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Fluorinated compounds, including poly- and per-fluoroalkyl substances (PFAS), are characterized by
complex behavior, environmental persistence, and resistance to degradation. These thermally stable
compounds repel both oil and water. Concerns are mounting over their bioaccumulation in humans and
other organisms, given their associated health risks such as endocrine disruption, immune suppression,
obesity, elevated cholesterol levels, and cancer. Low concentrations of PFAS detected in drinking water
present a potential human exposure pathway. This review addresses the occurrence and exposure
pathways of PFAS; their toxicity in humans, plants, and animals; analytical methods for their detection
and quantification in aqueous matrices; and their removal techniques including membrane technologies,

advanced oxidation processes, adsorption, ion exchange, biological methods, and hydrothermal
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Accepted 27th October 2025 liquefaction. The factors affecting the removal of PFAS, such as inorganic anions and cations, natural

organic matter, and other organic pollutants in wastewater, are also included. Additionally, cost-effective

DOI: 10.1039/d5ra07672b and environmentally friendly methods for regenerating adsorbents are explored. The conclusion
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1. Introduction

Poly- and per-fluoroalkyl substances (PFAS) are generated in large
quantities and used for industrial processes and consumer prod-
ucts. They belong to organofluorine compounds and are
composed of various chains of fluorocarbons and diverse func-
tional groups.””> PFAS mostly have high chemical and thermal
stability due to the presence of carbon-fluorine bonds. In addi-
tion, the presence of hydrophilic functional groups makes PFASs
water soluble despite the hydrophobic nature of their fluoro-
carbon tail** Products that contain PFAS include non-stick
glassware, electronics,” medical equipment, and fire foaming
units.*” Perfluorooctane sulfonic acid (PFOS) and per-
fluorooctanoic acid (PFOA) are two chemicals that have been
considered as the most emerging persistent organic pollutants.*®
PFASs have been discovered in the environment as well as in the
human body because of their extensive applications and distinc-
tive properties. Studies on PFAS exposure have shown that PFASs
can build up in blood tissues and have harmful effects on the
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discusses the current restrictions and future perspectives on the analysis of PFAS.

human health such as carcinogenicity and/or immunotoxicity
effects.’*"

Thus, in the chemical environment that is rapidly changing,
environmental health scientists confront a significant difficulty in
determining the relative significance of various exposure pathways
to PFAS in various human populations and their possible conse-
quences on the human health.”" To ensure public health, efforts
have been made to analyze the content of PFAS in drinking water.
The detection of PFAS compounds is based on various chromato-
graphic methods coupled with mass spectrophotometry (MS).**
Although the integration of chromatography with MS technologies
offers the most sensitive and precise measurement of PFAS, it is
also vital to establish on-site, real-time monitoring systems for
PFAS. Therefore, different portable and facile processes have also
been investigated for the detection of PFAS in different environ-
ments. On April 10, 2024, the U.S. Environmental Protection
Agency (EPA) finalized the National Primary Drinking Water
Regulation (NPDWR) for six per- and poly-fluoroalkyl substances
(PFAS), representing a major advancement in public health
protection. Developed after extensive stakeholder engagement and
review of over 120 000 public comments, this regulation is expected
to safeguard nearly 100 million individuals from PFAS-
contaminated drinking water, preventing thousands of fatalities
and associated chronic diseases. The NPDWR establishes
enforceable maximum contaminant levels (MCLs) for key PFAS,
including PFOA and PFOS, and introduces a hazard Index-based
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MCL for PFAS mixtures. Complementing these measures, the EPA
has defined health-based Maximum Contaminant Level Goals
(MCLGs) for selected PFAS. To support nationwide implementa-
tion, $1 billion from the Bipartisan Infrastructure Law has been
allocated for PFAS monitoring, treatment in public water systems,
and remediation assistance for private well owners.*®

This review examines the sources, occurrence, applications,
and exposure pathways of PFAS, alongside their impacts on plants,
the aquatic and terrestrial ecosystems, and human health. The
detection techniques and recent advances in PFAS removal are
discussed, highlighting how parameters such as pH, ionic
strength, and solubility influence the remediation efficiency.
Furthermore, this review provides a comparative assessment of
conventional and emerging treatment technologies including
adsorption, membrane filtration, photocatalysis, electrochemical
oxidation, and bioremediation, emphasizing their mechanisms,
limitations, and scalability. Special attention is given to the
transformation behavior and persistence of PFAS during degra-
dation processes, as well as the formation of short-chain inter-
mediates with potential environmental risks. This review also
explores policy developments, regulatory frameworks, and risk
management strategies aimed at mitigating PFAS contamination,
underscoring the importance of integrating advanced analytical
tools, sustainable materials, and circular economy principles for
the long-term control and remediation of PFAS.

