of PFAS in topsoil 
then increase and may enter the food chain via accu-
mulation in crops (see “Bioconcentration and biomag-
nification in the food chains” section). Similarly, the 
production of drinking water may be affected by these 
contaminants.

Examples of PFAS contamination from point sources 
are numerous. Bremen Airport is a case in point: Dec-
ades of use of PFAS-containing firefighting foams 
during functional tests of extinguishing equipment 
and firefighting exercises on the site have resulted in 
evidence of massive soil and groundwater contamina-
tion with PFAS. The pollutants have spread beyond 
the airport site via the drainage system of the site and 
adjacent water systems. Studies of fish show very high 
levels of contamination in some cases, resulting from 
accumulation in muscle tissue and internal organs (see 
“Occurrence in the environment” section) [309].

Beyond such point sources, some large-scale PFAS pol-
lutions of soil and groundwater are among the most mas-
sive known contaminated sites (“mega sites”).

The application of compost made with contaminated 
paper sludge has resulted in pollution of agricultural soils 
in the Rastatt and Baden-Baden area of Baden-Württem-
berg, Germany. More than 1,000 hectares (2471 acres) 
of soil and 180 million  m3 of groundwater are affected, 
in part directly by the sludge, and in part indirectly by 
contaminated irrigation water [53, 310, 311]. As a result, 
crops on these lands are contaminated. With regular 
pre-harvest monitoring, high levels of contamination 
of field crops are recorded, which may then no longer 
be marketed as food. The Ministry of Food, Rural Areas 
and Consumer Protection of Baden-Württemberg (MLR) 
since 2015 set assessment values for the pre-harvest 
monitoring which include values for short-chain PFAS 
[312]. In its newest communication it took into account 
EFSA’s TWI value of 4.4  ng/kg bw as a benchmark for 
long-chain PFAS (see “Toxicological evaluation” sec-
tion) [313]. The affected drinking water suppliers purify 
their water by reverse osmosis or activated charcoal 
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filters (see “Purification of PFAS-contaminated water” 
section). In 2019 the state parliament of Baden Würt-
temberg concluded that—according to current knowl-
edge—remediation of these widespread groundwater and 
soil contaminations is impossible with reasonable meas-
ures [311].

Originating at an industrial plant producing fluoro-
chemicals, including PFOA as an emulsifier for man-
ufacturing PTFE and other fluoropolymers, PFOA 
contamination of soils and groundwater took place over 
an area of 230   km2 in the vicinity of Gendorf (Bavaria, 
Germany) [104]. The production of PFOA at this site 
has since been replaced by ADONA. Here, in addi-
tion to wastewater and penetration into groundwater, 
the atmospheric pathway played a significant role in the 
widespread contamination.

Very extensive PFAS contamination in the vicinity of 
PFAS production plants was found in Dordrecht and Hel-
mond (Netherlands) [72–74]. The PFOA used previously 
as emulsifier was replaced by HFPO-DA, which now can 
also be detected in soil, groundwater, surface water, plant 
and blood samples.

Probably the most extensive contamination of soil and 
groundwater in Europe has been found in central Veneto 
(Italy) [314]. Originating from a production plant belong-
ing to the Miteni company, a groundwater plume of 
PFOA and other PFAS (including the oxo acids HFPO-
DA and C6O4) extends over an area of 595   km2 with a 
population of about 140,000 inhabitants, particularly 
affected by contaminated drinking water (Fig. 4). Meas-
urements of blood serum showed widespread elevated 
levels [315].

Contamination of the surroundings of PFAS produc-
tion sites is also common in the United States. Exam-
ples are inter alia industrial plants of Solvay in New 
Jersey [316] as well as of 3M in Minnesota [317] and in 
North Carolina [109, 110]. In many cases the landfills 
and deposits around the production facilities contribute 
strongly to the contamination of soil and waters. Thus, it 
is necessary to explore the locations of all PFAS produc-
tion facilities and related landfills systematically to pre-
vent risks for population and environment.

In the cases mentioned above, remediation is no longer 
possible, but only a limitation of the damage and the 
spread and thus the exposure to the population.

The remediation of contaminated PFAS sites is 
extraordinarily expensive and long-lasting. In the case 
of groundwater damage, “pump and treat” is often used, 
i.e., pumping the contaminated groundwater and treat-
ing it, for example, by adsorbing the PFAS on activated 
charcoal (see “Purification of PFAS-contaminated water” 
section). Remediation of contaminated soils also quickly 
reaches its limits. The simplest solution, excavation and 
landfilling, is not possible in Germany due to the lack of 
availability of suitable landfill space. In individual cases, 
separating the soil by grain size can help to reduce the 
volume of waste to be landfilled or incinerated at high 
temperatures to the more heavily contaminated fine-
grain fraction. In the case of large-scale contamination, 
however, these methods are unsuitable in any case, not 
only because of the volumes involved.

Moreover, the provisions of the Stockholm and Basel 
Conventions should be taken into account. These stipu-
late that waste is to be disposed of in a manner that 
destroys the POPs [1] if a value of 50  mg/kg for PFOS 
is exceeded. On 23 November 2022, the European Par-
liament and Council have passed Regulation (EU) 
2022/2400 amending Annexes IV and V to Regulation 
(EU) 2019/1021 (EU POP Regulation) with new con-
centration limits for PFOA and PFHxS and their related 
compounds in waste [318]. From 10 June 2023 a limit 
value of 1 mg/kg for PFOA and its salts and 40 mg/kg for 
the sum of PFOA-related compounds will be in force. The 
same concentration limits are set for PFHxS and its salts 
and the sum of PFHxS-related compounds, respectively. 
Such waste shall be destroyed or irreversibly transformed 
in an environmentally sound manner. The Commission 
shall review these concentration limits no later than 30 
December 2027.

