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ABSTRACT

Per and Polyfluoroalkyl substances (PFAS), a group of more than 7,800 synthetic heterogeneous organic compounds
with different physicochemical properties, are chemically and thermally stable. Since 1945, these compounds have been
used for innovative developments in the field of material sciences to provide numerous benefits to society. These
compounds have oil and water-resistant properties and are used as refrigerants and fire suppressors, in the textile
industry, paint industry, electronic industry, cookware industry etc.

This review documents the concentration of the most commonly used Per and Polyfluoroalkyl substances in the aquatic
environment, milk samples, soil, plants, vegetables, fruits, fish and their impact on humans

Due to overuse and misuse of these compounds in different industries, these persistent pollutants are present in all the
compartments of the environment, i.e. air, surface water, groundwater, river water, marine water, drinking water, soil,
animal and breast milk, food chain, vegetables, fruits, and fish. In the 21" Century, these chemicals, along with
antibiotics, are considered the most harmful persistent organic pollutants. The wastewater generated by houscholds,
industries, and armed force areas is a hotspot of the residual PFAS. Human health is adversely affected by consuming
PFAS-contaminated plant produce and animal food and by drinking PFAS-contaminated water. On accumulation in
humans, it affects the immune system, alters the lipid metabolism, endocrine activity, thyroid gland and mammary gland
functioning.

Keywords: Per and Polyfluoroalkyl substances, Human, Environment, Milk, Vegetables, Fruits, Fish, Soil.

1. INTRODUCTION approximately 7,800 PFSA structures have been

Per- and polyfluoroalkyl substances (PFAS) are synthetic
man-made organic compounds, that were accidently first
formed in the DuPont company labin 1938. Since 1945,
Dupont has been using this compound (Teflon) for
coating cookware to make it non-stick cookware. These
chemicals have numerous applications [1-4] used in
adhesives, fire fighting foams, cosmetics, electronic
items, stain and water repellent agents in the textile
industry, resulting in the commercial use of these
chemicals from the 1950s. Due to the synthesis of PFAS,
innovative development in material chemistry for societal
benefits became possible. Since then, these organic
compounds have been prominent players in the
betterment of human life and society. As per the US
Environmental  Protection

Agency  report  [5],

synthesized, having different physical and chemical
properties. The useful major applications of PFAS for
modern society are given in Table 1.

Due to the presence of many C-F bonds, which is the
strongest covalent bond in per and Polyfluoroalkyl
substances (PFAS), the PFAS becomes thermally stable,
chemically inert, and possesses hydrophobic and
oleophobic properties [6]. Due to their chemical stability,
they persist in the environment for a longer period of
time and have high mobility [7]. These compounds are
found even in remote areas like the Arctic and Antarctic
[8, 9] and are also called “forever chemicals.” When these
compounds are uptaken by biota via the food chain are
very easily bioaccumulated and biomagnified [10, 11].
The residues of per and polyfluoroalkyl substances and
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their metabolites are reported in all the compartments of
the environment, viz., air, groundwater, surface water,
marine water, drinking water, soil, food chain, fruits,
vegetables, cereals, grains, animal feeds, carpets and
upholstery; cosmetics and personal care products, food
wrappers and carry-out containers. Several research
studies [12-15] have found the residues of PFAS in human
blood, urine, breast milk, tissues, organs and in aquatic
flora and fauna. According to the finding of food
[16,17], the of PFAs in the
environment adversely affects the terrestrial ecosystem.

scientists presence
The soil is an integral part of the environment, and the
ecosystem is the natural source for plant growth and food
production. As the protein part of the soil organic matter
acts as a sorbent for PFAS [18], the soil acts as a
sink/reservoir for per and polyfluoroalkyl substances

[19]. In low and middle-income countries due to water
scarcity, untreated wastewater is used by farmers for
agricultural usage, which cause the accumulation of these
pollutants in soils. Accumulation of these undesirable
their
concentrations not only deteriorate the soil quality but

organic chemicals in soils beyond normal
also has impact on human health, food quality, and social
development [20, 21], as water-soluble PFAS pollutants
are transported to surface water and/or leach to
groundwater resulting accumulation in plants (via roots)
and animals [22].

This work aims to provide the most up-to-date review of
the PFAS applications to humans, including the amount
of these persistent pollutants in various environmental

compartments and their impact on humans.

Table 1: Applications of Per and Polyﬂuoroalkyl substances (PFAS) in different industries/for

humankind

Industry

Application of PFAS

Aerospace

Corrosion protection of Phosphate ester-based brake and hydraulic fluids by altering the electrical
potential at the metal surface. Used as Lubricant and elastomeric seals in Turbine-engine, Jet
engine/satellite instruments. Protects wire and cables from high-temperature endurance and
makes them high—stress crack resistant. Used in the propellant system as fuels and oxidizers and as
aerosol propellant. PFAS are coated to protect from atomic oxygen effects.

Air- Conditioning /

The Working fluid of the air conditioners and compressors contains PFAS.

Refrigerators
. PFAs makes them shockproof to prevent unplanned explosions and enable the ammunition for
Ammunition .
long-term storage without decay.
PFAS are used in weather resistance paint; improve the resistance of the polish to water and oil,
Automotive prevent icing on the windshield in the cold countries, as sealants and bearings, engine coolants.
Industry Used in cylinder head coatings and hoses to reduce gasoline vapour emission resulting in enhanced
fuel efficiency, cable and wires, andbrake pad additives.
. PFAS helps in cell cultivation by the enhanced supply of oxygen and other gases to microbial cells
Biotechnology ) i
and PFAS microporous membranes prevent bacterial growth.
o Used in roofs of houses and Greenhouses- for protection from weathering; acts as dirt repellant
Building and . . . .
) and used for light. As cement additive to retard cement shrinkage. Protects wire and cables,
Construction

gasket and hoses from high-temperature endurance and makes them high—stress crack resistant

Chemical Industry

Used in the production of chlorine and NaOHj in the processing of Tantalum, molybdenum, and
niobium; acts as an aid in the processing of high- and linear low-density polyethene film and
Fluoropolymer. These compounds act as a medium for crosslinking of resins, elastomers and
adhesives and provide inert media for gaseous reactants.

Cieaning

As PFAS provides stain resistance and repels soil is used as a dry-cleaning liquid for cleaning the
carpet and upholstery,is also used as a cleaning fluid for adhesives.

Effluent water

treatment

Filter membranes used in the treatment plants are composed of polymeric PFAS.

Electronic Industry

PFAS acts as an inert fluid and is used for the testing electronic devices and equipment. Used for
cooling of electronic and electrical equipment. These compounds dissolve the unwanted
compounds deposited during the manufacturing of hard disk drives, helping in -Etching of
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piezoelectric ceramic filters. Electroluminescent lamps have the coating of PFAS. The PFAS
compounds are coated on LCDs to make them moisture resistant and provide liquid crystals with
polarity. The electronic razors contain polymeric PFAS. Printed circuit boards are made up of
fibre-reinforced fluoropolymer. These compounds show Piezoelectric and pyroelectric properties

Electroplating

PFAS compounds helps in increasing the strength of nickel plates, preventing haze from a copper
plate, in tin plating helps in uniform thickness coating. On steel, fluoropolymer particles are

deposited.

Energy Sector

As PFAS are not easily vapourised, have high weather ability and dirt repellant is used in solar
collectors and photovoltaic cells and wind mill blades. In the power plants of Coal-based, the fly
ash from the hot smoky discharge is removed with the help of the filters prepared from these
compounds and also helps in the separation of the carbon dioxide in flue gases. In the lithium
batteries, these compounds act as a binder of electrodes, reduce high temperature, help in the
oxygen transport of lithium-air batteries, and act as a solvent for lithium-sulphur batteries. In the
polymer electrolyte fuel cells and vanadium redox batteries, the PFAS polymers act as a

membrane.