2. Sources, applications, and
exposure pathways of PFAS

PFAS have already been recognized as emerging environmental
contaminants'® that tend to bioaccumulate in organs such as the
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liver, blood and kidney."” Therefore, understanding the sources
from where PFAS emerge is important. Being a class of human-
made organic materials, all the sources of PFAS reported to date
are anthropogenic. PFAS tend to emerge in the environment from
various anthropogenic sources such as production plants, indus-
trial effluents (metal electroplating plants and textile treatment),
fire-fighting foams, and consumer products (cosmetics, food
packaging, paints, furnishings, non-stick cookware, carpet, and
leather).***' The major sources of PFAS include: (i) manufacturing
and industrial facilities; (ii) aqueous film-forming foams (AFFFs);
(iii) waste management sites, and (iv) residuals from wastewater
treatment plants (WWTPs).

Some manufacturing and industrial facilities constitute the
primary source of PFAS by acting as the site of PFAS synthesis,
while some manufacturing and industrial facilities utilize PFAS-
based materials as a part of their industrial protocol, such as
coating of industrial products, constituting secondary sources.
However, in both cases, the effluents emerging from the
manufacturing and industrial facilities contain PFAS such as
PFOA, PFOS, perfluorononanoic acid (PFNA), perfluorohexanoic
acid (PFHxA) and perfluorodecanoic acid (PFDA).*> Accidental
spills, leakages, and plume emissions could also lead to the
entry of PFAS into the environment.”** PFAS have been man-
ufactured globally, employing processes such as electro-
chemical fluorination and fluorotelomerization,” owing to
their numerous applications (Fig. 1). The properties of PFAS
such as hydrophobicity, oleo-repellence, thermal stability,
friction-decreasing nature, surface active properties, and
chemical stability make them a promising class of materials for
various applications.”® PFAS are utilized in the following
sectors:
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Fig. 1 Applications of PFAS in consumer products.
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2.1 Packaging products

Commercial products such as food wrappers, pizza boxes, paper
cups, and microwaveable bags are coated with PFAS to prevent
the leakage of moisture and oil from foods.***

2.2 Textile products

PFAS are utilized to treat products such as leather, protective
clothing, umbrellas, footwear, carpets, and furniture to prevent
them from being damaged by oil, water and stains.

2.3 Semiconductor industry

PFAS are utilized in the fabrication of devices such as mobile
phones, scanners, printers, and cameras. Photolithography, an
important process in the semiconductor industry, uses PFOS in
antireflective coatings.***’

2.4 Construction materials

Materials used in the construction of buildings, such as
composite wood, insulation materials, lightweight concrete,
paints, house doors, cement tiles, greenhouses, and varnishes,
contain PFAS.>

2.5 Metal plating

PFOS is used as a mist suppressant to prevent the emergence of
toxic fumes during metal plating. Also, PFAS in electrolyte
solution reduce its surface tension, and thereby assist the metal
plating process.>**°
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2.6 Other applications

PFAS are utilized in wiring, plastics, rubber, surfactants,
industrial equipment such as pipes and reactors, batteries, as
well as the aviation industry.*® Moreover, PFAS are used in
cosmetic products such as face creams, eye shadow, lip balms
and foundation.”®**

Consequently, commercial products act as sources of PFAS
in the environment as well as humans. The leaching of PFAS
from packaging materials, textiles, and furniture is possible via
transfer to food and activities involving laundry and cleaning.
Hence, alternatives to PFAS have been developed and are being
adopted due to the rising concern of PFAS toxicity. However,
products made years ago and treated with PFAS are still in use,
and therefore cannot be ignored as potential sources of PFAS.

