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Abstract: Per- and polyfl uoroalkyl substances (PFASs) are human-invented chemicals that were created in the 
middle of the 20th century. They were synthesized for the fi rst time in 1949, and because of their exceptional 
surfactant properties, they have been widely used in many industrial applications and daily life products. The 
common use of PFASs resulted in their worldwide dissemination in natural environment. PFASs are reported to 
be ubiquitous in surface and drinking waters, but also may be present in soils, animals, milk and milk-products, 
plants, food. Contaminated drinking water and food are the most signifi cant exposure sources to these chemicals. 
Ingested PFASs are bio-accumulative and have adverse eff ect on health of humans as well as animal organisms. 
This paper reviews the most signifi cant information on the origin, properties, distribution, environmental fate, 
human exposure, health eff ects, and the environmental regulations on PFASs and summarizes the latest advances 
in the development of novel methods for the eff ective removal of these chemicals from the aqueous environment. 
Recognized (reverse osmosis, adsorption on activated carbon) and most promising developing removal methods 
such as adsorption on biomaterials (plant proteins, chitosan beds), mineral adsorbents (LDHs, hydrotalcite), ion-
exchange resins, and photocatalytic degradation have been emphasized.

Introduction

The unprecedented technological progress that has transpired 
during the last decades introduced an enormous number of 
“smart” appliances (e.g. personal computers, smartphones, 
electronic sensors, automatic controllers), advanced materials 
(e.g., nanomaterials, semiconductors, polymers, composites) 
and new synthetic chemicals (e.g., drugs, pesticides, 
surfactants, fl ame retardants) that have made human life more 
comfortable and simple. Unfortunately, in the cases of certain 
new chemicals, some unexpected and in some cases serious 
side eff ects to humans and natural environments have been 
reported (Lei et al. 2015). 

Per- and polyfl uoroalkyl substances (PFASs) are an excellent 
illustration of the technological progress of the last century. 
They were synthesized for the fi rst time in 1949, and because 
of their exceptional surfactant properties, they have been widely 
used in many applications: varnishes, waxes, fi refi ghting foams, 

lubricants, metal spray plating, inks, oil, and water-repellent 
coating formulations for leather, paper, and textiles. Such ubiquity 
resulted in their worldwide dissemination, even in remote Arctic 
locations. The common distribution, combined with reported 
hormonal disruptions, bio-accumulation, and sometimes toxic 
eff ects on humans and animals, generated questions about their 
safety and the merits of their continued use. The potential hazards 
caused by PFASs to the environment and humans have recently 
been scrutinized as well as new technological attempts have 
focused on removing these chemicals from contaminated waters 
and decreasing human exposure to them. However, scientifi c 
investigations are time-consuming and often concentrate on 
a single, isolated aspect. 

This paper provides an exhaustive, comprehensive, and 
up-to-date review of the most recent research related to the 
origin, properties, distribution, the environment’s fate, health 
eff ects, human exposure, environmental regulations, and the 
latest fi ndings on the separation and the degradation of PFASs.
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Chemistry & origin
PFASs are a group of organic chemicals that consist of an 
aliphatic chain (or multiply chains) in which all the hydrogen 
atoms, attached to either all (i.e., per-) or at least one (i.e. poly-) 
C atom, have been replaced by fl uorine substituents (to form 
a perfl uoroalkyl moiety of CnF2n+1), and are terminated by 
a functional group (e.g., carboxylates –COO-; sulfonates –SO3

-; 
sulphonamides –SO2NH2, phosphonates –PO(OH)2, alcohols 
–OH, etc.) (Buck et al. 2011). Depending on the number of 
C atoms in the alkyl chain, PFASs are frequently referred 
to as a “long-chain” (C7 or more perfl uorinated carbons) or 
a “short-chain” (C6 or fewer perfl uorinated carbons) (Buck et 
al. 2011; Boiteux at al. 2017). The distinction in the number 
of perfl uorinated moieties is related to the bioaccumulation 
tendencies of the substances (Buck et al. 2011) and their 
possible toxicity to living organisms. Thousands of diff erent 
PFASs have been synthesized and used by industry (Lindstrom 
et al. 2011). Researchers described 455 PFASs (including 
9 fully and 446 partially fl uorinated compounds) that were 
identifi ed between 2009 and 2017 (Xiao 2017). The most 
common PFASs are listed in Table 1. The greatest scientifi c 
concern and regulatory attention have been focused on two C8 
PFASs that are the most commonly detected in environmental 
samples: perfl uorooctanoic acid (PFOA) and perfl uorooctane 
sulfonate (PFOS) (Table 1). 