Fire—fighting foam
and flame
retardants

Aqueous film forming foam of the PFAS class is used for firefighting and fire retardants

Food Production

To resist degradation wines and dairy products before bottling are filtered through polymeric
PFAS membrane

Laboratory
equipment and
instrumentation

Vials, globes, caps, tape used in the laboratory, seals membranes in autoclaves, ovens, oils and
grease in pumps, membranes used for filtration and solvent in LC columns contain fluorinated
compounds. These compounds are also used for the estimation of phosphoamino content in
proteins.

Medical field

These compounds have applications in defibrillators, pacemakers, cardiac resynchronization
therapy (CRT), positron-emission tomography (PET) and magnetic resonance imaging (MRI),
Video endoscope devices. These compounds are also used in X-ray films; surgical drapes and
gowns; X-ray imaging; MRI imaging; Proton and 19F NMR imaging. The PFAS also have
applications in retinal detachment surgery and in the manufacturing of contact lenses, eye drops.
Filters, tubing, O-rings, seals and gaskets, membranes used in dialysis machines; Catheters,
stents, and needles are composed of the Polymers of the fluorinated compounds. The polymeric
PFAS have application in the anaesthesia as is used to dry or humidify breath. These chemicals are
also used in the artificial heart pump and for wound care.

Nuclear Sector

Used as lubricants for valves and ultracentrifuge bearings in Uranium nuclear plants.

Qil and Gas Sector

PFAS are used as drilling fluid, insulating material for drilling cable and wires helps in removing
heavy crude oil well polymer blockers, and helps in gas production by removing reservoir
capillary forces. PFAS helps in evaporation loss of oils and safe transport. Polymeric PFAS

membranes are used for oil and fuel filtration.

Metal Products

PFAs coating prevents steel corrosion, and enhances the life of the alkali bath. PFAS helps in the
pickling of steel wires. Prevent cracks in the metal coating during drying.

Ore Industry

PFAS forms stable foams which help in the separation of metals from soil; improve the separation

of Uranium and Vanadium from ores.

Paints

PFAS contaminated paints are antistick, durable, anti-corrosive, oil and water repellants used as
all-weather coating paints on the exterior, interior walls and on ships.

Personal Care
Products

PFAS are used for creams as they can penetrate the skin easily, absorbs more oxygen and skin
looks brighter. Makeup by PFAS contaminated creams became more durable and weather

resistant. These compounds are also used in hair conditioners.

Plastic and Rubber
Industry

PFAS not only separates mould and moulded material but also retards imperfection on the
moulded surface. These chemicals improve the quality of the polymer and enhance the efficiency
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of the process. PFAS acts as an anti-blocking agent in rubber production. Fluoroelastomers are
used as an additive in curatives. These compounds help in the bonding of rubber to steel. Coating
of PFAS on rubber and plastic makes them anantistatic agent.

Pharmaceutical
Industry

Reaction vessels, stirrers, and other components used in the pharmaceutical industry are
composed of PFAS polymers instead of steel, polymeric PFASs are used as a filter for the
ultrapure water system and as a moisture barrier film for packaging. PFAS also helps in the
manufacturing of microporous particles.

Photographic
Industry

PFASs act as an antifoaming agent and prevents air bubble formation in the photographic
processing solution. These compounds act as wetting agents, stabilizers, antistatic agents,
emulsion additives for photographic films and papers also control uniformity at edges in
multilayer coatings. These compounds also act as anti-reflective agents. Removes cured epoxy
resins from integrated circuit modules, and checks the formation of the dielectric film. Provides
bonding ply for the multilayer circuit board.

Sports Material

The PFAS compounds are applied in Tennis rackets; bicycles (Lubricant); boat equipment; fishing
lines; climbing ropes; golf gloves.

Textile Industry

PFAS chemicals are used for dyeing and bleaching of textiles, textile treatment baths and in the
finishing process of the fibre.

Tracing and

Tagging

PFAs compounds are used for tracing gas and petroleum reservoirs, pollutants in the air, leaks in
pipelines, and underground storage tanks.

Wood Industry

PFAS are used for the clear coating on wood, and adhesive resins used in the wood industry also
contain these chemical compounds.

Other applications

Used for the preservation of the historical manuscripts, to make utensils non-sticking, to make
water repellant fibres and breathable membranes, glass industry; thread and joints as household
application; in the leather industry; in paper and cardboard industry; pesticide industry; printing
ink; as a sealant and adhesive,

2. CLASSIFICATION OF PER AND POLY-
FLUOROALKYL SUBSTANCES (PFAS)

The number of PFAS compounds ranges from 5600 to

7800 with different physical and chemical properties,

they may be gases, liquids, solids or high molecular

weight polymers, which can be classified as discussed

below.

2.1. Classification based on the physical and
chemical properties

2.1.1. Nonpolymers PFSA

The non polymers PFSA is classified into two classes

2.1.1.1. Perfluoroalkyl substances

These are the compounds in which all the hydrogens of
the alkane are replaced by fluorine. These molecules
have more than two carbon atoms with a charged
functional group at one end of the chain. Their structure
can be denoted as CF, .,R where, R is a functional
group that may be carboxylate, sulphonate or
sulphonamides. A few examples are Perfluoroalkyl
carboxylic acids, perfluoro alkane sulphonic acids and

perfluoro alkane sulphonamides.

The perfluorinated alkyl substances are further divided
into: (a) Perfluoroalkyl acids (PFAAs)- PFAAs includes
(i) Perfluoroalkyl carboxylic acids (PFCAs) (Where R is
COOH) for example perfluorooctanoic acid; (ii)
Perfluoroalkyl carboxylate (where R is COO) e.g.
perfluorooctanoate (iii) Perfluoroalkane sulphonic acid
(PFSAs) (where R is SO,H) e.g. perfluorooctane
sulphonic acid (iv) Perfluoroalkane sulphonates (PFSAs)
(where R is SO;) example is perfluorooctane
sulphonate (v) Perfluoroalkyl phosphonic acid (PFPAs)
(where R is H,PO;) e.g. perfluoropentane phosphonic
acid.

(b)  Perfluoroalkyl (FASAs) e.g.
perfluorooctane sulphonamide (where R is -SO,NH,).
(c) Perfluoroalkyl ether acids (PFEAs) (where R is O-
COOH) e.g. perfluoro-2-methoxyaceticacid.

(d) Perfluoroalkyl aldehyde (PFALs) (where R is -CHO)
for example perfluorooctanal

sulphonamides

The most studied perfluoroalkyl substances are
perfluorooctane carboxylate (PFOA) [(CF;-(CF,),-CF,-
COO7] and perfluorooctane sulphonate (PFOS) [(CF;-
(CF,) 5-CF,-SO)].
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2.1.1.2. Polyfluoroalkyl substances fluorine atoms. Non-fluorine atom are usually H or O
These are the compounds in which all the hydrogens are attached to at least one carbon atom in the tail.
not replaced by fluorine, they have one or more non- Generally, these compounds are named with n:x prefix

Journal of Advanced Scientific Research, 2022; 13 (7): Aug.-2022



Bansal O.P. et al., ] Adv Sci Res, 2022; 13 (7): 01-25 6

where n denotes the number of fully fluorinated carbon

atoms and x denotes the number of non-fully

fluorinated carbon atom(s). Polyfluorinated PFAS can
be divided in to the following classes:

(a) Fluorotelomer ~ Compounds: ~ These  are  those
polyfluoroalkyl substances that are produced by the
fluorotelomerization process. This class includes-
(i) Fluorotelomer alcohols (FTOH): [(CF,-(CF,),-
CH,- CH,OH)] (ii) Fluorotelomer sulfonic acids
(FTSA) (iii) Fluorotelomer carboxylic acids
(FTCA).

(b) Perfluoroalkane  sulfonamido  compounds: ~ These
compounds contain a fully fluorinated carbon chain
with one or more CH, group(s) attached to the
sulfonamido tail, e.g. n-ethyl perfluorooctane-
sulphamido ethanol, [(CF;-(CF,),-CH,-SO,N(C,H;)
-CH,-CH,0OH)].  This  class  includes (i)
perfluoroalkane sulphamido ethanols (FASEs) (ii)
perfluoroalkane sulphamido acetic acid (FASAAs)
(iii) N-alkyl perfluoroalkane sulphonamides (N-alkyl
FASAs).