The use of AFFFs containing PFAS in fire safety training sites
or during the time of emergency to extinguish liquid fuel fires
and suppress vapours lead to the release of PFAS in the envi-
ronment, especially the soil, and therefore in water bodies.**>*
Waste management sites such as landfills and scrap yards are
the ultimate storehouses for PFAS originating from adulterated
industrial effluents, sludge from sewage, and commercial
products. PFAS can leach from these areas, thereby entering the
soil, groundwater and surface waters.**®* WWTPs often utilize
conventional water treatment methodologies that do not effi-
ciently remove PFAS. Hence the residuals from WWTPs, such as
biosolids and effluents, contain PFAS, which enter the soil, and
therefore, aquatic systems such as groundwater and surface
water easily.***° Biosolids are also utilized in land applications
such as soil modification, which leads to the exposure of soil to
PFAS.*

The exposure of flora and fauna to PFAS is inevitable (Fig. 2).
Once PFAS leach from waste materials, they enter the soil and

Plume emission

Precipitation

Fig. 2 PFAS exposure pathways to various species.
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disturb the growth of plants.*** When PFAS leach from landfills
and soil, they reach groundwater and surface water, thereby
affecting aquatic animals and plants, as well as terrestrial
animals who intake water from these aqueous systems for their
survival. The exposure of humans to PFAS is possible via various
pathways such as air (through inhalation of air contaminated
with PFAS),* food (through the intake of food contaminated
with PFAS leached from non-stick cookware or packaging
materials),” water (through drinking water contaminated with
PFAS)* and skin contact (through the utilization of cosmetics
containing PFAS or dermal contact arising from PFAS contain-
ing products such as water-repellent clothing).*”** Among them,
water is one of the major pathways by which human beings can
get exposed to PFAS. Apart from directly drinking water
contaminated with PFAS, indirectly eating seafood that came in
contact with water contaminated with PFAS also leads to PFAS
exposure through biomagnification in the food chain. There-
fore, in this review, the focus is on the remediation of PFAS and
methodologies for their detection in water and wastewater.

3. Toxicity of PFAS

In recent years, PFAS, being bioaccumulative and exhibiting
toxic effects on the environment, has become a global health
concern. PFOA and PFOS, the most widely employed PFAS, have
been phased out or banned by several nations of the world.
These PFAS have also been listed in the Stockholm Convention
on Persistent Organic Pollutants.” The half-life of some PFAS
has been reported to be more than 92 years in water, which
makes them persistent and critically concerning contami-
nants.*® Researchers often utilize experimental models such as
rats or mice as test species in PFAS toxicity studies. However,
alternative models such as zebrafish and in vitro cultures are
also being explored to investigate their toxicity pathways. These
studies typically examine harmful effects related to distur-
bances in development, reproduction, the immune system,
liver, kidney, and carcinogenicity.”* In addition to animal
models, phytotoxicity studies use test species such as lettuce,
algae, and wheat to investigate toxic effects on cell morphology,
photosynthesis, and growth rate. The pollutants being studied
and their respective impacts are detailed in this section and
summarized in Table 1.>> In this section, the toxicity of PFAS to
plants, animals (terrestrial and aquatic), and humans is
reviewed.

3.1 PFAS toxicity in humans

As mentioned in the previous section, humans can be exposed
to PFAS through various pathways, mainly including air, water,
food and skin contact. PFAS exposure can be occupational
(industrial workers) or non-occupational, and PFAS have been
detected in various parts of the human body, such as blood,”®
breast milk,”” placenta,”® and hair.” The toxicity of PFAS to
humans has been linked to several health-related issues such as
breast cancer,® infertility,® vitamin D deficiency,* increased
cholesterol,* diabetes,® altered metabolism,* thyroid
toxicity,* atherosclerosis,® osteoporosis,*® and cardiovascular
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diseases.®* Individually, various PFAS and their associated
health-related issues are summarised in Table 1.

Recent studies have found a correlation between vitamin D
deficiency in pregnant women and the concentrations of certain
PFAS, including PFDA, PFOS, PFHxS, and N-methyl per-
fluorooctane sulfonamido acetic acid (NMeFOSAA). However,
no such correlation was observed with PFAS mixtures.* Addi-
tionally, indicators of atherosclerosis, such as carotid plaque
and echogenicity, were found to be correlated with the
concentrations of perfluoroundecanoic acid (PFUnDA) in these
women.*” The thyroid toxicity of various PFAS such as PFOA,
GenX and ammonium 4,8-dioxa-3H-perfluorononanoate
(ADONA) was investigated by Zhang et al.®® They reported that
all three PFAS caused altered gene expression in thyroid cells,
with GenX depicting the most disruption effects in the thyroid
cells. Further, in a study by Cui et al.,* male hormonal (such as
in testosterone and estradiol) alteration was found to be asso-
ciated with certain PFAS such as PFOA, PFOS and PFNA. PFAS
exposure has also been associated with various types of cancer,
such as renal cancer,” prostate cancer’ and ovarian cancer.”
Roth et al.”® reviewed the risk of type 2 diabetes associated with
exposure to PFAS and suggested that a strong testimonial exists
to support the link between PFAS exposure and key indicators in
diabetes, such as glucose levels and insulin resistance.