Alternative treatment processes, however, are not yet 
technically mature [61, 62]. Large-scale soil washing 
(on-site) is in its infancy for PFAS, as are in-situ reme-
diation processes. Among others, methods of immobiliz-
ing PFAS in soils by clay minerals or other adsorbents are 
being tested. Alternatively, PFAS could be flushed into 
groundwater by irrigating the soil and extracted from it 
by pumping. The suitability of these methods depends 
very much on the local situation, including hydrogeo-
logical conditions. There is still a considerable need for 
research and development.

Fig. 4 Map of the PFAS-contaminated area of the Veneto Region. Red Area: municipalities supplied by PFAS-contaminated waterworks. Red Area A 
(dark red): municipalities of the Red Area located on the groundwater contamination plume. Red Area B (light red): municipalities of the Red Area 
located outside the groundwater contamination plume. Dashed white area: groundwater contamination plume. Pink dot: location of the chemical 
plant that gave origin to groundwater contamination. Yellow lines: borders of municipalities. Red lines: borders of provinces. Blue lines: rivers. Black 
thick line: borders of the new areas included in the Red Area in 2018 (nine additional municipalities, some of them only partially included). The box 
on the lower right corner indicates the position of the represented area in the Veneto Region, northeastern Italy. © Map from Gisella Pitter [315]

(See figure on next page.)



Page 24 of 50Brunn et al. Environmental Sciences Europe  2023, 35(1):20

Fig. 4 (See legend on previous page.)
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For the assessment of soil and groundwater contami-
nation, the German Federal Ministry for the Environ-
ment and Consumer Protection (BMUV) published a 
“Guideline for PFAS Assessment” [319]. Decisive for the 
assessment of groundwater contamination are the insig-
nificance thresholds (GFS values), which were derived in 
2016 by the German Working Group on Water Issues of 
the Federal States and the Federal Government (LAWA) 
on the basis of toxicological data for seven individual 
compounds [320]. The most important exposure pathway 
is considered to be the soil → groundwater route. If the 
concentrations in an eluate (water/solid ratio 2:1) exceed 
these GFS values, the soil can no longer be used without 
restrictions. Soils with concentrations up to 5 to 10 times 
of the insignificance thresholds (GFS values) can still be 
used for technical structures, but only subject to compli-
ance with safety measures (e.g. groundwater monitoring). 
If the contents are higher, they are considered waste and 
must be disposed of. However, these limits (e.g. 1  µg/L 
for PFOS) are so low that in many cases they will be 
exceeded and no true relief is likely to occur with respect 
to landfilling.

The pathways soil → plant and soil → human (direct 
contact) are not mapped for PFAS in the new version 
of the Federal Soil Protection and Contaminated Sites 
Ordinance (BBodSchV) [321]; the BMUV guideline [319] 
considers exposure via plants to be relevant, but does not 
yet specify any assessment standards. In a recent study 
by the German UBA, the transfer of PFAS into plants 
was investigated in more detail [322]: it confirmed the 
chain-length dependence of the transfer into the plant 
(see “Bioconcentration and biomagnification in the food 
chains” section). However, the uptake of PFAS by plants 
is also strongly influenced by plant species and soil prop-
erties. Therefore, test values for this impact pathway have 
not yet been proposed. The BMUV describes the impact 
pathway soil → human (direct contact) as not relevant. 
However, this assessment should be reviewed for the use 
scenario “children’s play areas” with regard to the EFSA 
TWI value.

For PCDD/PCDF and dl-PCB, besides contaminated 
feed the input pathway soil → chicken → egg → human 
contributes significantly to human exposure to these 
chlorinated hydrocarbons [323, 324]. This can apparently 
also be the case for PFAS. A recent Danish study identi-
fied contaminated fishmeal as the main source of PFAS 
burdens in chicken eggs [325, 326]. Since in this case the 
fishmeal only contributed to the feed by about 5%, the 
study emphasizes the importance of feed for the human 
intake via animal products. In contaminated areas, free-
range chickens and their eggs should be monitored in 
addition to crops grown, grazing and wild animals. Good 
advisory can help to reduce the input via this pathway 

and thus the exposure of people living in these areas 
[327].

In the USA the EPA recently published the proposal to 
include cases of damage caused by PFOA and PFOS in 
the so-called superfund. This would implicate that—if the 
polluters are not able to carry the costs of remediation—
financial means of the federal state will be available [328]. 
In Europe, as a rule, polluters of PFAS contamination are 
not yet required to finance the remediation. Even where 
polluters could be held responsible, the very high reme-
diation costs quickly reach the limits of their capacity, so 
that the costs have to be borne by the general public.

Extensive financing and funding concepts as well as 
research programs for the development of efficient reme-
diation methods are required. Legal conditions should 
also be created so that PFAS producers contribute to the 
costs of necessary remediation measures. It should be 
considered that the polluter-pays principle is a central 
element in EU legislation laid down in the EU treaties. 
Thus, producers of PFAS and PFAS-containing products 
should be responsible for related damages of health and 
environment.

In the USA the legal situation is different from Europe. 
More than 6400 lawsuits are submitted to court since 
2005 when citizens sued the producers or companies 
manufacturing products treated with PFAS, e.g. firefight-
ing foams or impregnated shoes or carpets. The firms 
are charged to be liable for health problems of citizens. 
It is not clear how the majority of courts will decide but 
this challenge may jeopardize the existence of some firms 
[329]. 3M, an important former PFOS producer, already 
paid more than 1 billion US $ in the USA. In 2022, 3M 
has committed € 571 million for various measures related 
to PFAS damage emanating from the Zwijndrecht plant 
in Belgium [330, 331].