PFASs were previously sometimes improperly called 
perfl uorocarbons (acronym PFCs). From a chemical point of 
view, however, the defi nition suggested that the substances 
only contain C and F atoms and no functional groups. It was, 
therefore, proposed (Buck et al. 2011), to narrow the acronym 
of “PFCs” for substances such as tetrafl uoromethane CF4; 
hexafl uorobuthane C2H6 or perfl uorodecalin C10F18 (Buck et al. 
2011). 

The mass production of these new chemicals started in the 
1950s. Two main PFASs synthesis methods were developed: 
electrochemical fl uorination (ECF) and telomerization. In the 
ECF process, a hydrocarbon electrochemically reacted with 
HF to substitute all of the hydrogen atoms with fl uorine. The 
main product of this process, with a yield of about 25%, was 
perfl uorooctane sulfonyl fl uoride (PFOSF), which was then 
used to make PFOS and PFOS-based compounds (Lindstrom 
et al. 2011).

The Minnesota Mining and Manufacturing Company of 
U.S. (3M) was the leading producer of PFOSF, and its total 
cumulative production was estimated to be approximately 
96,000 tonnes in the peak years between 1970 and 2002 
(Lindstrom et al. 2011). After 3M discontinued production 
in 2002, other companies began production to meet existing 
market demand (Lindstrom et al. 2011), and the growing mass 
production shifted to China, which produced an estimated 
200 tonnes in 2006 (Wang et al. 2009). The total historical 
global production was estimated at around 120,000 tonnes in 
2009 (Paul et al. 2009).

In 2002 DuPont invented the telomerization process, 
which involved the reaction of tetrafl uoroethylene (CF2=CF2, 
called a taxogen) with pentafl uoroethyl iodide (C2F5I, referred 
to as a telogen) to yield a mixture of perfl uoralkyl iodides with 
longer perfl uorinated chains. In the second step, ethylene was 
added to produce fl uorotelomer-based commercial PFASs, 
including PFOA (Buck et al. 2011; Lindstrom et al. 2011).

3M was also the primary producer of PFOA (until 2002). 
After 3M phased out its PFAS production, DuPont pioneered the 
telomerization synthesis of PFOA at its factory in Fayetteville 
(USA). PFOA was used by DuPont to manufacture the specifi c 
fl uoropolymers, commercially branded as Tefl on.

Properties & applications
The fl uorinated “tail” of PFASs molecules is responsible for the 
strong hydro- and lipophobic properties of the chemicals, while 
the functional groups (heads) give the PFASs a high water-
-soluble aspect (hydrophilic) (Fig. 1). Such an amphipathic 
PFASs characteristic provides the ability to interact with both 
polar and non-polar phases and decreases the surface tensions 
of the water (Ghisi et al. 2019). Moreover, the presence of short 
(1.35 Å) and extremely strong (485 kJ/mol) C–F bonds in the 
PFAS molecules stabilizes them and they become persistent 
under most conditions (Liu et al. 2013; Fang et al. 2019, Lutze 
et al. 2018). 

Such unique properties of PFASs as oil- and water-
-repellency combined with high resistance to heat as well 
as chemical and biochemical reactions (Post et al. 2012; 
Castiglioni et al. 2015) resulted in the wide use of these new 
chemicals in various commercial products and industrial 
processes as superior synthetic fl uorosurfactants.