3.2 PFAS toxicity in plants

The exposure of plants to PFAS can be considered mainly
through the medium of water and soil. The utilization of sewage
sludge as a soil modifier** is also responsible for the exposure of
PFAS to plants. PFAS tend to accumulate in the various parts of
the plants, such as leaves, roots, grains, straw, shoots, fruits and
stover.”* The toxic effects of PFAS in plants include improper
growth, effect on biomass, perturbed biochemical activities
(photosynthesis, metabolism, and gene expression), cell struc-
ture damage and inhibited rate of germination.*>** In a study by
Ebinezer et al.,** growth effects on the hydroponically grown
maize plants upon exposure to PFAS were observed, such as
reduced root growth and altered photosynthetic parameters.
Significant effects were observed in the photosynthesis param-
eters such as transpiration rate (+25.8%), photochemistry II
(+28.4%), stomatal conductance (+25.8%), and rate of assimi-
lation (+32.3%). A recent hydroponic study by Zhang et al.*®
indicated that high concentrations of fluorotelomer sulfonic
acid (FTSA), such as 200 pug L™, can cause adverse effects on the
antioxidative defence system of the Lemna minor plant by
inhibiting the activity of the catalase enzyme. The cyto-
genotoxicity of PFOS in onion plants was studied by Sivaram
et al.,” which revealed a reduction in the mitotic index, affected
cell division and presence of chromosomal abnormalities. They
obtained an ECs, value of 43.2 mg L™" for PFOS based on the
mitotic index. In another study by Li et al.,’® a change in various
metabolites such as amino acids, fatty acids, carbohydrates,
lipids and antioxidants was reported in lettuce roots upon
exposure to PFOS and PFOA in hydroponic media. The distor-
tions in metabolic pathways such as the tricarboxylic acid (TCA)
cycle, terpenoid backbone biosynthesis, fatty acid metabolism,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various PFAS and their health-related issues®
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PFAS Toxic effects Human/Animal sample Reference
PFOS Metabolite alteration Blood 53
Decreased male hormones Semen 54
Vitamin D deficiency during pregnancy Blood 55
Pancreatic development alteration Progenitor cells 56
LDL cholesterol increment Blood 57
Total cholesterol increment Blood 58 and 59
Glucose homeostasis disruption Blood 60
Cardiovascular disease Blood 61
Affects liver cells Liver cells 62
Epigenetic modification Non-small cell lung carcinoma cell line 63
Blood-cerebrospinal fluid (CSF) barrier penetration Cerebrospinal fluid 64
PFOA Affects male reproductive health Semen 54
Vitamin D deficiency during pregnancy Blood 55
Pancreatic development alteration Progenitor cells 56
Diabetogenic effect Blood 65
Glucose metabolism disruption Blood 66
Increased lipid level Blood 59
Thyroid toxicity Thyroid cells 67
Fasting glucose increment Blood 57
Increased lipids in childhood Blood 58
Glucose homeostasis disruption Blood 60
Epigenetic modification Non-small cell lung carcinoma cell line 63
Affects liver cells Liver cells 62
Pro-inflammatory cytokine elevation Blood 68
Osteoporosis Blood 69
Blood-cerebrospinal fluid (CSF) barrier penetration Cerebrospinal fluid 64
PFNA Vitamin D deficiency Human blood 55
PFNA Affects male reproductive health Human semen 54
Insulin and total cholesterol elevation Human blood 70
Increased lipid levels Human blood 59
LDL cholesterol increment Human blood 57
Increased lipids in childhood Human blood 58
Affects liver cells Human liver cells 62
Osteoporosis Human blood 69
PFHXS Infertility Human ovarian follicular fluid 71
Vitamin D deficiency Human blood 55
Diabetogenic effect Human blood 65
Increased lipid levels Human blood 59
Increased lipids in childhood Human blood 58
Affects liver cells Human liver cells 62
PFDA Insulin and total cholesterol elevation Human blood 70
Increased lipids in childhood Human blood 58
Affects liver cells Human liver cells 62
Dental decay Human blood 72
PFBS Increased childhood adiposity Umbilical cord blood 73
GenX & ADONA Thyroid toxicity Thyroid cells 67
PFMOBA Impairment of development and locomotory function Zebrafish embryo 74
PFDMMOBA & PFO2DA Impairment of development and locomotory function Zebrafish embryo 74
GenX Shifts in the metabolic profile Daphnia magna 75
PFBA Glucose homeostasis disruption Human blood 60
Osteoporosis Human blood 69
CI-PFESA Affects male reproductive health Human semen 54
LDL cholesterol increment Human blood 57
Glucose homeostasis disruption Human blood 60
Blood-cerebrospinal fluid (CSF) barrier penetration Cerebrospinal fluid 64