Purification of PFAS‑contaminated water
The purification of PFAS-contaminated water is com-
plex, only effective to a limited extent and expensive. 
Both, drinking water treatment and the remediation of 
contaminated groundwater, therefore, face major chal-
lenges. In a publication of the German UBA, Held and 
Reinhard give an overview of the different processes 
and their strengths and weaknesses [61, 62]. As Li et al. 
point out, treatment of short-chain PFAS is usually 
even less effective than for long-chain homologues [86].

Activated charcoal is primarily used as an adsor-
bent. However, what has proven successful in ground-
water remediation of other organic pollutants such as 
chlorinated hydrocarbons as well as polycyclic aro-
matic hydrocarbons (PAHs), has limitations when it 
comes to PFAS. The loading of the activated charcoal 
to the point of a breakthrough is low, especially for 
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short-chain PFAS. Long residence times in the filters 
are required to reach the required low PFAS concentra-
tions, which necessitates very large plants. In addition, 
the loaded activated charcoal must either be sent as 
waste to a high-temperature incinerator or regenerated 
in rotary kilns and the resulting off-gas stream fed to 
an afterburner at correspondingly high temperatures. 
In contrast, ion exchange resins are more effective for 
short-chain anionic compounds, which is why Riegel 
recommends a combination of both processes [332]. 
However, the loading density of the exchange resins is 
also often low and regeneration is limited.

Membrane processes such as nanofiltration and reverse 
osmosis are being tested as alternatives, e.g. in compara-
tive studies for the purification of groundwater at Nurem-
berg Airport [333]. The effectiveness is often insufficient 
and questions arise about the service life of the mem-
branes and the treatment of the concentrates [334].

Highly contaminated waters such as industrial waste-
water or landfill leachate often require pretreatment 
before they are further purified, e.g. by sorption pro-
cesses. For example, precipitation of the anionic PFAS 
with cationic liquid polymers such as  perfluorAdR is suit-
able for this purpose [334–336]. The process of ozofrac-
tionation, in which fine ozone bubbles cause enrichment 
at interfaces and oxidation of precursors, is apparently 
effective [61, 62, 337]. The process is commercially avail-
able. Furthermore, sonolysis, in which PFAS accumulate 
in cavitation bubbles that are formed under the influence 
of ultrasound, is an interesting approach [61, 62].

For the treatment of concentrates from the membrane 
processes, from regeneration of ion exchange media, and 
from ozofractionation, electrochemical oxidation can 
be considered, which is still under development [338]. 
Various anode materials such as boron-doped diamond 
[333] or titanium suboxide [339] are used. The process 
proves to be very effective, but perchlorate and bromate 
are formed as by-products [338] and an increase of the 
AOX value is measured [333]. Deposits on the anode 
can reduce the service life. Thus, the practicality of the 
process has not yet been proven. Krause et al. tested the 
treatment of PFAS-contaminated waters by oxidation 
with supercritical water at 590  °C and 24 MPa resulting 
in high effectivity [340]. Singh et al. achieved similar pos-
itive results using a non-thermal plasma reactor [341]. 
Both methods are new approaches, the suitability under 
real-world conditions remain to be proven.

A comprehensive comparison of the energy required 
for the aforementioned processes is still pending. CON-
CAWE has evaluated several processes in terms of their 
energy requirements and costs [337].

Finally, several processes achieved good results on 
a laboratory scale, but still have a long way to go for 

real-world applications. These include extraction of PFAS 
with ionic liquids [342], reductive defluorination with 
UV, sulfite, and iodide [343] or UV and hydrogen [344], 
and the use of zeolites as sorbent media in combination 
with activated peroxodisulfate [345]. Electrocoagulation 
of PFAS agglomerates with zinc hydroxide [61, 62] and 
electrosorption on activated charcoal fleeces (with subse-
quent desorption) [346] are also still at an experimental 
stage.

Regulation of PFAS
The recognition that chlorofluorocarbons (CFCs) dam-
age the ozone layer in the stratosphere led as early as 
1987 to the adoption of the Montreal Protocol, the most 
successful global agreement on the restriction of sub-
stances. With the Kigali Amendment in October 2016, 
climate-damaging hydrofluorocarbons were also covered 
by this agreement [347]. The listed substances are banned 
or severely restricted worldwide.

The longer-chain PFAS only later came into the focus 
of international attention. The Stockholm Convention, 
which restricts or bans persistent organic pollutants 
(POPs), now includes PFOA and PFOS, along with pre-
cursors compiled by the POP Review Committee [348], 
among the substances whose production and use is to 
be eliminated worldwide. Only a few applications are 
still permitted for a limited period. In June 2022, the 
Conference of the Parties decided to add PFHxS with 
related compounds to the list of substances to be elimi-
nated (Annex A). Long-chain perfluorocarboxylic acids 
(C9–C14) are also proposed for inclusion as POPs [348]. 
The Basel Convention, which regulates transboundary 
shipments of hazardous wastes, sets maximum levels 
for wastes containing POPs [1]. PFAS are also among 
the prominent issues in other international forums such 
as in Strategic Approach to an International Chemicals 
Management (SAICM) as issue of concern [349] and in 
OECD.