In commercial products, PFASs are often applied (Table 1) 
in coatings for food containers and nonstick cookware, as 
additives to detergents, fl oor waxes, cosmetics, shampoos, 
pesticides, and painting materials (Xiao 2017; Ghisi et 
al. 2019). Their water-repellent properties were exploited 
in manufacturing applications for waterproofi ng agents 
(ScotchGard, Tefl on, Gore-tex) (Hepburn et al. 2019; Xiao et 
al. 2017) or stain-resistant coatings for fabrics, textiles leather, 
clothing, paper, packaging (Brett D et al. 2019), upholstery 
(Zhang et al. 2019), carpets, building and construction 
materials (Boiteux et al. 2017; Appleman et al. 2014), or 
corrosion inhibitors (Rodriguez-Freire et al. 2015). 

Important PFASs applications include aqueous fi lm-
-forming foam (AFFF), which usually contains as much as 1–5% 
(10–50 g/L) of PFASs (Vecitis et al. 2009). Due to the surface-
tension-lowering properties of PFASs, AFFF spreads rapidly 
across the surface of burning hydrocarbon fuels and forms 
a fi lm beneath the foam to prevent fuel vapors from transporting 
through the foam barrier to come into contact with oxygen in the 
air. Then the liquid fuel is cooled and the fi re is retarded (Zhang 
et al. 2019; Hodkins et al. 2019; Hoisæter et al. 2019). 

Industrial applications of PFASs include aviation hydraulic 
fl uids, emulsifi er, and wetting agents, (Buck et al. 2011). PFOA 
is commonly used in the production of semiconductors (Deng 
et al. 2015) as well as diff erent fl uoropolymers (Castiglioni et 
al. 2015; Deng et al. 2015); PFOS are predominantly used as 
superior mist suppressants (Boiteux et al. 2017; Liu et al. 2018; 
Gallen et al. 2018; Du et al. 2017) in metal electroplating (i.e., 
chrome plating in China) (Gao et al. 2017). 

Release into environment 
Due to the high water-solubility of PFASs (0.4 g/L for PFOS, 
9.5 g/L for PFOA) they are predominantly released to the 
environment dissolved in the water phase (Fig. 2). They can 
enter the environment in many ways. Manufacturing plants, 
wastewater treatment plants, landfi ll leachates, AFFF spills, 
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biosolids, and fertilizers are the main point sources of PFASs 
emissions (Sorengard et al. 2019).

One important source of PFASs emissions into the 
environment is their production by the ECF process. PFOSF, 
the raw material for producing PFOS and PFOS-related 
chemicals, is insoluble in water, and the technological washing 

of crude PFOSF with water is applied to remove soluble 
impurities (Du et al. 2015). The wastewater from this process 
contains a high concentration of mixed water-soluble PFASs 
(e.g., PFHxA, PFHpA, PFOA), which cause serious water 
pollution (Du et al. 2015). Estimates suggest that nearly 80% 
of the perfl uorinated carboxylic acids (PFCAs) released into 

Table 1. Most common PFASs and their applications (Ghisi et al. 2019)

Compound Acronym Applications/Origin
Short-chain PFASs
Perfl uorobutanoic acid PFBA Synthetic, chemistry, 

was used in manufacturing 
of photographic fi lms, 
breakdown product of other 
PFASs

Perfl uorobutane sulfonic acid PFBS Stain repellant

Perfl uoropentanoic acid PFPeA Breakdown product 
of stain- and grease-proof 
coatings on food packaging, 
couches, carpets

Perfl uorohexane sulfonic acid PFHxS Surfactant for textiles

Perfl uoroheptanoic acid PFHpA Identical as PFPeA

Long-chain PFASs
Perfl uorooctane sulfonate PFOS Firefi ghting foam, textiles

Perfl uorononanoic acid PFNA Surfactant or synthesis 
of textiles and polymers

Pefl uorodecanoic acid PFDA Identical as PFPeA 
and PFHpA
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the environment are directly related to contamination during 
fl uoropolymer manufacture and use (Zareitalabad et al. 2013).

Therefore, in locations near sites of PFASs production and 
common use (industrial zones, densely populated cities and 
regions) their concentration in wastewater is extremely high. 
Untreated industrial wastewaters may contain a few grams of 
PFASs per liter (Zareitalabad et al. 2013). Concentrations of 
up to 1650 mg/L PFOS have been detected in wastewater from 
semiconductor manufacturers (Chen et al. 2011) and about 
1000 mg/L PFOA from photolitho-processes (Du et al. 2015; 
Lampert et al. 2007). 