“ PFOS - perfluorooctane sulfonate, PFOA - perfluorooctanoic acid, PFNA - perfluorononanoic acid, PFHXS - perfluorohexane sulfonate, PFDA —
perfluorodecanoic acid, PFBS - perfluorobutane sulfonate, GenX - hexafluoropropylene oxide dimer acid (HFPO-DA), ADONA - ammonium 4,8-
dioxa-3H-perfluorononanoate, PFMOBA - perfluoro-3-methoxypropanoic acid, PFDMMOBA - perfluoro-4,7-dioxa-5-methyl-8-methoxy-octanoic
acid, PFO2DA - perfluoro-2,7-dimethyl-3,6-dioxaoctanoic acid, PFBA - perfluorobutanoic acid, and CI-PFESA - chlorinated polyfluoroether

sulfonic acid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Distortions in the metabolic pathways of lettuce roots upon PFAS exposure.

glycolysis, and purine metabolism in the lettuce roots are
illustrated in Fig. 3.

3.3 PFAS toxicity in animals

3.3.1 Terrestrial animals. The exposure of terrestrial
animals to PFAS, as discussed earlier, is mainly possible
through the water and soil. PFAS has been detected in the
serum and organs of various animals. For instance, PFOS and
PFHXS have been detected in the serum of cattle®® and cats.'®
PFOS has been detected in the liver of sheep feeding on
contaminated grass.'” Further, PFCAs and PFOS have been
detected in tissue samples such as the liver and muscle of dairy
cows.’” The toxicity of PFAS towards terrestrial animals has
been linked with altered metabolism,'® alteration in insulin
secretion,'* alteration in dopamine levels,'*® immunotoxicity,**®
neuronal toxicity,'” altered gene expression,’® and hormonal
imbalance.'® A study by Jacobsen et al.’® revealed an alteration
in the gene expression involved in the metabolism of lipids in
the developing embryos of chicken upon exposure to PFOS.
They observed the downregulation of the FABP7, ACSL6, ACADS8
and ELOVL3 genes in both 1.0 and 0.1 pg g ' of the PFOS
treatment groups. Recently, the immunotoxicity effects of PFOA
and PFOS on mice upon exposure to AFFFs via drinking water
were reported by McDonough et al.,'* wherein suppression in
the responses of SRBC-specific IgM antibody was observed.

3.3.2 Aquatic animals. Aquatic animals get exposed to
PFAS mainly through effluents containing PFAS entering the

44560 | RSC Adv, 2025, 15, 44555-44583

aquatic systems. PFAS have been detected in various aquatic
creatures such as Channa argus, Hypophthalmichthys molitrix
and Cyprinus carpio.*® PFAS such as PFDA, PFDoA, PFUnA and
PFOS were detected in the tissues of mandarin fish."*® The toxic
effects of PFAS among aquatic animals include immune
dysfunction,'"* behavioural abnormalities,"** altered liver func-
tion,"* metabolic alteration,"® thyroid toxicity,"** and malfor-
mation of offspring." In a study by Shi et al'** endocrine
disruption effects and malformation in offspring were observed
in zebrafish upon co-exposure to alternatives to PFOS, such as
FTAB and FTAA, at concentrations of 500 and 50 pg L,
respectively. In another study by Soloff et al,"'® exposure to
PFOS in dolphins led to dysregulation of their cellular immune
system. They also observed an enhancement in CD4" and CD8"
T cell proliferation upon exposure to PFOS. The toxicity of per-/
poly-fluoroethers carboxylic acids (PFECA) investigated by
Gebreab et al.''’ on zebrafish embryos revealed distorted
metabolism profiles similar to the toxicity of PFOA. They
calculated the LC;, value of PFECA (such as GenX) and PFOA as
383 + 30 and 232 + 29 puM, respectively. Recently, thyroid
toxicity was explored via modelling as well as in vivo studies by
Chen et al.'** in the zebrafish embryos due to exposure towards
diPAP.

Considering the toxic effects of PFAS on various species in
the environment (Fig. 4), and water being one of the major
exposure pathways to various species, it is critical to effectively
detect and remediate these anthropogenic contaminants via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PFAS toxicity to various species.

UHPLC-MS/MS. Therefore, in the upcoming sections, the
detection and remediation methodologies for PFAS have been
extensively reviewed.