2.1.2. Polymer PFSA

These are large molecules formed by combining many
of the same or identical small molecules called
monomers. The polymeric PFAS can be divided into

following:

2.1.2.1. Fluoropolymers

These are the compounds in which most of the
hydrogen atoms attached to the carbon of the monomer
are replaced by fluorine atoms. Common examples are
Poly tetra fluoro ethylene (PTFE), polyvinylidene
fluoride (PVDF).

2.1.2.2. Side chainﬂuorinated polymers
These compounds contain the non-fluorinated carbon
chains with a side chain of the poly/perfluoroalkylic

group, e.g. Fluorinated urethans, Fluorinated acrylates.

2.1.2.3. Perfluoropolyethers (PFPE)

These are the compounds in which carbon atoms are
attached with oxygen besides fluorine, e.g. Perfluoro-
polyether-benzophenone (PFPE-BP).

2.2. Classification based on the number of
carbon atoms in the chain

2.2.1. Long-chain PFAS

These are compounds with six or more fully fluorinated

carbon atoms e.g. PFSAs, PFCAs.

2.2.2. Short-chain PFAS

Those PFSAs which have six or fewer carbon atoms are
called short-chain PFAS, e.g. perfluorobutanoic acid,
perfluorobutane sulphonic acid.

3. ENVIRONMENTAL SOURCES OF PER AND
POLYFLUOROALKYL SUBSTANCES (PFAS)
Per and Polyfluoroalkyl substances are oil and water
repellent, chemical resistant and are used in the
firefighting foams, textiles, electrical, non-sticking
metal coatings, laundry and cleaning industries,
painting, printing and paper industries, oil extraction
and mining, medical devices, pharmaceuticals,
pesticides, skin creams, cosmetics, photography,
chrome painting etc. The short-chain PFAS are highly
mobile and are more stable and are easily accumulated
in the environment [23], while long-chain PFAS are
easily accumulated in humans, animals, soils and
sediments. The major sources of exposure to the
citizenry are public water systems, drinking water
wells, surface water of lakes, ponds, groundwater, food
packaging, food items sold in the market, fish, indoor

dust from carpets, textiles, etc.

4. ROUTES OF CONTAMINATION

4.1. Human intake of the Per and Poly-

fluoroalkyl substances (PFAS)

Humans are exposed to Per and Polyfluoroalkyl

substances (PFAS) either by direct exposure or indirect

exposure [24, 25].

(i) Ingestion (direct exposure): It occurs via the
gastrointestinal ~ route, i.e. by  up-taking
contaminated food and other feeds, drinking
contaminated water, milk and other drinks via the
mouth.

(il) Dermal/via permeable membrane (Indirect exposure):
Dermal uptake means absorption through the skin.
Skin creams and cosmetics are a few examples of
dermal uptake.

(iii) Inhalation (Indirect exposure): Inhalation uptake occurs
via inhalation of the polluted air as dust fumes or
contaminated vapours.

(iv) Cleaning products, car polishing, wood, stone and
floor are the other routes of human uptake of PFAS
26].

Per and Polyfluoroalkyl substances (PFAS) present in

sediments are bioaccumulated in the small aquatic
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organisms present in the sediments. These toxic
compounds become available to wildlife animals and
humans who eat these aquatic organisms as food.

5. PFAS IN THE AQUATIC ENVIRONMENT

Manufacturing  industrial ~ discharges, domestic
wastewater discharges, sewage sludge, sewage water,
effluent from landfills and air emissions are the major
entry sources of these persistent pollutants in to the
aquatic environment. The concentration of these
compounds in the wastewater depends on the source of
effluent, the physic-chemical properties of the pollutant
(i.e. the number of carbon atoms in the chain, the
functional group attached) and water solubility as most
of the PFAS are persistent i.e. they cannot be
evaporated. These pollutants enter to surface water,
river water, groundwater, drinking water, marine
water and agricultural fields via wastewater [27, 28].
According to literature review, the total concentration
of the PFAS in wastewater ranges from 0.0ng/L to
143ug/L, in river water ranges from a few ng/L to
496 ug/L, in surface water up to 84 ug/L and in
drinking water ranges up to 8300 ng/L. The
concentration of the different PFAS in water samples is

given in Table 2.

6. PFAS IN THE PLANTS AND VEGETABLES/
CROPS
The major constituents of the human diet are
vegetables, fruits and cereals (i.e., field crops) and
meat, milk, and eggs i.e., animal origin food. Globally,
due to changes in dietary habits, to reduce malnutrition,
population explosion, and prosperity, the demand for
vegetables and fruits has been increasing since the
beginning of the 21" century. The use of treated or
untreated wastewater for irrigation (the survey of
literature denotes that approximately 20 million
hectares of land are irrigated by raw wastewater or
partially treated wastewater contaminated by PFAS),
amendment of soils with sewage sludge or paper-fibre
biosolids, and atmospheric deposition are the main
sources of soil contamination by PFAS. From soil, these
PFAS are transported to plants via roots. Globally, 10%
of the world population consumes food grown on the
wastewater irrigated or manure amended soils. The
accumulation of the different PFAS compounds depends
on number of the carbon atoms in the chain of the
pollutant and the amount accumulated in soil and plant

type. The accumulation of PFAS in the vegetation parts

of plants was greater than in reproductive and storage
parts. The accumulation of PFAs in the different parts of
plants were in the order of the leaves > stem/shoot >
root > fruit. Accumulation of PFAS in plants damages
cell structure, and organelle functions, perturbs
photosynthesis, protein synthesis, carbon and nitrogen
metabolism, gene expression, etc. [29].

The accumulation of different PFAS in different parts of
plants, vegetables and crops is documented in Tables 2
and 3.

7. PFAS IN FISH AND OTHER AQUATIC
ORGANISMS
Food and Agriculture Organization (FAO), with 195
members, a specific agency of the UN, was established
in 1945 to eliminate hunger and malnutrition. The
worldwide population is increasing and is expected to
be 9.1 billion by 2050. As per the FAO report, since the
last decade, the number of undernourished and
malnourished people in developing countries is
increasing.  Despite the innovative techniques,
agricultural production has not been able to solve this
problem. Fish and other aquatic animals are the food
source for billions of people across the world. It is a
general belief that fish is a healthy source of nutrients,
protein, omega-3 fatty acids, vitamin D, calcium,
vitamin B complex, vitamin A, iron, zinc, essential fatty
acids, micronutrients, and lysine. Due to poverty,
deficiency in agricultural food production, and to cope
with the malnutrition, the consumption of fish and other
aquatic animals is continuously increasing. The global
consumption per capita has increased from 9 kg in 2013
to 21 kg per capita in 2021 and is expected to reach 40
kg per capita by 2050. The increasing concentration of
PFAS in the aquatic medium affects fish and other
aquatic animals. As PFAS is associates with protein-rich
tissues, these organic pollutants persist for a longer
period of time and are bioaccumulated in the gills, liver,
lungs, muscles, and intestines of fish via protein, organic
matter, and the food they consume [30].
Bioaccumulation of these pollutants (PFAS) in fish
organs causes metabolism disturbance, reproduction
disruption, oxidative stress, developmental toxicity,
thyroid disruption, nuclear receptor activation, reactive
oxygen species induction, interaction with the
membrane etc. [31]. The concentrations of different