PFASs are often present in municipal wastewater treatment 
plants (WWTPs) at concentrations up to hundreds of ng/L 
(Arvaniti et al. 2014). Their origin is usually a result of the 
everyday use of PFASs-containing products by local residents 
(Ghisi et al. 2019). PFOS and PFOA were detected in a number 
of WWTPs in the USA with concentrations ranging of 1.1–130 
and 2.5–97 ng/L (Yu et al. 2014), in all 14 tested WWTPs in 
Australia with maximum effl  uent concentrations of 240 ng/L 
and 48 ng/L, respectively (Gallen et al. 2018) and Thailand 
with mean infl uent concentrations of 465 ng/L and 142 ng/L, 
respectively (Kunacheva et al. 2011) as well as in New Zealand 
(Coakley et al. 2018), South Korea (Lam et al. 2014), Germany 
(Wilhelm et al. 2010), Netherlands (Eschauzier et al. 2013) 
and Italy (Castiglioni et al. 2010). These results indicate that 
the contamination of wastewaters by PFOA/PFOS is a serious 
worldwide problem.

Unfortunately, since the purifi cation systems installed 
in most municipal WWTPs ineff ectively remove PFASs, 
the WWTPs become are serious secondary sources for the 
pollution of surface waters (Ghisi et al. 2019; Gallen et al. 
2018; Hamid et al. 2018; Zhou et al. 2010) and drinking waters 
(Eschauzier et al. 2013). An Australian study estimated the 
country’s annually load of PFOA and PFOS released from 
municipal WWTPs to be 67 kg and 32 kg, respectively (Gallen 
et al. 2018). Presence of both chemicals was revealed not only 
in the effl  uent but also in the sludge generated at Australian 
WWTPs, at mean concentrations of 64 ng/L and 11 ng/L, 
respectively (Gallen et al. 2018). The secondary pollution 
caused by industrial WWTPs is even higher. A work reported 
that WWTPs polluted by industrial waste may discharge up 
to 50 times more the load of WWTPs that receive municipal 
wastewater (Castiglioni et al. 2010). 

Runoff  and leaching from areas where fi refi ghting foams 
are used can also considerably contribute to pollution by 
PFASs and their precursors (Ghisi et al. 2019; Kucharzyk et al. 
2017). PFOS at concentrations of mg/L level were detected in 
groundwaters located near military bases and airports, where 
AFFFs were used for fi refi ghting (Ghisi et al. 2019; Zheng et 
al. 2018; Tang et al. 2006). In Canada, over 7% of the tested 
airports were estimated to be contaminated by PFASs due to 
fi refi ghting courses and/or accidents where fi res happened 
(Milley et al. 2018). 

PFASs can also be released from dumped PFASs-
-containing wastes through biological and abiotic leaching 
(Hamid et al. 2018; Eschauzier et al. 2013). A study revealed 
that PFOA remains one of the most abundant PFASs in landfi ll 
leachates in Canada, despite its restricted use in the country 
(Hamid et al. 2018). Similarly, although PFOS was phased out 
from all non-essential uses in consumer products in Australia 

Fig. 1. Molecular structure of PFOA with indications of parts 
responsible for chemical’s amphiphatic characteristics

over a decade ago, many Australian households still contain 
older items (carpets, furniture) that were treated with PFOS 
and other PFASs. These products constitute both a current 
and a future source of PFASs emissions (Gallen et al. 2014). 
As mentioned above, even if landfi ll leachates are directed to 
WWTPs, the facilities are usually not properly equipped to 
remove these classes of contaminants (Hamid et al. 2018; Zhou 
et al. 2010), and so the chemicals are distributed further within 
the environment (mainly, surface waters).

Therefore, PFASs have also been detected in the surface 
waters (and then in the drinking water produced from them), 
at most common concentrations range between 10-1 and 
102 ng/L, of Germany (Wilhelm et al. 2010), France (Boiteux 
et al. 2017), the Netherlands (Eschauzier et al. 2013), Norway 
(Hoisæter et al. 2019), Australia (Hepburn et al. 2019; Gallen 
et al. 2018; Gallen et al. 2014), New Zealand (Coakley et al. 
2018), and the USA (Yu et al. 2014). Elevated concentration of 
PFOA (8 397 ng/L) was recently detected in the Baiyangdian 
Lake in China (Ciu et al. 2018). 