4. Analytical detection and
quantification of PFAS in water and
wastewater

Multiple analytical techniques have been employed for the
detection of PFAS across water, soil, sediment, and biological
matrices. Methods such as LC-MS/MS, PIGE, TOP assay, EOF,
and NMR provide complementary insights into the concentra-
tion, speciation, and precursor transformation of PFAS,
enabling comprehensive environmental and biological
assessment."®

4.1 Solid-phase extraction

The solid-phase extraction (SPE) method is used to pre-concentrate
PFAS analytes in water prior to their further analysis such as high-
performance liquid chromatography integrated with tandem mass
spectrometry (HPLC-MS) to lower the overall method limit of
quantification (MLQ). For example, it has been effectively used to
extract PFAS (C > 4), where styrene divinylbenzene and weak anion
exchange (WAX) resins have been used. In particular, tri-
fluoromethanesulfonate (TFMS), PFBS, and a number of PMOCs
have been shown to be responsive to WAX-based SPE techniques.
The results demonstrate that in addition to TFMS and PFBS, WAX
SPE could also successfully extract 2-ACO-DFEtS and 10-CS. The
concentration of each target analyte in solution was created by
adding analyte standards to ultrapure (Milli-Q) water for SPE
testing utilizing Oasis WAX. The anionic character of the analytes
and their affinity for the WAX resin are constant. This is especially
true for TFMS, which may be the most hydrophilic PFAS molecule.
The MLQ values of HPLC-MS following SPE ranged from 0.02 to

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.06 ng L' when using the Oasis WAX cartridges, drastically
decreasing the detection limit of the technique as shown in Fig.
5." However, the main limitation of this method is the interfer-
ence from suspended particles in water, which requires an extra
filtration step. Also, much more development and validation are
required.

Twelve PFAS were found in surface water after being extrac-
ted with SPE cartridges, and then analysed with HPLC. PFHXA
(1.5-187.0 ng L"), perfluoropentanoic acid (below detection
limit [BDL] of 169.9 ng L"), PFOA (BDL of 65.5 ng L"), and
perfluorobutane sulfonic acid (BDL of 44.7 ng L") were the
most common PFAS species.'*

Online solid-phase extraction (SPE) utilizing weak anion
exchange is employed to concentrate samples, enhancing the

\

N

= )
4 \
l WA:CFF Q
g

peristaltic pump

water sample in airtight
Polypropylene bottle

Fig. 5 Schematic of the in situ SPE set-up.!?°
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sensitivity and removing matrix interferences. This technique is
suitable for detecting perfluorocarboxylates (C4 to C12),
perfluorosulfonates (C4 to C10), HFPO-DA, and some fluoro-
telomer sulfonates. To analyze other PFAS analytes, such as alky-
lated sulfonamides and other uncharged compounds, alternative
sorbent techniques such as hydrophobic sorbents may be

necessary.'>

4.2 Isotope dilution

Isotope dilution relies on the addition of a carefully measured
quantity of a highly enriched isotope to a sample, changing the
isotopic content in the target element. The mass fraction of the
target element in the sample can be determined by measuring
the modified isotopic composition of the element.**® This
method is flexible and can be integrated with other techniques
for the analysis of different PFAS. For example, isotope-dilution
integrated with LC/MS/MS is typically utilized to quantify the
concentration of PFAS in water. This technique allows the
correction of PFAS adsorption losses by using surrogate
recovery standards and stable isotope internal standards, which
are applied to the sample bottles prior to sample collection. The
generation of laboratory waste significantly decreases because
of the use of stable isotopes and direct sample injection onto
the LC apparatus, and the analytical precision increases.***
Isotope dilution tandem mass spectrometry integrated with
UPLC is implemented to limit the range of sulfonamide,
carboxylate, and sulfonate PFAS analytes from 0.25 to
4000 ng L~". Fig. 6 presents the procedure for the standard
method of isotope dilution implemented in U.S. EPA.