The EU has transposed these international agreements 
into European law. In addition, the perfluorinated car-
boxylic acids C9–C14 as well as HFPO-DA and several 
other PFAS like PFBS, PFHxS or PFHpS together with 
their salts are included in the Candidate List of Sub-
stances of Very High Concern (SVHC) under the REACH 
Regulation [350], which means that their uses will 
require authorization in the future. Regulation of PFHxA 
and spray application of a polyfluorinated silane is cur-
rently being prepared. In the future, the EU intends to 
regulate PFAS in a way that is no longer single-substance 
related, but encompasses as many representatives as pos-
sible. The ECHA submitted a proposal in March 2022 to 
gradually ban the production and use of all PFAS in fire-
extinguishing foams at a concentration > 1  ppm within 
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10  years [305]. Germany, the Netherlands, Denmark, 
Norway and Sweden are working together on a restric-
tion for the entire substance group of PFAS, including 
fluorinated polymers. This would implement an EU pro-
ject on the “Chemicals Strategy for Sustainability” [35]. 
The proposal has been published by ECHA in February 
2023. It is expected that time-consuming negotiations 
will follow and slow down the process for several years.

The inclusion of fluoropolymers in the restriction of 
PFAS is controversial. The manufacturers consider fluo-
ropolymers as ‘polymers of low concern’ (PLC) because 
they were inert, non-bioavailable, and non-toxic [20, 351] 
and met all the criteria to be considered harmless poly-
mers not requiring regulation. In addition, they argue 
that these polymers were not substitutable in many appli-
cations due to their special properties [20]. In contrast, 
Lohmann et  al. include manufacturing and waste dis-
posal in their assessment [8]. They refer in particular to 
the use of PFOA or fluorinated substitutes as emulsifiers 
during manufacture, emissions during the use phase, e.g., 
when heated strongly, and problems with the disposal of 
polymer-coated products such as frying and baking pans. 
These are often not recycled at sufficiently high tempera-
tures (e.g., molten metals) leading to extensive decompo-
sition but not mineralization of the fluoropolymers. From 
their point of view, fluoropolymers are ‘polymers requir-
ing registration’ (PRR) [352] and should be included in 
the evaluation of PFAS as a group of substances. A dis-
cussion on the potential benefits and risks of fluorinated 
polymers as well as knowledge gaps are given by Wahl-
ström et al. [9].

In a recent analysis OECD published current knowl-
edge on side-chain fluorinated polymers with acrylates, 
urethanes, oxetanes, ethoxylates and siloxanes as back-
bones [353]. These polymers have a wide application 
range from surface protection (e.g. acrylates and ure-
thanes), surfactants (ethoxylates), wetting agents (oxe-
tanes) to lubricants and medical applications (siloxanes). 
Although information is limited due to confidentiality 
and no reporting requirements, they may contain non-
polymer unreacted raw material or reaction by-products. 
In addition, some of them may hydrolyze and release the 
side chains. This underpins the necessity to include them 
in the assessment of the PFAS as a group.

It is not only the EU that is trying to get a regulatory 
grip on the risks and burdens of PFAS. For example, vari-
ous states in the USA have enacted regulations to restrict 
or ban the manufacture and use of PFAS-containing con-
sumer products [354, 355].

Because European law governs the restriction and pro-
hibition of chemicals, national regulation by EU mem-
ber states is rare. Denmark has largely banned the use of 
PFAS in food contact materials and set an indicator level 

of 20  mg F/kg in packaging materials [356]. However, 
member states play an important role in implementing 
and monitoring European requirements. For example, 
the French government’s new PFAS action plan calls for 
increased control and reduction of emissions from PFAS-
processing plants and more monitoring of environmental 
and population exposure [357].

From the EFSA publication of a TWI of 4.4 ng/kg bw 
for the sum of the four PFAS most prominent in human 
serum (see “Toxicological evaluation” section) a drink-
ing water limit of 2.2 ng/L would be derived. This means 
that about 29% of German drinking water supplies would 
be affected [358]. When compared to existing limit and 
guideline values, obviously there is a need to review their 
compatibility with this toxicologically justified assess-
ment. The new limit of the EU Drinking Water Directive 
for the sum of 20 individual substances (perfluoroalkyl 
carboxylic and -sulfonic acids, C4–C13) is set to 100 ng/L 
[269]. A preliminary finding suggests that the levels of 
about 3.7% of drinking water in Germany may exceed 
this limit [358]. In a draft ordinance of the German Fed-
eral Government, a drinking water limit value of 20 ng/L 
for the sum of the four individual substances evaluated 
by EFSA is additionally envisaged [359]. The value of 
100 ng/L for PFOA and PFOS proposed by the WHO in 
its draft report is significantly higher. This is explained 
by the difficulties in purifying contaminated raw water 
[223]. Denmark already set a limit of 2 ng/L for the sum 
of the four EFSA substances in 2021 [360]. Furthermore, 
the new interim health advisories of the US EPA of only 
0.004 ng/L PFOA and 0.02 ng/L PFOS in drinking water 
[361] exceed the limits of currently available routine anal-
ysis by far (see "Analysis of per- and polyfluorinated alkyl 
substances" section). Effects on the immune system, the 
cardiovascular system, birth weight and cancer are men-
tioned as relevant endpoints from human studies [229, 
361]. These extremely low values—though toxicologically 
founded—will concern nearly all raw waters and cannot 
be achieved by purifying techniques in practice.

Steenland et  al. arrive at similarly low values, calcu-
lating an extremely high slope factor of 12.8 per µg/kg 
bw and day (assumed PFOA half-life in serum 2.3 a) for 
renal cancer incidence on the basis of a pooled analysis of 
human serum levels from two studies. This corresponds 
to a value of only 0.0015 ng/L (1.5 ppq) in drinking water 
[208], a value in the background exposure range.

The US EPA additionally set final health advisories 
for PFBS of 2000 ng/L (2000 ppt) and for HFPO-DA of 
10 ng/L (10 ppt) in drinking water [361].