PFAS in fish and other aquatic animals are given in
Table 4.
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Table 2: Concentration of different antibiotics in sewage wastewater, hospital effluent, ground water, aquaculture water, river water,

sediments and manure/ compost

Wastewater/
Freshwater/ . . Vegetables/ . Human blood
Compound Sew:egfv av;zter/ Groundwater Surface water River water ~ Drinking water fruits/ Crops/ Milk Soil /Serum
Corn-2478.4ng/g dw
[37]; Wheat- 1-809
ng/g dw [37]; Maize-
0-0.4 ng/g dw [37]:
Rice- 0-1.9 ng/g dw
[92]; Soybean-0.3-
Sewage-0.48- 3967 ng/g dw [37];
0.91 ng/g dw Lettuce- 0-1038ng/g
[51]; 0-18 ug dw [93]; 540-633
/kg [52]; 2-900 ng/g[94]; Spinach- 0-  0.059-1.84
g 0-223.8 ng/L ’
ng/g [53]; 8-68 (58]; 0 185 33 6.7 ng/gdw [95];  ng/g[99];
ng/g [54]; 1- 7-175.2 ng/L /]: [64] ’ 10-34 no/L 2.49 ng/gdw [17]; 0.11-1.67ng/g
240ng/gdw  [58];0-1.76 ng/L ggog 18 ne/L 931, 4n§5 {04 Cabbage 1.3-4ng/g  dw[17];0.11-
(551 34ng/g  [621;0-8.03ng/L "0 e L /]’L[7.1]-_0 S dw[17];Celery- 75.4- 0.30ng/g[93];
dw [56] (6315147000 ng/L 2R Yo o i 11194 ng/gdw [37);  0.29-0.54ng/g
15]; 0-5.11 8 ol ! Cucumber-0.005- 100]; 8- 68 Blood of
[15]; 800 ng/L [72]; 1.8-12.2 84]; 2.3-84 [100];
Landfill ng/L[64]; 0-0.76 ng/L[72]; 1812, [841; 2.3- 1.4ng/ odw[68]; ng/g [101]; Human-147
8 3 0-64ng/L[52] ng/L[79]; ng/L[85]; 460 8’8 > &’ ’
Chelate- ng/L [65]; 64.5- & g ; & : 1.7ng/g dw 88]; 66.3-173.4 ng/L [15];
Perfluoro- 0.05-4.02ng/L 1590 ng/L  ng/L[53]; ;
. 79.5-2800 4150 ng/L [66]; Pumpkin- 0.05-15.1 ng/g[37];0-2  Blood Serum
octanoic acid d [73]; 53.5ng/L  [80]; 93 18.4-3165 d k
(PFOA) ng/g dw [53] 1.7-74 ng/L [67]; [74]: 7294 ng/L [81]; no/L 1861 45. ng/g dw [37];Pepper  ug/kg[52]; 10- -0.4-7.3 ug/L
; g ; g/L[86]; :
Sewagewater 105-2510 ng/L ng/L [75]; 23- 0.09-5 2 268 ng/L [87]; 0.007-39.3 ng/g dw 2531 ng/g[76] [15]; Blood
:0-11 ng/L [68];15-58 ng/L 05T 0 /L8] O S s, |17} Tomato-0:0.5  ;46-300ug/kg  Serum-8.6
[52]; 3.2-13 [69]; 0-61 ng/L 761, 18g250_ g 0'87_1‘0’ oy 0g/gdwss]; [53];0.1-0.8  ng/mL [90]
ng/L [57]; [52; 2.2mg/L[70]  (gui "0 18915100 U8 08ng/gdw [17);  ug/kg [102];
103-443 ng/L. Perched 71 4 0g6 90 ’ 68 9g 1.7ng/g dw [68]; 2531 ng/g
[58]; 21.6 ng/  groundwater: [619](,)0n /_L L /]L [9’1] Radish 0.08- [103]; 5-27
L [59]; 8-68 1930 ng/L [52] (77: 8 Sgn L & 1879.8ng/g dw ng/g[ 38];
ng/g [54]; 640 o [37);Carrot-0.005-  22.5-37.1ng/g
ng/L 138.6 ng/gdw [95];  dw [104]
[60];0.026- 1468.1ng/g dw [37);

0.112ug/L [61]

0.22 ng/ g dw [17];
470-530 ng/ g [94];
Potato-0.01 ng/g dw
[95]; Egg plant- 0.82
ng/g dw [17];
Cauliflower- 86.1
ng/g dw [37]; Cereal
grains- 8.3-393ng/g
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[96]; Grapes-1.6ng /g
dw [88]; Pear- 1 ng/g
dw [88]; Peach-
1.3ng/g dw[88] ;
Watermelon7.9 ng/g
dw [88]
Milk-6.2-37.4 ng/kg
[97]; 0-854 ng/kg
[98]; 0.0-151.8 ng/L
132]

Corn- 1.13 ng/g dw
[37]; Maize- 62 ng/g
dw [37]; Rice- 0.21
ng/g dw [92] ; Wheat-
0.42 ng/g dw
[37];Soybean- 1.63

0-1-22 ng/L [58]; 0-4.6ng/L )
Sewage 0-0.2 ng§L [64]; O- [58];0-%6-1.0 0.74.38 6 ‘éga{)%jvg_[%%n ,
Perfluoro- water- 0.0- 0.22 ng/L [65]; ng/L [64]; O- n. L [71] Jw [17g] Ce;rrot-gO g64- 0.02-0.29ng/g
nonanoic acid 1.4 ng/L [57];  0.2-2.2 ng/L[67]; 0.19 ng/L [65]; Og4-0n /L,[SS]- .y d“’/ 137]; Cele.r dw [17]; 0.04-
(PENA) 0.05-4.9ng/L  0-1.38 ng/L 0.86-41.4 ng/L G 1] S (37): ¥ 0.21ng/g[37]
[105] [371;0.1 ng/L [68];  [71] ; 58-374 g 034 ng/g dw [17]
0-0.9ng/L [63] ng/L [27] L. 8’8 ;
ettuce- 0.09 ng/g
dw [37]; Pepper-
0.15ng/g dw [37];
Radish- 0.67ng/g dw
[37];0.03ng/g dw
[17]
Wheat-1-1100 ng/g
dw [107]; 339ng/g
dw [76]; 1102.5 ng/g
dw[37]; Maize- 0-
1449 ng/g dw [108];  0.02-0.37ng/g
3.05-96.8 ng/L 37.4ng/g dw]76]; [17]; 0.04-
Perfluoro- 3.6-19ng/L 1.13-1544 ng/L [71]; 1400- 3 62-104n0/L Rice 0.01-2.4ng/g 13.0ng/g [93];
butanoic acid [57]; 15-23 [64,66];6.1 ng/L 3800 ng/L [71] g dw[109]; Soybean 0.073-0.49
(PFBA) ng/L [106] [70] [27); 11ng/L 223-2378 ng/g [110]; ng/g [100];
78] 2378 3 ng/g 3.88

dw[37];Lettuce-0-
2365 ng/g dw [88];
Spinach- 0-6.7 ng/g
dw [111]; Cabbage-
17.9 ng/g dw [17];

15.10ng/g [37]
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2.5-17.8 ng/g dw
[112]; Celery-433.2-
517.8 ng/g dw [113];
1049.6ng/g dw [37];
Cauliflower- 194.1
ng/g dw

[37]; Cucumber-0.1-
.63 ng/g dw [68];
Pumpkin- 0-638.1
ng/g dw [114];
Pepper-0.1-946.5
ng/g dw [37];
Eggplant- 0.5-
4.5ng/gdw

[68]; Tomato-
3.9ng/g dw
[88];3.15ng/g dw
[17]; 63ng/g dw [68];
0-3.3 ng/gdw
[112];Radish -1-
1167.5 ng/g dw [21];
Carrot- 0.02-865.8
ng/g dw [115];
2552.7ng/g dw [37];
Potato-0.8 ng/g dw
[116]; Corn 1448.6
ng/g dw[37]; Grape-
9.8ng/g dw
[88];Pear- 3.7 ng/g
dw [88]

Perfluoro-
pentanoic

acid (PFPeA)

Sewage
water- 4.4-15
ng/L [57]

1.95-501 ng/L
[71]; 860-2820
ng/L [27]

1.78-514ng/L
[71]

Corn-387.7 ng/g dw]
37];Maize- 7.65ng/g
dw [37]; Wheat-
495.8 ng/g dw [37];
83.2ng/g
dw[76];Soybean-
992.6 ng/g dw [37];
Cabbage- 1.79ng/g
dw [17]; Carrot-
852.3 ng/g dw [37];
Cauliflower-78.3
ng/g dw [37];
Celery-324.1ng/g
dw [37]; Cucumber-