Isotope dilution is also coupled with SPE-LC/MS/MS to detect
new chemical structures of PFAS with a detection limit in ng L™" or
ng kg~" (ASTM) such as PFUnA (2.7 ng L"), PFPeS (6.3 ng L),
PFPeA (3.9 ng L"), PFOA (3.4 ng L"), PFOS (4.4 ng L"), 6:2 FTS
(14 ng L"), PFHpA (2.6 ng L"), 8:2 FTS (9.1 ng L"), PFBS
(3.5 ng L"), PFDA (2.3 ng L"), NFDH (16 ng L"), PFDoA
(2.2 ng L"), PFBA (13 ng L"), PFHXS (3.7 ng L"), 4:2 FTS
(4.7 ng L"), PFHxA (5.3 ng L"), PFHpS (5.1 ng L"), PFEESA
(2.6 ng L"), PFMPA (3.8 ng L"), PFMBA (3.7 ng L"), PFNA
(4.8 ng L"), 9CI-PF30NS (1.4 ng L"), and HFPO-DA (3.7 ng L™ 1).12¢

4.3 Liquid chromatography/tandem mass spectrometry
(LC/MS/MS)

Liquid chromatography/tandem mass spectrometry is
a common technique that has been widely applied to detect

250 mlLsample + )
250 mgammonium g S
acetate

standards

Analysis using
LC-MS/MS

Fig. 6 Steps of the U.S. EPA Method-533 implemented isotope dilution.*?®
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PFAS in water and wastewater. However, researchers are
working on the development of this method. For example, the
development, validation, and application of a straightforward
and reliable analytical method based on solid-phase extraction
and LC-MS/MS for the detection of perfluorinated carboxylic
acids (PFCAs) with C2 to C8 chains in tap, ground, and surface
waters. Two materials with weak anion-exchange characteristics
for SPE (Oasis WAX and Strata X-AW) and two stationary phases
for LC (Kinetex C18 and Obelisc N) were also assessed. The
reversed phase column with an acidic eluent produced robust
separation and retention. In the case of PFCAs with C > 3,
quantitative extraction recoveries were often attained; however,
the extraction efficiency varied for the two shortest chained
analytes. Specifically, with Strata X-AW, between 36% and 114%
of perfluoropropanoate (PFPrA) and 14% and 99% of tri-
fluoroacetate (TFA) were recovered, while Oasis WAX recovered
93% to 103% of PFPrA and 40% to 103% of TFA. It was deter-
mined that the sample pH was a crucial factor in the extraction
procedure. To reduce the sample preparation steps and elimi-
nate sorbent particles, one-step elution-filtration was added to
the workflow. The limit of quantitation (LOQ) for all PFCAs
ranged from 0.6 to 26 ng L™ " because of validation. The preci-
sion ranged from 0.7% to 15%, and the mean recoveries were
between 83% and 107%. The PFCA values ranged from 0.056 to
2.2 g L~ " in groundwater samples taken from areas where PFASs
had been present. The two main analytes were TFA and per-
fluorooctanoate. However, TFA showed a wider distribution and
was discovered in drinking water and groundwater in quantities
between 0.045 and 17 g L™ .17

A liquid chromatograph has been connected to a triple quad-
rupole mass spectrometer in a proposed approach, which only
requires that the sample be filtered. Strong matrix effects were
discovered for some of the target PFASs, and matrix-matched
calibration curves were recorded to enable precise (%RSD
between 3% and 18%) and accurate (87-114%) quantification (n =
5,at 5 and 75 ng L), with excellent sensitivity (LOQ between 0.1
and 2.0 ng L™"). The technique was used on water samples from
tap water and bottled water, as well as influent and effluent from
a drinking water treatment facility in Catalonia, Spain. PFBA,
which made up 69%, 66%, 49%, and 48% of all the PFASs iden-
tified in bottled, tap, effluent, and influent waters, respectively, was
the most prevalent PFAS across all forms of water. The total mean
concentrations in the influent and effluent water as well as relative
mean abundances point to subpar PFAS removal during drinking

Extraction using

Evaporation until dryness
and reconstitute in
MeOH:H0 (80:20)

=
)
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water treatment. In general, tap water had higher PFAS contents
than bottled water."®

4.4 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is an
advanced version of liquid chromatography (LC), which oper-
ates at significantly higher pressures than standard LC.
Although conventional LC relies on gravity to move the mobile
phase through the column, resulting in a slow flow rate and
limiting the size of particles that can be used, HPLC uses pumps
to propel a pressurized liquid through the column. This
approach significantly reduces the separation time and
enhances the efficiency. The smaller stationary particles used in
HPLC columns compared to those in regular LC provide
a higher resolving power, allowing the better separation of
mixtures. For example, 250 mL of contaminated water is
strengthened with surrogates and flow through an SPE
cartridge, which contains polystyrene divinylbenzene to effi-
ciently separate the PFAS chemicals from the aqueous media. A
small amount of methanol is used to extract PFAS from the
solid-phase adsorbent in the water sample to accurately detect
the PFAS in the sample."”® The general procedure for the
detection of PFAS using HPLC is illustrated in Fig. 7.