Also in need of updating are, for example, the German 
limit value for sewage sludge of 100 µg/kg dm for the sum 
of PFOS and PFOA with regard to application on arable 
land [362] and the German Insignificance Thresholds 
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for Groundwater, given for seven individual PFAS [320]. 
Thus, also the Federal Soil Protection and Contaminated 
Sites Ordinance (BBodSchV) of 2021, which comes into 
force in August 2023, refers to the same PFAS thresholds 
as standards for the impact pathway soil → groundwater 
[363]. With respect to surface waters, current EU envi-
ronmental quality standards (EQS) for PFOS are 9.1 µg/
kg fm of fish and shellfish and 0.65  ng/L in freshwater 
[364]. An EQS of 4.4 ng/L for freshwater and groundwa-
ter is being considered for the sum of 24 PFAS by the EU 
Commission in a draft directive based upon the RPF of 
the individual PFAS (see “Toxicological evaluation” sec-
tion [224]). The 24 listed PFAS include in excess of the 
perfluorinated carbonic and sulfonic acids some telom-
eric alcohols and fluorinated carboxylic acids [365]. The 
RPF values will be used, similar to the practice with the 
“toxicity equivalence factors” (TEFs) for PCDD/PCDF. 
This would be a helpful approach given the multitude of 
PFAS found in diverse bodies of water.

In contrast to the aforementioned regulations, the Ger-
man UBA drinking water guideline value of 60 µg/L for 
TFA [262, 263] is many times higher as a “precautionary-
based maximum value when toxicological data are not 
complete”. However, the long-term effects of persistent 
and mobile TFA in the environment are so uncertain that 
the UBA itself in a background paper considers it nec-
essary to regulate TFA inputs to the environment (see 
“Ultra-short-chain PFAS—trifluoroacetic acid” section). 
In this context, particular reference is made to the diffi-
culty of TFA retention in drinking water treatment [30].

Overall, the limit and guideline values are inconsistent. 
Sometimes they refer to specific individual substances 
(especially PFOA and PFOS), sometimes it is a sum value 
of up to 20 individual substances that must be monitored. 
A uniform basis for assessment is not apparent. There is 
an urgent need to move towards sum values for the PFAS 
that are widely used, also including the perfluoroether 
acids ADONA, C6O4 and HFPO-DA, which are being 
increasingly used as PFOA substitutes. Even if sufficient 
toxicological and/or monitoring data are not yet available 
for some individual substances, they should be included 
to prevent inappropriate substitution within the diversity 
of PFAS.

Fluorinated alternatives of PFOA and PFOS—
regulatory gaps
The need to effectively restrict PFAS as an entire 
group of substances is evident, among others, when 
considering the properties of alternatives to PFOA 
and PFOS, including their precursors. Three trends 
can be identified: (i) replacement by short-chain PFAS, 
especially C4 compounds such as PFBA and PFBS; 

(ii) replacement by polyfluorinated telomeric carbox-
ylic or sulfonic acids such as 6:2 or 8:2 FTS and FTA; 
and (iii) replacement by perfluorinated oxocarboxylic 
acids such as ADONA, HFPO-DA, or  C6O4. A Chi-
nese study presented the sources, distribution, and 
toxicological and ecotoxicological characteristics of 
several fluorinated substitutes [366]. For example, 
many Chinese electroplating companies apparently 
substitute PFOS with 6:2-chloroperfluoroether sul-
fonate (F-53B), which is now detected in the environ-
ment and in organisms at concentrations similar to 
PFOS. Wang et  al. published a review of alternatives 
in various applications already in 2013 [2]. They found 
that publicly available knowledge on the properties 
of these compounds is extremely sparse. In particu-
lar, production and volumes used are also unknown. 
More accurate figures are generally not publicly avail-
able because they are declared as confidential business 
information (CBI). Monitoring and regulation of PFAS 
is complicated by the fact that very much informa-
tion is not freely available and often forensic activities 
are needed to obtain a clear picture [10]. For exam-
ple, the manufacturer of C6O4 refused to allow other 
companies to synthesize this substance as an analyti-
cal reference standard [286]. US EPA scientists did 
not have analytical standards or further information 
from the manufacturers on chloroperfluoropolyether 
carboxylates (ClPFPECAs) measured at high concen-
trations in soil around two chemical plants in New 
Jersey [316]. Meanwhile, New Jersey has established 
groundwater quality standards for these substitutes 
in fluoropolymer production [367]. ClPFPECAs are 
not only a problem in the USA but also in Europe. In 
a tributary of the River Po (Italy), this substance was 
detected downstream of a fluoropolymer production 
plant [368].

Conclusions
PFAS are a group of substances consisting of several 
thousand chemicals that are of wide use in the techno-
sphere. They have one characteristic in common: they are 
counted among the “forever chemicals” because they are 
characterized by an exceptionally high persistence over 
decades to centuries. Some are transformed in the envi-
ronment, but a perfluorinated residue always remains. 
There is no complete mineralization. However, many 
PFAS are not inert. On the contrary, toxicological and 
ecotoxicological data, especially of the most intensively 
studied perfluorinated carboxylic and sulfonic acids, 
show that adverse health effects occur even at very low 
doses or concentrations.
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PFAS are toxic to fish and amphibians in the first life 
stages as well as to invertebrates and to insects in the low 
µg/L range. Ecotoxic effects of various PFAS on trophic 
levels and the individual species are triggered by activa-
tion of nuclear receptors, oxidative stress or direct inter-
action with membranes. This is followed by changes at 
the tissue level with disturbances of thyroid function, 
fatty liver or cell death, with toxic reproductive effects 
on fertility, hatching rates, embryonic development or 
motor functions. Algae and terrestrial organisms are usu-
ally less sensitive to these substances.