0.0-0.57ng/g
[93];1.64-9.49
ng/g [37]
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0.85 ng/g dw [68];
4.68 ng/g dw [17];
Lettuce- 281.2ng/g
dw [37];Eggplant-
0.61 ng/gdw [17];
Pepper-415.9ng/g
dw [37]; Pumpkin-
64.1 ng/g dw [37];
Radish- 426.4 ng/g
dw [37]; 6.05 ng/g
dw [17]; Spinach-1.79
ng/g dw [17];
Tomato-2.74 ng/g
dw [17]; 1.30ng/g
dw [68]

Sewage water-
5.0-20 ng/ L

Perfluoro- [57]; 165-847

hexanoic acid ng/L [92]

(PFHxA) Sludge-0.2-
0.5ng/g dw

[51]

2.02-55.1 ng/L
[71];1360-4300
ng/L [27]; 3-
214000 ng/L
[117]

8-193 ng/L
[118]

1.43-60.8ng/L
[71]; 320 ng/L
[119]

Corn- 116.1ng/g dw
[37]; Wheat- 0.3-135
ng/g dw [120]; 134.7
ng/g dw [37]; Maize-
0-116 ng/g dw [93]
13.04ng/g dw [76];
Rice-0.02-1 ng/g dw
[17]; Soybean- 5.5-
212ng/g dw [21];
211.8 ng/g dw [37];
Lettuce-0-72 ng/g
dw [115]; 72.2ng/g

dw [37]; Spinach- O- 0.02-0.29ng/g

1.2 ng/g dw dw[ 17];0.0-
[88];3.9ng/g [17]; 0.66ng/g [93];
Cabbage- 0.2- 1.0-6.13ng/g
1.4ng/g dw [37]

[17];Celery- 18.4-
19.9 ng/g dw [113];
94.3ng/gdw
[37];Cucumber- 0.0-
0.32ng/g dw
[68];1.36 ng/g dw
[17]; Pumpkin-0-
11.7ng/g dw[ 37];
Pepper 0.2-74 .4
ng/g dw [17];
Eggplant- 0.0.4 ng/g
dw [68]; 0.22ng/g
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dw [17]; Tomato- 0-
1.4ng/gdw
[88];0.56 ng/g
dw[68]; Radish- 0.1-
103.3ng/g dw ;4.6
ng/g dw [17];Carrot-
0-32.4 ng/g dw
[95];Potato-0.06ng/g
dw [95]

Perfloro-
heptanoic

acid (PFHpA)

Sewage water-

1.6-16

ng/[57];662-

1143ng/L [84]

1.13-184 ng/L
[71]; 1360-
4030 ng/[27]
;2.2-10500
ng/L [77]

0.79-177ng/L
[71];10.5 ng/L
[91]

Corn- 248.8 ng/g dw
[37] ;Maize- 65 ng/g
dw [51]; Rice- 0.12
ng/g dw [92]; Wheat-
51.2ng/g dw [37];
2.06 ng/g dw [37];
Soybean- 530.3 ng/g
dw [37]; Lettuce-72.9
ng/g dw [37];
Cabbage-0.76 ng/g
dw [17];Carrot-
229.1ng/g dw [37];
Celery- 88.3 ng/g dw
[37]; Cucumber-0.26
ng/g dw
[68];0.18ng/g dw
[17]; Pepper- 18 ng/g
dw [37]; Pumpkin-
5.25ng/g dw [37];
Radish- 251.9 ng/g
dw [37];0.21 ng/g
dw [17]; Spinch-0.47
ng/g dw [17]

0.71 —4-.55ng/g
[37]

Perfluorobut
anesulphonic
acid

(PFBS)

Sewage water-
2.3-20ng/L
[57]; 1.29-
195ng/L [79]

1.53-11016 ng/L

[68,65] 4.4 ng/L
[70]

1.12-11.1 ng/L
[71]; 7.0
ng/[78]; 2.24-
9.32 ng/L [27]

1.17-11.9
ng/L [71];130
ng/L
[119];7.94
ng/L [91]

Corn- 0.29 ng/g [37];
Wheat- 0-.51ng/g
dw [37]; Maize-0-100
ng /g dw [120]; Rice-
0-0.03 ng/g dw [92];
Cauliflower -1.1ng/g
dw [37]; Lettuce- O-
1.6 ng/g dwl 93];
Spinach- 0.17 ng/g
dw[ 17]; 0-1.7ng/g
dw [95]; Cabbage 0-

0.004-0.01
ng/g [37]
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0.1ng/g[17];
Celery- 0.05-
0.07ng/g dw [93];
0.02 ng/g dw [37];
Cucumber-0-0.15
ng/g dw [68]; 0.05
ng/g dw [17];
Pepper- 0.02 ng/g
dw [37]; Pumpkin-
0.02 ng/g dw [37];
Radish- - 0.02 ng/g
dw [37]; Spinach-
0.17ng/g dw [17];
Tomato- 0-0.3ng/g
dw [88]; 0.25 ng/g
[17]; 13ng/g dw [68];
Carrot- 0-1.0 ng/g
dw [95]

Perfluoroocta
nesulphonica

cid (PFOS)

Sludge: 1060-
2150 ug /kg
[52]; 0-140
ng/g [53]; O-
380ng/g
[121]; 403
ng/g dw [56]
Landfill
Chelate- 0-
300 ng/g
dw[53]; 10-
1100ng/g
dw[55]
Sewage
water: 169-
635 ng/L[52];
6100.8
ng/L[122];
662-1143
ng/L[84]; 3.8-
92 ng/L[57];
97.5-394
ng/L[59];
53,000ng/L
[123]; 0.44-
461.7

1.3-4800 ng/L
[67]; 0-18 ng/L

[52]; 0.1-33 ng/L
[125]; 4300 ug/L
[126];11 ng/L [70]

Perched
groundwater:
35300 ng/L[52]

2.28-48.3ng/L
[71]; 0-100
ng/L [72]; O-
230 ng/L
[127]; 0-2060
ng/L[52];
0.03-6.23 ng/L
[73]; 40.2 ng/L
[74]; 10.6-46.8
ng/L [128]; 50
ng/L [75];
8970 ug/L
[126]; 0.073-
113 ng/L [76];
650 ng/L[123];
75ng/L
78];19.8-93.3
ng/L 27]

20.5ng/L
[80]; 0.7-
1.7ng/L
[122]; 2.6
ng/L [84];
29 ng/L
[129]; 20.2
ng/L [59];
0.18-0.53
ng/L [82];
4-102 ng/L
[118]

1.62-36.9ng/L
[71];0-
70.1ng/L [84];
0.4ng/L
[122]; 0.2-22
ng/L [85]; 20
ng/L
[53];0.25ng/L
[88]; 8000
ng/L [119];
61.2ng/L [91]

Corn- 1.07 ng/g dw
[37]; Wheat- 0.2-
0.93 ng/gdw [37] (;
Maize- 0-0.23 ng/g
dw [37] 2;Rice- 0-
55.5ng/g dw [92];
Soybean- 0-2.3ng/g
dw [37]; Lettuce-0-
3.5ng/g dw [93];3.46
ng/g dw [37]; 481-
555ng/g [94];
Spinach- 0-0.1 ng/g
dw [95]; Cabbage
0.0-0.43ng/g dw
[17]; Celery- 0.07-
1.62ng/g dw

[37]; Cucumber-0.0-
0.12 ng/g dw [68];
Cauliflower-- 0.32
ng/g dw [37];
Pumpkin- 0.0-
0.09ng/g dw [37];
Pepper 0-0.2 ng/g
dw [17];0.62 ng/g
dw [37]; Tomato- O-
0.2 ng/g dw [88];

0.018-
2.55ng/g [99];
0.57-12.0ng/g
[93]; 0.93-
2.1ng/g[ 100];
80-219 ng/g|
101]; 1-
172ug/kg [52];
9700 ug/kg
[126]; 3-5,500
ng/g [103];
0.2-0.4 ug/kg
[102]; 878ng/g
[130] ; 41.87-
622.46 ng/g
dw [131];
6.29-13.5ng/g
dw [104];
0.004-
0.17ng/g [37]