Data collected by Zareitalabd et al. (2013) revealed that 
the contamination of surface waters by PFASs is a worldwide 
problem that involves not only industrialized nations but even 
the countries considered relatively “clean” and industrially 
undeveloped, such as Kenya, Sri Lanka, Brazil (Zareitalabad 
et al. 2013), and Uganda (Dalahmeh et al. 2018). 

Polluted surface waters might penetrate into and contaminate 
groundwaters at ng/L level (Eschauzier at al. 2013). The PFASs 
present in surface and groundwaters that serve as reservoirs for 
drinking waters are direct threats to humans.

PFASs can also be transported to lakes and global oceans 
(Weber et al. 2017; Hodkins et al. 2019) and contaminate lake 
sediments (for example, in northern Sweden: sum of PFASs 
ranged between 1 and 76 ng/g dry weight) (Mussabek et al. 
2019) and ocean sediments (Tokyo Bay, Japan: sum of PFASs 
ranged between 0.29 and 0.36 ng/g dry weight) (Ahrens et 
al. 2010). The affi  nity to sediments may occur by either of 
two ways: 1) interaction of hydrophobic fl uorinated carbon 
tails with an organic phase (Milinovic et al. 2015) or 2) the 
electrostatic interactions of the polar head group with charged 
clay fractions (Weber et al. 2017). 

PFASs dissolved in ocean waters might be distributed 
to such remote locations as Arctic regions (MacInnis et al. 
2019; Omorodion et al. 2018). During their transport, any 
single precursor may form multiple intermediate PFAS-
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-transforming products occurring at diff erent concentrations 
in time and/or distance from the release source (Higgins & 
Luthy 2006).

Beyond their predominant occurrence in the aqueous 
phase, PFASs have also been identifi ed in soil, sludge, and dusts 
at levels between pg/g to ng/g (Arvanitiet al. 2014). Elevated 
levels of PFOA and PFOS (median: 8 ng/g and 12 ng/g dry 
weight) were detected in U.S. metropolitan areas in surface 
and subsurface soils, suggesting a downward movement 
of the contaminants toward groundwater (Xiao et al. 2015). 
Similarly, a Norwegian study showed soil contamination from 
released PFOS-based AFFF products down to the groundwater 
four meters below the surface (Hoisæter et al. 2019). 

The soil surface can be contaminated by AFFF spills, fi eld 
irrigation using contaminated water, runoff  from disposal sites, 
applications of contaminated biosolids (sewage sludge) as soil 
conditioners or fertilizers, etc. (Ghisi et al. 2019; Zareitalabad 
et al.; 2013). 

Soil contamination may also be caused by non-point 
sources such as particle-bound PFASs carried by the wind 
(Xiao et al. 2015). Atmospheric deposition might be another 
critical contributor. For example, high levels of PFASs were 
detected in the atmosphere of many places in China with a total 
concentration range of 80.1–206 pg/m3 (Yao et al. 2018) and in 
samples of outdoor (with a median concentration of 17 PFASs 
18 pg/m3) indoor air (with a median concentration of 20 PFASs 
76.6 pg/m3) collected in the Czech Republic (PFOS most 
commonly) (Karaskova et al. 2018). 

PFASs in contaminated soils can potentially be taken by 
plants and soil organisms (Ghisi et al. 2019; Wei et al. 2017). 
Plant uptake, however, largely changes with chain length, 
functional group, plant species, and organs. Low accumulations 
of PFOA and PFOS have been found in peeled potatoes and 
cereal seeds, however high concentrations of the contaminants 

up to 198 and 102 ng/g dry weight, respectively were detected 
in leafy vegetables (Ghisi et al. 2019). 

Human exposure 
PFASs released into the environment might be ingested by 
humans (Fig. 2). Contaminated drinking water and food are 
the most signifi cant exposure sources to these chemicals (Ghisi 
et al. 2019; Appleman et al. 2014).