Long-chain PFAS accumulation in aquatic organisms 
and biomagnification in terrestrial food chains lead to 
increasing internal PFAS exposure levels in living organ-
isms, including humans. This is enhanced by irrigation of 
agricultural land or topping up fishponds with polluted 
water.

Many PFAS bioaccumulate in the food chains and are 
excreted only slowly. Some PFAS are highly mobile in the 
hydrologic cycle and are now found even in polar regions 
far from sources of emission. These properties have led to 
ubiquitous occurrence: in biota, in water and soil, in out-
door and indoor air, and in the human body. Legacy con-
taminated sites are particularly serious, often resulting 
from the use of PFAS in fire-extinguishing foam and from 
chromium plating in electroplating facilities, endanger-
ing drinking water supplies and crop production. The 
costs for the remediation of PFAS contamination are usu-
ally very high. In most cases in Europe, these are paid for 
by government authorities. However, the polluter-pays 
principle laid down in the European treaties places the 
primary responsibility on the manufacturers of the harm-
ful substances. They should therefore contribute more to 
the financing of the remediation.

In rodent studies, PFOS and PFOA apparently act as 
liver tumor promoters. The findings on human exposure 
to PFAS show effects on the immune system, a dose-
dependent reduction in birth weight of children (PFOA, 
PFOS) as well as a negative association of birth size of 
newborns towards longer-chain PFAS, a correlation 
between population exposure to PFAS and chronic kid-
ney disease, as well as endocrine activity and here in par-
ticular the influence of PFAS on the extensively effective 
homeostasis of thyroid hormones. Long-lasting exposure 
may lead to development of kidney or testes cancer, as 
shown in animal and epidemiological studies. The occur-
rence of PFAS in breast milk and the uptake of PFAS by 
the breastfed infant must also be viewed critically.

The EFSA-derived TWI value of 4.4  ng/kg bw for the 
sum of the four PFAS PFOS, PFOA, PFNA and PFHxS 
should be regarded as the current benchmark for limit 
and guideline values with regard to the assessment of 
PFAS contamination with potential human exposure. 

However, the present evaluation leaves open the con-
sideration of other PFAS present in serum, for which no 
feasible approach is currently known. If future toxicologi-
cal evaluations show different decisions, e.g., by the US 
EPA or the WHO, these should be considered. The pro-
liferation of different guideline and limit values on dif-
ferent, often outdated scientific bases has to be purged. 
Overall, however, it must be remembered that limits or 
maximum levels only correspond to peak exposures. 
Although food and drinking water may contain PFAS, at 
levels below these limits they continue to be marketable 
and therefore continue to result in consumer exposure 
to PFAS. The minimization requirement embedded in 
drinking water protection therefore calls for the avoid-
ance of contamination even below limit values, especially 
in the case of persistent and bioaccumulative substances. 
It should also be borne in mind that both humans and the 
environment are exposed to a large number of potentially 
harmful substances—over and above PFAS—which often 
interact in an additive manner. Appropriate risk assess-
ment procedures for mixtures of substances have been 
under discussion since some years [369]. In its Chemicals 
Strategy for Sustainability, the EU Commission proposes 
the introduction of a ‘mixture assessment factor’ (MAF) 
[35]. Concentrations of 12 PFAS in blood plasma of 3- to 
17-year-old children exceeded the HBM-I levels of PFOS 
and PFOA (2 and 5 ng/ml, respectively) in 21% or 7.3%, 
respectively, below which no adverse health effects are 
expected. In this respect, the management of existing 
contamination is a problem and the inputs of PFAS into 
the environment and food chains need to be urgently 
minimized.

The monitoring of direct releases (e.g. emissions from 
exhaust gas and exhaust air from industry), resulting in 
the contamination of environmental media, biota, food 
and humans, and of the distribution and effects of PFAS 
must be significantly intensified and expanded. This con-
cerns both the variety of PFAS investigated and the media 
studied. This is especially true since the long-lived PFAS 
will remain detectable in the environment for at least sev-
eral decades after a phase out and will also result in dam-
age to future generations via epigenetic effects. Drinking 
water sources should be tested annually for PFAS, both in 
raw water and tap water, at least for the 20 PFAS individ-
ual substances listed in the EU Drinking Water Directive, 
and additionally relevant polyfluorinated compounds, 
each with a limit of quantification of 0.5–1 ng/L. A cor-
responding requirement should also apply to all spa and 
mineral water sources.

Figure  5 summarizes the pathways of PFAS emissions 
into the environment and their distribution in environ-
mental media, humans, biota and food.
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As the main intake of PFAS for newborns and infants is 
via breast milk, breastfeeding mothers should be advised 
and given the opportunity to have their breast milk tested 
for at least the four EFSA PFAS considered particularly 
relevant (PFOS, PFOA, PFHxS, PFNA).

Further development and validation of analytical meth-
ods are necessary for monitoring. The diversity of PFAS 
and the need to detect them at very low concentrations 
in the environment, in food and in body fluids are a chal-
lenge to the development of powerful chemical analytical 
methods. In particular, efforts should be made to expand 
and optimize extraction methodology for soil and other 
solid environmental media as well as for products and 
wastes. It will also be essential to optimize and stand-
ardize the determination of the sum parameters TOP, 
AOF and EOF for liquid and solid media, to significantly 
expand single-substance analysis, and to improve sensi-
tivity. The development and validation of suitable sam-
pling methods for waste gas and exhaust air are priorities 
for further development. They should allow complete 
coverage of at least per- and polyfluorinated alkyl car-
boxylic and -sulfonic acids as well as oxo carboxylic acids 
and their transformation products. A limited number of 
representative PFAS lead substances should be defined, 
which allow the release of PFAS and their fragments to 
be determined in the off-gas of thermal plants, e.g. waste 
incineration, even at low concentrations, with validated 
sampling and analysis. According to current knowledge, 

at least PFOA, PFNA, PFHxS, PFOS as well as TFA and 
PFPrA should be measured.