Blood Serum
-1.4-
34.6ug/L
[15]; Blood
Serum-
157ng/mL
[132]
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ng/L[121]; 5-
50 ng/L[124];
470 ng/L [60]
;0.818-

1.364ug/L[61]

0.19ng/g dw [17];
Radish-0- 1.85 ng/g
dw[ 37] ;Carrot- 0-
1.73 ng/g dw [95];
298-625 ng/g [94];
Cereal grains- 3.9-
860ng/kg [96]
Milk-0-212 ng/kg
[7]; 144 ng/kg [98];
0-9060 ng/L [32] ;1-
42 ng/g| 130]

Perfluorohex
anesulphonic
acid

(PFHxS)

Sewage water-
2.7-13ng/L
[57];2.6-15
ng/L [84]

0.5-1.5ng/L [58];
0-0.23 ng/L [64];
0-0.08 ng/L [65];
2.6-280 ng/ [67];
0- 0.25 ng/ L[37];
0.1-1140 ng/L
[68]; 0-6.05ng/L
[63]; 76-160 ng/L
[69]

0-41.7ng/L
[58]; 0-0.18
ng/L [64] ; O-
0.30 ng/L [65];
0.86-44.8 ng/L
[71]; 0.03-3.51
ng/L[73]; 74
ng/L[75]; 42
ng/L [78];
2.44-27.7ng/L
[27)

0.79-21.1ng/L
71];
1700ng/L
[119]; 30.5
ng/L [91]

Corn-0.02 ng/g dw
[37] ; Wheat- 0-68
ng/g dw [120];
0.37ng/g dw [37];
Maize- 0 -0.05 ng/g
dw [93]; 0.04 ng/g dw
[37]: Rice 0.-3.8ng/g
dw [17]; Soybean- -
0.02 ng/g dw [37];
Lettuce-0-0.5 ng/g
dw [115];0.02 ng/g
dw [37]; Spinach- 0-0.1
ng/g dw [88];
Cabbage- 0-0.1 ng/g
dw [17]; Celery-0.05-
0.09 ng/g dw [93];
Cucumber-0-0.31ng/g
dw [68]; Pepper 0O-
0.005 ng/g dw [17];
0.02 ng/g dw [37]; Egg
plant- 0-0.001 ng/g
dw [68]; Tomato- O-
0.004ng/g dw [88];
0.29 ng/g dw [68];
Radish-0-0.1 ng /g dw
[37]; Carrot- 0-0.07
ng/g dw [95]; Potato-
0.0008 ng/g dw [95];
Grapes-0.10ng/g dw
[88]

Milk-0-111 ng/kg
[97]

0.0-0.24ng/g
[93]; 0.048-
0.085ng/g dw
[104];0.004-
0.07ng/ g [37]

Blood serum-
136 ng/mL
[132]
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Sewage-26
Perfluorodec ng/g dw [56]
anoic acid Sewage
(PFDA) water- 0.0-3.6

ng/L [57];0.1-
8.3ng/L [105]

0.43-31.1ng/L
[71];14.1-180
ng/L [27]

0.33-24.7ng/L
[71]

Corn- 0.61 ng/g dw
[37]; Maize-
0.07ng/g dw [37];
Rice- 0.13 ng/g dw
[92]; Wheat- 0.81
ng/g dw [37] ;
Soybean- 0.97ng/g
dw][ 37] ; Cabbage-
0.03 ng/g dw [17];
Carrot- 057 ng/g dw
[37]; Celery- 0.15
ng/g dw [37];
Eggplant- 0.28 ng/g
dw [17]; Lettuce-0.21
ng/g dw [37];Pepper-
0.02 ng/gdw [37] ;
Rasish- 0.84ng/g dw
[37] ;Spinach- 0.10
ng/g dw[ 17]

0.04-0.65ng/g
dw [17]; 0.02-
0.27 ng/g[37]

Perfluoround ~ Sewage
water-0.03-
2ng/[84]

ecanoic acid

(PFUnDA)

0.14-2.90 ng/L
[71];1.47-21.2
ng/L [27]

0.54-1.85ng/L
[71]

Corn- 0.12 ng/g dw
[37] ; Maize-0.1ng/g
dw [37] ; Rice-0.09
ng/g dw [92] ; Wheat
-0.14 ng/g dw [37];
Soybean- 0.3 ng/g
dw [37]; Carrot- 0.04
ng/g dw [37];
Cauliflower- 0.1ng/g
dw [37];Celery- 0.04
ng/g dw [37];
Eggplant-0.12 ng/g
dw [17];Lettuce-0.20
ng/g dw [37];
Pepper- 0.11 ng/g
dw [37]; Pumpkin-
0.12 ng/g dw [37];
Radish- 0.04ng/g dw
[37]; Spinach- 0.05
ng/g dw [17];Pear-
0.20ng/g [88]

0.03-0.11 ng/g
[37]
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Corn- 0.07 ng/g dw
[37]; Maize- 0.06
ng/g dw [37]; Rice-
0.05 ng/g dw [92];
Wheat-0.14 ng/g dw
[37]; Soybean- 0.2
ng/g dw[37]; Carrot-
0.09 ng/g dw [17];
Celery- 0.06 ng/g dw

Perflorodode ~ Sewage 0.21-0.28 [37]; Eggplant-0.26
canoicacid  water- 0.039- ng/L[71]; 0.55- [07‘?]-09%/ L /g dw 17 8'82;1 -
(PFDoDA)  2ng/L[84] 3.90 ng/L [27] Lettuce-0.02 ng/g TORETE
dw[37] ;Pepper- 0.06
ng/g dw [37];
Pumpkin- 0.06ng/g
dw [37]; Radish-
0.06ng/g dw [37];
0.09 ng/g dw [17];
Spinach-0.22 ng/g
dw [17]; Tomato-
0.12ng/gdw [17]
Fo3B 0.18-0.5%ng/L 0-78.5 0.6-4.8 ng/L
; [133] ng/[66] [77,79]
Sludge- 0.6-3.0
ng/gdw [51]; 0.04-83.1
w92} 1153 ng/L1 140} +33ng/
2§V5[8 ]’/k 5], 13159 101n~g79g9
80 211;gn /g [[54]]’- ng/LI6S);  0.72-95 ng/L [20931’ / '[3_7]-
9379 %g/ g[134]’ 2.5-2647 84,000 [85];0.1-502.9 71012%% oy
.- 7300-8300ng/L  ng/L[52]; 230  ng/L[27] [117,144]; R/ 2
;4.93-92.6ng/g Crops- 58.8- [105]; 1-182ug
o [135] : 3155 105 0-54Tng/L  ng/L[75];106 496,000 86.3 ng/L 808bng/ ¢ [37] ke [52]; 29-
0027 [52]; 0.03-74ng/L  ng/L[29];146.2 ng/L[141];3 [29]; 62-4500 878 g 1>h Dust- 1.09-
Y PFAS 49.1 ng/gdw ;Cauliflower- 410 14300 ng/kg
[70] -586.2 9.44- ng/L [83];2.4- 55.2ng/g
[79]; 5.6-963.2 . ~ ng/g[146]; Root [147]; 2-485
Perched ng/L[87]; 638  207.59 290 ng/L [87]; [149]
ng/g [134]; 4.95- d ) /111391 JL11491:4  7.16.59 49 Vegetables- 333 ng/g  ng/ g[54];
980 ng/g[136]  Sroundwater: ng/L[139]; ng/L{142];4 7.16-59. [146] 0.4-6.6 ng/
- ag eg 41823 ng/L [53] 24400-84400  6.2-157.6  ng/L[145]; o [1-48]5%79%
Vtv § 360 no /L ng/L[27] ng/L[87];17 9.08-11.63 J)VO e
warer:,ou’ ng 00 ng/L [145] Thgre
[52] ; 30-198 [37]

ng/L [137]; 30-
150 ng/ L [124];
220-12000 ng/L
[138]