The PFASs present in surface and ground reservoirs 
of drinking water may pass undisturbed most conventional 
treatment processes installed in drinking water plants (DWPs). 
This is possible because most DWPs are not properly equipped 
to produce PFASs-free water. Boone et al. (2019) studied the 
problem in American DWPs and concluded that 68% of studied 
installations provided minimal removal of PFASs (Boone et al. 
2019).

PFASs may also be consumed by humans together with 
the contaminated food of plant and animal origins. PFASs were 
detected in vegetables, cereals, and fruit samples in European 
countries (Herzke et al. 2013; D’Hollander et al. 2015) as well as 
in yams, maize, and sugarcane cultivated in Uganda (Dalahmeh 
et al. 2018). Contaminated plants increase the daily intake of 
PFASs by humans not only directly as part of their diet (Klenow 
et al. 2013), but also indirectly as livestock fodder (Kowalczyk 
et al. 2013) and the consumption of contaminated food of animal 
origin. For example, a recent Polish study identifi ed the presence 
of PFOA, PFOS, PFBA, and PFHxS in animal milk and milk 
products (cottage cheese, yoghurt, butter, kefi r, sour cream, 
and Camembert-type cheese) with the highest concentration of 
PFOA measured for source cream and Camembert-type cheese, 
with median levels of 0.33 ng/g and 0.49 ng/g, respectively 
(Sznajder-Katarzynska et al. 2019).

PFASs can also enter the human body from the consumption 
of fi sh, animals, eggs, etc. For example, crucian carp (Carassius 

Fig. 2. Schematic pathways showing origin and distribution of PFASs within human environment 
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auratus) and mandaring fi sh (Siniperca scherzeri), collected 
from six major rivers and lakes in South Korea, were found 
to be contaminated by PFASs that had concentrated in blood 
(1.72–236.29 ng/g for carp and 31.08–296.72 ng/g for mandarin 
fi sh ng/g) and liver tissue (0.15–54.64 and 6.13–131.58 ng/g, 
respectively) (Lam et al. 2014). PFASs were detected in the marine 
mammals of the West Indian manatee (Trichechus manatus) in and 
around Florida and Puerto Rico (PFOS concentrations ranging 
from 0.13 to 166 ng/g wet weight) (Palmer et al. 2019). Avian 
eggs can also be contaminated by PFASs, even those collected in 
South Greenland (with PFOS as dominant contaminant detected 
within the range of 107–3890 ng/g dry weight) (Vorkamp et al. 
2019). Unfortunately, cooking does not mitigate dietary exposure 
to PFASs (Taylor et al. 2019).

Beyond water and food, human exposure to PFASs may 
also result from the ingestion of chemicals from food packaging 
as well as house dust that may contain PFASs from chemically-
-treated carpets, upholstery, clothing, protective sprays, etc. 
(Appleman et al. 2014; Post et al. 2012). 

PFASs consumed by people bio-accumulate in their bodies 
for years, predominantly in blood serum (at ng/ml levels) 
(Jian et al. 2018). A study revealed that PFASs are commonly 
detected in human populations from all over the world, 
including Korea, China, Japan, Norway, Poland, Denmark, 
Ukraine, Russia, Sweden, Germany, Belgium, France, Spain, 
Czech Republic, UK, Netherlands, Finland, USA, Canada, 
Australia, and even Uzbekistan and Afghanistan, Jordan (Jian 
et al. 2018). Geographical variations in PFAS concentrations 
may result from dietary intake, drinking water, dust, and the 
industrial levels of the studied areas (Jian et al. 2018). 

PFOS and PFOA have been found in the blood of tested 
Americans (Brett et al. 2019; Wang et al. 2012) as well as New 
Zealanders (Coakley et al. 2018). In the latter study, higher PFAS 
concentrations were detected in older age groups and more in 
males than in females (Coakley et al. 2018). Concentrations 
of various PFASs in human serum were detected in Australia 
(Toms et al. 2019), although fortunately the trend has been 
declining. Another declining trend was recently reported in the 
U.S.: 10–20% per year in the PFAS levels in the blood serum of 
Californian women (Hurley et al. 2018). On the contrary, studies 
of young women in Uppsala (Sweden) showed permanent 
exposure to PFASs due to the consumption of drinking water 
contaminated by AFFF runoff  from a military airport area north 
of the city (Eschauzier et al. 2013).