PFAS and their replacement by fluorine-free alterna-
tives are a challenge for scientific research. This concerns 
the development of fluorine-free alternatives for appli-
cations that are still essential today as well as the scien-
tific derivation of limits and guideline values for further 
exposure-relevant PFAS. This is particularly important 
in regard to tolerable intakes for short-chain PFAS and 
fluorinated oxo carboxylic and -sulfonic acids in connec-
tion with their accumulation in crops.

Finally, there is an urgent need for research with regard 
to the remediation of legacy contaminated sites and the 
purification of contaminated soils and waters. The meth-
ods available to date are often not effective or are still 
being developed and tested. In the case of major inci-
dents such as those at Rastatt or Dordrecht, the only 
possible action will be to prevent the further spread of 
contamination. In these cases, targeted remediation 
does not appear to be possible in view of the dimensions 
involved. This also applies to the possibilities for treating 
drinking water. To ensure that the high remediation costs 
do not have to be borne by the general public, the pollut-
ers of PFAS contamination must be consistently called to 
account and the legal conditions for the involvement of 
PFAS producers must be created.

There are many unanswered questions about the safe 
disposal of PFAS-contaminated waste. The recovery of 
PFAS-contaminated products during recycling leads to 

Fig. 5 Dissemination of PFAS via water and soil © UBA [122]
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the carryover of PFAS into secondary raw materials and 
thus endangers the circular economy. To prevent car-
ryover into secondary products or improper disposal, 
it will be helpful if manufacturers of PFAS containing 
articles take back their  products after use as an aspect 
of extended producer responsibility. These products for 
essential uses may include e.g. medical protective cloth-
ing and coated equipment or workpieces. 

The destruction of PFAS in waste incinerators and the 
elimination of PFAS and their downstream products 
from the waste gas stream of incinerators need to be 
studied in more detail. Facilities are needed in which the 
temperatures used result in complete destruction of the 
fluorochemicals or where the downstream products are 
effectively removed from the waste gas stream.

The industry countered the growing knowledge about 
the risks of the now regulated perfluoroalkyl carboxylic 
and sulfonic acids by substituting them with other PFAS: 
Short-chain PFAS replaced long-chain, per- and poly-
fluorinated telomeric acids and oxo carboxylic and sul-
fonic acids replaced PFOA and PFOS. These substitutes 
are also highly persistent or transformed into highly per-
sistent substances. More detailed studies mostly showed 
that their risk profile differs little from PFOA and PFOS.

Short-chain PFAS accumulate less in aquatic food 
chains but are even more mobile in soil and groundwa-
ter and accumulate more in plants. TFA poses a particu-
lar problem because it enters the environment primarily 
through the degradation of refrigerants such as R1234yf 
and of pesticides and pharmaceuticals containing CF3 
groups. Concentrations of the “forever chemical” TFA in 
the environment are increasing rapidly. Therefore, urgent 
measures are needed to restrict substances from which 
TFA can be generated.

Measures to reduce risks and ban individual PFAS can-
not be a solution. The properties of PFAS make it clear 
that these substances are not manageable, and everything 
must be done to avoid them. Finally, total elimination 
must be the ultimate goal. Correctly, the EU intends to 
regulate the entire group of substances. Environmental 
organizations such as Friends of the Earth (FoE) Ger-
many are calling for a phase out of all PFAS uses by 2030, 
with priority given to consumer-related applications 
[370]. The use of fluoropolymers should also be restricted 
as far as possible. Some applications based on the special 
technical properties of PFAS are essential and will not be 
readily substitutable. For these essential uses, best availa-
ble techniques (BAT) should be used to ensure that expo-
sure to humans and the environment is minimized. Also, 
product labeling could be a means to rapidly reduce the 
use of PFAS in near-consumer applications.

Considering that ‘legacy PFAS’ such as PFOA and 
PFOS are mostly replaced by less intensively studied 

PFAS, the restriction of the whole group of substances is 
a regulatory challenge. The example of chloroperfluoro-
polyether carboxylates (ClPFPECAs; see “Regulation of 
PFASs” section) shows that many substitutes are not even 
known. More transparency will be essential for an effec-
tive restriction. Gold and Wagner see this case as a glar-
ing example of regulatory deficits in the USA but also in 
the EU, where ClPFPECAs have not yet been registered 
under REACH [371].

PFAS are a worldwide problem. Regulation and reduc-
tion of PFAS applications, therefore, also require a global 
approach to solutions, e.g. via SAICM and the Stockholm 
and Basel Conventions. PFAS contribute significantly to 
exceeding planetary boundaries for chemical contami-
nants. Based on the concept of Rockström and Steffen 
[372, 373], Persson et  al. stated that, in terms of ‘novel 
entities’, humanity is outside the ‘safe operating space’ 
[374]. Given that PFAS levels in e.g. rainwater globally 
exceed health-based guidance levels, Cousins et al. con-
clude that these fluorochemicals are an example of earth 
system overload [81]. They even propose an own plan-
etary boundary for PFAS. However, it might not be the 
appropriate solution to combat the overload of the earth 
system by setting individual planetary boundaries for 
each problematic substance group. The exceedance of the 
boundary for ‘novel entities’ is also caused by the world-
wide increase of material streams and chemicals produc-
tion. PFAS contribute to this overload and contradict 
sustainability criteria. Thus, they require stringent global 
regulation [375].