ng/L[143];1
3-200
ng/L[118]
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0.03-14.3ng/g
> PFCA [99]; 7-3270
ng/kg [147]
0.0—3.27ng/g
2 PFSA 199]
Sewage water- 17.87ng/L
2 PFAA 31-142 ng/L [57] [88]
Table 3: Average concentration of different PFAS in shoot and /or root of plants (ng/g dw)
Perfluor Perfluore Perfluorop Perfluoro  Perfluorchep Perfluorch  Perfluoro  Perfluorou  Perfluorod
] Perfluorooct ] ) ] ] Perfluorooctan ] ]
Sampling o ononano  butamoic  enfamoic  hexanoic  fpentanoic ., exanesulp Decamesulp ndecanoic  odecanoic
Plant ~° anoic acid o ) ) ) ) esulphonicacid o o ] ] PEAS Reference
Point (PEOA) ic acid acid acid acid acid PEOS) honic acid  honic acid acid acid
: |
(PENA)  (PFBA)  (PFPeA) (PFHxA)  (PFHpA) ' (PFHxS)  (PFDA)  (PFUnDA) (PFDoDA)
Lemng minor Shoot  3240-19600 3.5-29.7  10-280  §.36-108  15-9446 26.1-151 4.6-183 0.0 94342 7.2-18.1  7.5-15.1 3350-20400
C hrlh
“;"“’P T oot 2390-8340 42281 237981 8.6.251 135499  20-79.2 4105 0044 67312 42129 3699  2500-8700
demersum
Shoot 7404260 1.1-49 195242 242105 19-263 12.7-69.6 1842 0.8-34 25138 1.6-3.1 1.2-24 §40-4950 7
Eriochlo: -
;j;m:d Root 19808140 36.198 162.109 71246 178154 299126 267 0029 62181 3343 247  2090-8630
Alternanthera Shoot 570-3960  0.5-2.8 50-333 14.8-135  15.1-81.5  13.2.65.1 0.7-2.6 0.0-2.6 1.1-34 0.0-2.2 0.0-14 670-4590
sessiliz Root 800-6320 1870 151-246  3.0-859 49682 943.75.6 5.2.20.4 0.0-19 5.3-11 8.2 840-6870
— 67 [113]
o Root  703.4-4310 2247236 [108]
{Rahanus - — —
i) 95.3 0.07 §4.1 37.6 209 45.7 0.06 0.04 0.09 0.1 0.02 284
sativus,
Shoot 1879.7 0.67 1167.5 426.4 103.3 251.9 1.85 0.02 0.84 0.04 0.08 38324
Root 5.6 0.05 279.7 349 74 51.6 0.79 0.05 0.08 0.04 0.02 381.3
].eral" 138.6 0.13 865.8 128.4 324 138.6 1.73 0.02 0.07 0.04 0.06 1189 [37]
Carrot petiole
Leaf _ i i - -
blade 1468.1 0.64 25527 8523 196.8 1468.1 1.31 0.02 0.57 0.04 0.02 5302.7
Lettuce Leaf 1038.3 0.09 2365.2 281.7 72.2 729 346 0.02 0.1 0.20 0.02 3833.7
Root 218.1 0.3 517.8 §4.9 18.3 216 0.11 0.09 0.26 0.18 0.10 862 [37]
137
Celery {Apium TO;T 23 [113]
graveplens E.L 754 0.10 433.2 68.4 19.9 19.3 0.07 0.05 0.07 0.10 0.02 616.5
~ petiole _
var.dulce) o, [37]
bled 1119.4 0.49 1049.6 341 943 883 1.62 0.02 0.15 0.04 0.06 2678
ade
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Root 1259 0.16 116.2 403 15.7 74.6 0.39 0.02 0.19 0.04 0.02 4736 [37]
254
Leaf 231 (1]
Com Leaf 4784 1.13 14438 6 387.7 116.1 M58 1.07 0.02 0.61 0.12 0.07 4682.8
Stem 640 0.1 823 20.5 10.3 448 0.02 0.05 0.09 0.10 0.02 23 [37]
Husk 50.7 0.12 3.1 11.8 8.2 316 0.07 0.02 0.08 0.04 0.02 186.7
Root 108.5 0.38 209.9 376 6.5 7.8 0.1 0.02 0.25 0.10 0.06 i71.2 [37]
Root 332-1411
: (150]
he Shoot _ _ _ . 39.6-821
Stem 22 0.28 237.7 475 6.7 3.9 0.05 0.02 0.02 040 0.06
Leaf 309.7 0.42 1102.5 4958 1347 51.2 0.93 0.37 0.81 0.14 0.06 [37]
Husk 445 0.42 1768.1 345.9 69.4 20.7 2 0.02 0.29 0.04 0.15
Root 162.8 0.05 316.3 194 8.9 14.1 0.39 0.02 0.07 0.04 0.06 §32.2
Sorbean Stem 45 0.05 2223 283 5.5 10 0.33 0.04 0.07 0.04 0.02 122 [37]
' Leaf 3966.6 1.63 23783 9916 1.8 530.3 2.35 0.02 0.97 0.30 0.20 8085.2
Pod 261 0.08 13191 199.8 48 442 1.73 0.02 0.25 0.10 0.02 2861.1
) Root 5450
Smawberry oot 900 [113]
Wheat grass 16 0.3 766 466 515 17 1070 2790 0.25 [151]
Gras 190-520  0.864.9 17 1.2-11 31723 30 [152)
Hyrioptylhum 102 1.8 478
fp]l.'d[l.lﬂ]
fﬁﬁiﬁm 1.46 1.89 6.54 [153]
thI]m:f.rm 1.68 231 7.63
.'P]fﬂi].'fl,
Chironomid 6.56-355.9 [153]
Plant Leaves 1500dw 14000 dw 930 dw [154]
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Table 4: Total concentration of PFAS in Different Species of Fish
Aquatic animal Location Body Part Total concTs:ntratlon Reference
of PFAS inng/g
Pagrus major Seawater, China Muscle 0.04-2.14 [155]
[ridentiger Seawater, China Muscle 10.97-12.93 [156]
trigonocephalus
Gadus morhua Seawater, Baltic sea Liver 6.03-23.9 [157]
Isurus oxyrinchus Seawater, Greece Muscle, Gill, Heart 3.2-10.3
Oxynotus centrina Seawater, Greece Muscle, Liver 17.9-85.1
Mobula mobular Seawater, Greece Muscle, Gills 1.5-4.4
Odontaspisferox Seawater, Greece Gills, Liver 62.2-65.4
Prionace glauca Seawater, Greece Muscle, Gills, Liver, Heart 0.3-15.5 [158)
Hexanchus griseus Seawater, Greece Muscle, Gills, Liver, 1.1-66.3
Heart, Gonad
Heptranchias perlo Seawater, Greece Musljlez;flgso,nl;ger, 0.0-35
Alopias superciliosust Seawater, Greece Muscle, Gills, Liver, Heart 3.1-48.19
Micropogonias undulatus ~ Seawater, South Carolina Whole Fish 15.2-21.3
Sciaenops ocellatus Seawater, South Carolina Whole Fish 11.3-66.1
Cynoscion nebulosus Seawater, South Carolina Whole Fish 17.3-85.4 [159]
Leiostomus xanthurus Seawater, South Carolina Whole Fish 14.7-67.8
Mugil cephalus Seawater, South Carolina Whole Fish 6.2-20.7
Ocytopode stimpsoni Seawater, China Soft tissues 7.8-10.47 [156]
Clibanarius infraspinantus Seawater, China Soft tissues 7.73-8.06
Ruditapes philippinarum Seawater, China Soft tissues 15.5-27.5 [160]
Cassostrea gigas Seawater, China Soft tissues 12.45-12.76 [156]
Orcinus orca Seawater, Greenland Liver 614
Phoca vitulina Seawater, Sweden Liver 640 [161]
Phoca hispida Seawater, Sweden Liver 536
Pomacea canaliculata Freshwater, Vietnam Soft tissues 0.22-0.6 (74]
Corbicula fluminea Freshwater, Vietnam Soft tissues 0.73
Corbicula fluminea Freshwater, Belgium Soft tissues 0.0-126
Dreissena bugensis Freshwater, Belgium Soft tissues 8.56-157 (162]
Perca fluviatilis Freshwater, Belgium Soft tissues 5.22-67.8
Anguilla anguilla Freshwater, Belgium Soft tissues 5.73-68.8
Charybdis japonica Freshwater, Vietnam Soft tissues 0.61 (74]
Macrobrachium rosenbergii Freshwater, Vietnam Soft tissues 0.24-0.58
Palaemon longirostris Estuarine, France Whole body 4.5 [139]
Crangon crangon Estuarine, France Whole body 11
Mysidacea ind. Estuarine, France Whole body 7.2 [139]
Copepoda, ind. Estuarine, France Whole body 2.9
Copepoda cladocera Freshwater, Italy Whole body 7.6 [163]
Lepomis macrochirus Freshwater, South Korea Muscle 32.4
Hemibarbus labeo Freshwater, South Korea Muscle 16.7
Micropterus salmoides Freshwater, South Korea Muscle 40.3 31]
Chanodichthys dabryid Freshwater, South Korea Muscle 30.5
Carassius caassius Freshwater, South Korea Muscle 17.6
Cyprinus carpio Freshwater, South Korea Muscle 50.6
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Ctenopharyngodon idellus ~ Freshwater, South Korea Muscle 8.87-10.66
Hemibarbus labeo Freshwater, South Korea Muscle 16.7
Micropterus salmoides Freshwater, China Muscle 3.02 [164]
Anguilla anguilla Freshwater, Netherlands Muscle 4.7-172 [158]
Carassius carassius Freshwater China Muscle 3.15-4.09
Siniperca chuatsi Freshwater China Muscle, Liver 3.02-5.12 [164]
Larimichthys polyactis Freshwater China Muscle, Liver 8.99-87.9
Pungitius pungitius Freshwater, Alaska Whole body 3.66-15.6 [165]
Esomus danricus Freshwater Vietnam Whole body 0.91
Pangasius elongatus Freshwater Vietnam Whole body 0.3
Eleotris fusca Freshwater Vietnam Whole body 0.92 [74]
Chana striata Freshwater Vietnam Liver Muscle 0.18-1.01
Oreochrommic niloticus Freshwater Vietnam Liver Muscle 0.5-10.6
Perca fluviatilis Freshwater, Amesterdam Whole body 1500 [166]
Perca fluviatilis Freshwater, Amesterdam Muscle 330 [167]
Liver 12-300
Fish Freshwater, Norway Muscle Te3 [168]
Salvelinus namaycush Freshwater, USA 45 (PFOS) [169]
FmﬁSh_(;'}iZH_ 1ﬁt}'158 ng’g Fresh water, Bangladesh Whole body 01' .3321_—184. 355 [170]
Micropterus salamoids Freshwater, USA Liver , Testis 3.2-834.4 [171]