Health eff ects
PFASs, especially the long-chained, easily bio-accumulate in 
human organisms based on the following order: blood serum 
> plasma > whole body (Table 2). In the body, PFASs mainly 
concentrate in the liver. The chemicals show a low elimination 
rate in the human body: mean half-life values of 3.8 years for 
PFOA and 5.4 years for PFOS (Ghisi et al. 2019). Long-term 
exposure to PFASs may cause various health problems (Jian 
et al. 2018). Ongoing exposure to even relatively low intakes 
of long-chain PFASs substantially increases human body 
burdens, which remain elevated for many years even after the 
exposure ends (Post et al. 2017). PFASs increase cholesterol 
levels, enzyme activity and uric acid levels, alter thyroid 
parameters, and may cause pregnancy-induced hypertension 
(Ghisi et al. 2019). Potential health risks from exposure to 

PFOA and PFOS include low birth weight, early menopause 
in women, low semen quality in young men, thyroid disease, 
children’s attention defi cit/hyperactivity disorder, lowered 
immune response to vaccinations as well as links to kidney 
and testicular cancers (Xiao et al. 2015). 

A study in Norway showed a positive association between 
several PFASs and asthma as well as between PFOS and nickel 
allergy (Averina et al. 2019). Another study identifi ed a strong 
association between the presence of PFASs in the blood serum 
of an US population at risk for cardiovascular disease (Huang 
et al. 2018). Other studies reveal that exposure to PFASs is 
associated with increased serum lipids and liver enzymes, 
decreased vaccine response, and decreased birth weight (Post 
et al. 2017). Harris et al. (2018) suggested a link between 
prenatal and childhood exposure to PFASs lower visual and 
motor abilities. Infants are a more sensitive subpopulation 
for PFASs developmental eff ects and usually receive higher 
exposures than adults (Post et al. 2017). 

According to data obtained from experiments on animals 
(Post et al. 2017), PFASs may cause toxicity to the liver, 
the immune, endocrine, and male reproductive systems, and 
adversely aff ect developing fetuses and neonates (Post et al. 
2017). Low-dose eff ects include persistent delays in mammary 
gland development and the suppression of immune responses 
(Post et al. 2017). The adverse eff ects associated with PFASs 
exposure in animal models also include tumor induction and 
neurotoxicity (Ghisi et al. 2019). Exposure to PFOA during 
pregnancy has induced both early and later life adverse health 
outcomes in mice (White et al. 2011). 

Actions & regulations 
Manufacturing regulations
Since the USA was the world’s main producer of PFASs until 
2002, it took pioneering actions to minimize the environmental 
and human health burdens caused by these chemicals. In 2006, 
the American EPA invited the leading manufacturers to the 
PFOA Stewardship Program whose goal was to reduce PFOA 
emissions and completely eliminate them by 2015 (Jian et al. 
2018). European Union, restricted the market use of PFOS 
and related substances in Directive of 2006/122/EC. Similar 
actions were introduced in other countries for reducing the 
production of PFASs (Japan) to control the import and the 
use of PFOSF, PFOS, and its salts (New Zealand, Australia) 
(Coakley et al. 2018). 

At the global level, in 2009 PFOS was listed under 
Annex B of the Stockholm Convention on persistent organic 
pollutants (POPs) (Hamid et al. 2018). The convention 
obtained agreements from nations to restrict production and 
use of PFOS. PFOA remains under review by the Stockholm 
Convention Committee (Hamid et al. 2018). 

The above actions signifi cantly decreased production 
and the release of PFASs in most developed countries. 
World statistics reveal, however, that from 2006–2015, their 
production drastically increased in China, India, Poland, and 
Russia (Wang et al. 2014). 

At the same time, growing concern about long-chain 
PFASs surfactants (including PFOS and PFOA) as global 
environmental pollutants (Ochoa-Herrere et al. 2008) resulted 
in a situation where manufacturers adopted short-chain PFASs 
and other fl uorinated options (e.g., perfl uoropolyethers) as 