However, reducing the use of PFAS as quickly as pos-
sible cannot be achieved just by government bans and 
restrictions. PFAS manufacturers and commercial users 
as well as trading companies are called upon to identify 
PFAS applications that can be dispensed with and to offer 
and use alternatives. The announcement of the producer 
3M to stop its  PFAS production and use by the end of 
2025 is an encouragement that phase out PFAS might be 
reality in near future [376]. The identification of fluorine-
free alternatives will only succeed with a joint effort of 
manufacturers, commercial users and research. Govern-
ment recommendations and incentives can accelerate 
the process. Better transparency is particularly impor-
tant for informing downstream users and private con-
sumers: much information that is relevant and helpful to 
commercial and private users should not be considered 
as confidential and should be available for fact-based 
information.

The need for comprehensive regulation of PFAS, ide-
ally on a global basis, arises not only from the burdens 
on health and the environment. Urgent action is also 
required from an economic point of view. This is shown 
by a publication of the Nordic Council of Ministers on 
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estimating the health and environmental costs to soci-
ety associated with PFAS exposure. According to this, 
the annual health costs caused by PFAS are estimated 
to be 52–84 billion € per year in the European economic 
region alone [377]. Cordner et al. come to a similar con-
clusion for the USA: their estimate is US $37–59 billion 
annually in health costs alone, not counting societal costs 
for water treatment, remediation of legacy contaminated 
sites, etc. [378]. Obsekov et al. calculated health costs of 
at least US $5.5 billion in 2018 for PFOA and PFOS in 
a differentiated analysis [379]. Thus, inaction comes at a 
higher cost in the medium term compared to phase out 
the PFAS.

Summarizing there is an obvious need for urgent action. 
According to current knowledge, the contamination of the 
environment and of humans with PFAS has already reached 
a level that makes adverse effects probable. PFAS will remain 
for decades or centuries. It will only be possible to remediate 
some hotspots of contaminated sites and to reduce human 
exposure where it is much too high. Maybe some techniques 
to decontaminate PFAS-containing products or to dispose 
them of safely will be developed in future. However, the 
widespread uses of PFAS and the various pathways of entry 
into the environment makes it necessary to phase out PFAS 
as quickly and as completely as possible in order to avoid fur-
ther increasing contamination.

13 Reasons towards a complete phase 
out of PFAS

 1. PFAS are a group of several thousand chemicals of 
multiple uses and exceptionally high persistence (“for-
ever chemicals”).

 2. PFAS are toxic to fish and amphibians in the first life 
stages as well as to invertebrates and to insects in the 
low µg/L range.

 3. Accumulation of long-chain PFAS in aquatic organ-
isms and biomagnification in terrestrial food chains 
lead to increasing internal PFAS exposure levels in liv-
ing organisms, including humans.

 4. Many PFAS bioaccumulate, some are highly mobile. 
These intrinsic properties have led to ubiquitous occur-
rence.

 5. In rodent studies, PFOS and PFOA act as liver tumor 
promoters. Studies on human exposure to PFAS have 
revealed a (possible) relationship to a lot of different 
toxicity endpoints. Already in early pregnancy—the 
developmental stage with highest susceptibility—PFAS 
act on the developing human fetus because they virtu-
ally reach every fetal tissue. These substances with high 

accumulation in kidney and liver can influence the 
development of organs. Long-lasting diseases of liver 
and kidney as well as severe immunotoxicity may be 
a consequence. Moreover, cancer of kidney and tes-
tes may develop years later.

 6. Although the EFSA tolerable weekly intake (TWI) 
of 4.4  ng/kg bw for the sum of four PFAS is cur-
rently being regarded as benchmark, there are sub-
stantial gaps of knowledge. These may only be filled 
by applying new approaches but will not cover the 
whole number of PFAS. Overall, however, it must 
be remembered that limits or maximum levels only 
correspond to peak exposures. Although food and 
drinking water may contain PFAS at levels below 
these limits, they continue to be marketable and 
therefore continue to result in consumer exposure to 
PFAS.

 7. PFOS and PFOA replacement by newly developed 
per- or polyfluorinated PFAS also pose risks because 
they have been shown to be persistent or trans-
formed into persistent substances.

 8. Short-chain PFAS are persistent, too. They are 
highly mobile in soil and groundwater and accumu-
late in plants. TFA enters the environment primarily 
through the degradation of refrigerants and of pes-
ticides and pharmaceuticals containing CF3 groups. 
Its concentration in the environment is increasing 
rapidly.

 9. The monitoring of PFAS releases and contamina-
tion of environmental media, biota, food and humans 
must be significantly intensified and expanded to 
cope with the increasing number of persistent PFAS.

 10. Current analytical methods are not sufficient to 
cover the variety of PFAS with a broad range of prop-
erties.

 11. Remediation of legacy contaminated sites and 
purification of contaminated soils and waters require 
huge efforts, and more and more PFAS-contami-
nated sites with a variety of PFAS are discovered, 
whose properties are hardly known.

 12. The current annual health costs caused by PFAS 
are estimated in the range of already 40–80 billion € 
in Europe and the USA, respectively.

 13. Measures to reduce risks and ban individual PFAS 
is not a solution, since they will be substituted by 
other less investigated PFAS with similar properties. 
These substances are not manageable, and all efforts 
should be undertaken to avoid them as completely as 
possible.
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Therefore, much more global restrictions as soon 
as possible are necessary with the aim of a complete 
phase out of the whole group of PFAS. Global research 
efforts are needed towards the development of alter-
natives for the vast number of technical applications.
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PFBA  Perfluorobutanoic acid
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PFPrA  Perfluoropropanoic acid
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