8. PFAS IN THE MILK

Per capita milk consumption throughout the world
(i.e., developed and developing countries) is increasing,
which may be due to economic prosperity, population
explosion, and changes in dietary habits. India, the top
producer globally produces approximately 18% of the
global milk production. Several researchers [32-34] have
reported residues of PFAs in breast milk and animal

milk. In the USA, more than 80% of breast milk is
contaminated with PFAS. PFAS binds to the [-

lactoglobulin protein present in the milk. Exposure of
PFAS to infants via breastmilk affects immunity,
hormonal function, development of the nervous system,
vaccine response, kidney function, obesity, asthma etc.
The data on the concentration of PFAS in milk is
recorded in Table 2.

9. PFAS IN SOIL

Soil is the most important natural source on earth as it
supports the production of the human food system,
fodder for animals, fibre etc. Healthy soil is essential
for human life and their well-being. Franklin D.
Roosevelt correctly interpreted that “The nation that
destroys its soil destroys itself.” But for the last 60 years,
due to anthropogenic activities, the health of the soil has

been deteriorating. Soil is an important reservoir of

pollutants, e.g. potentially toxic metals, pesticides,
antibiotics, PFAS etc.

PFAS are released in agricultural soils through irrigation
water, biosolids applications, AFFFs discharge, and
atmospheric dispersion [35, 36]. The PFAS pollutants
are either sorbed by soil particles or dissolved in the soil
solution. From the soils, these pollutants are either
absorbed by the roots of the cultivated plants or leached
into the groundwater. Many agricultural scientists [37-
39] have reported that soils globally are contaminated
with PFAS. The concentration of the different PFAS

compounds in soil is given in Table 2.

10. IMPACT OF PFAS ON HUMANS

The impact of these chemicals on humans depends on
the route of exposure, duration of exposure and
concentration of the chemical [40]. A number of studies
[41-43] have reported that PFAS, mainly PFOA and
PFOS, in humans affects the immune system, alter the
lipid metabolism, endocrine activity, thyroid gland and
mammary gland functioning. These chemicals also cause
delays in the mammary gland development, obesity,
increased miscarriage risk and low sperm count [44]. In
their studies, Temkin [45] found that these toxic
chemicals in humans increase blood cholesterol and that
these chemicals are also linked to kidney diseases,

testicular cancer, kidney cancer, increased uric acid
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concentration in the blood, and immunity/decreased
response to vaccines. Zeng et al., [46] reported that
PFOS in humans decreases cell activities and increases
ROS levels, decreases mitrochondrial membrane
potential with enhanced apoptosis and autophagy.
Increase of endoplasmic reticulum stress by PFAS in
humans has been reported by Louisse et al., [47]. Redox
imbalance and abnormal autophagy with decreased
glutamatmine synthase activity by PFOS have been
found by Li et al., [48]. Borghese et al., [49] discovered
that exposing pregnant women to PFHxS for a longer
period of time increases the chances of preeclampsia
development by three fold. Blood glucose level and
PFOS exposure had a positive significant correlation

[50].

11. CONCLUSION

e PFAS are considered one of the the most toxic
pollutants of the 21" century as they are present in
all the compartments of the environment, viz., air,
groundwater, surface water, river water, drinking
water, house hold wastewater, soil, manure, milk,
vegetables, crops fruits, and fish.

e As PFAS compounds possess the strongest covalent
C-F bond, these compounds are thermally and
chemically stable and possess hydrophobic and
oleophobic properties. Due to their chemical
stability, they persist in the environment for a
longer period of time with a high mobility. These
compounds are found even in remote areas like the
Arctic and Antarctic and are also called “forever
chemicals.”

e In biosolids and manure, the concentration of these
pollutants ranged from ng/g to wug/g. The
concentration of these pollutants in surface water
near industrial level and AFFF discharge points
ranged up to mg/L. The concentration of these
pollutants in soils near the AFFF discharge points
ranged up to 7 mg/kg.

e In the agrosystem, PFAS are introduced via manure
amendments and irrigation by contaminated water
and impacts the ecological balance in soils.

e Short-chain PFAS compounds translocate very easily
into plant components that are consumed by
humans or animals as fodder, while long-chain PFAS
compounds remain in the root part.

e As these pollutants contain functional groups such as
carboxyl, sulphonyl, sulphonamide, amine groups
glycosylation of the pollutants in the plants occurs.

e PFAS are bioaccumulated in the liver, muscle and
fillet part of the most consumable fish (rainbow
trout) worldwide.

e Ingestion of the PFAS through animal and/or plant-
based foods as well as drinking of PFAS-
contaminated water has impact on human health.
The accumulation of these pollutants in humans
affects the immune system, lipid metabolism,
endocrine system, and reproductive system and
alters development. These pollutants also have
cancerogenicity. Health impacts on humans depend
on concentration, route and duration of exposure.

Future Suggestions

e The production and utilization of these pollutants
must be reduced.

o Researchers must find some alternate, less toxic,
more efficient compounds.

e It is a need of the hour to develop effective
technology to remove these pollutants from
wastewater.

e Efforts must be made to create awareness to the
citizenry regarding the negative impacts of these
pollutants
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