HPLC was used to detect different types of persistent PFAS
precursors, transformed intermediates, and newly found PFAS
in water discharged from wastewater treatment plants. For
example, HPLC was implemented to detect the sum of fluoro-
telomer sulfonic acids with a concentration of 0.8-1.3 ng g™ .
The detected perfluorooctane sulfonamides and ethanols
ranged from 0 to 3.2 ng g ', and the sum of polyfluoroalkyl
phosphoric acid esters was 15-20 ng g~ dry weight. PFSAs and
PFCAs were found at concentrations of 1.9-3.9 ng g " and 2.4-
7.3 ng g " dry weight, respectively. The bulk of the persistent
PFCAs and PFSAs in water was found to significantly increase
after wastewater treatment, providing further evidence of the

Sample
collection

Sample
preparation

-

-
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influence of the precursor chemicals. Perfluorooctane sulfonic
acid, perfluorohexane sulfonic acid, PFOA, and PFHXA experi-
enced a net mass increase with mean values of 58%, 37%, 28%,
and 83%, respectively, in wastewater treatment plants.**®
Using HPLC-MS/MS analysis, the concentrations of 19 PFAS
in surface and ground waters were found to be 66.2 185 ng L™*
and 44.8-209 ng L™, respectively. The analytes were extracted
using SPE-Strata X-AW cartridges, combined with ultra-
sonication treatment using methanol and deionized water,
resulting in excellent recovery rates of 81-130%. Similarly,
short-chain PFCAs (C2-C8) were detected in tap, ground, and
surface waters."** Prior to SPE with OASIS HLB cartridges, dual
filtering (cellulose membrane and glass microfibre filter GF/A)
has been used as a pre-treatment procedure.® Quantifying
short, long, legacy, and emergent PFAS in surface water from
various places was done quickly.*** To monitor PFAS (C5-C17),
HPLC coupled to ultrahigh resolution Orbitrap mass spec-
trometry (HPLC-uHRMS) has been described. Samples were
taken from wastewater utilizing a C18 sorbent and an online
SPE. The estimated method detection limits were 0.005-0.2 ng
mL~".** In comparison to off-line pre-treatment procedures,
this method is not only faster and more reliable, but also
extremely sensitive.”** Also, HPLC has been used to detect tar-
geted PFAS in a groundwater aquifer utilized for drinking water
production. The PFAS concentration in groundwater, river and
drinking waters was 1000, 15 ng L™ and varied from 1 to
8 ng L', respectively. The low concentration of PFAS in
drinking water is attributed to the treatment in the water
treatment plant. This refers to the significance of detecting
PFAS in different water resources to record the variations in the
concentration of PFAS during transportation from polluted
resources and their subsequent impact in the resulting drinking
water to directly identify PFAS in ambient water samples
without first concentrating the samples. Centrifugation of the
samples followed by filtration was implemented, followed by

Spiking with PFAS internal
standards (optional for recovery)

!

EPA 537&537.1
ASTM D7979-17

ASTM D7968-17a

¢ Y

SPE/LLE/SPME to reduce matrix background and/or
to increase sensitivity or selectivity.

TOPA to convert PFAS
precursors to PFCAs

LC <

] !

Spiking with PFAS internal standards
(optional for recovery)

Fig. 7 Schematic flow diagram for the general procedure of PFAS analysis using LC.1°
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analysis using UPLC-MS/MS utilizing an AB Sciex 6500 with Q-
Trap mass spectrometer in a negative multiple reaction-
monitoring (MRM) mode after the addition of ammonium
acetate. To reduce interference from background PFAS, the
instrument system adds a delay column between the pumps
and autosampler. This approach tracks eight short-/long-chain
PFAS, which are identified by tracking the precursor product
ion pairs by their retention durations, which are then measured
using calibration plots based on isotope mass-labeled internal
standards. The average spiking recoveries for the target analytes
ranged from 84% to 110% with a 4-9% relative standard devi-
ation (RSD). The mean spiking recoveries of the four surrogates
ranged from 94% to 106% with an RSD of 3-8%. The average
spiked recoveries for the target analytes for continuous cali-
bration verification (CCV) varied from 88% to 114% with 4% to
11% RSD and from 104% to 112% with 3% to 11% RSD for
surrogates. The matrix spike (MX), matrix spike duplicate
(MXD), and field reagent blank (FRB) recoveries satisfied the
acceptance standards. The limit of detection of the target ana-
lytes ranged from 0.007 to 0.04 ng mL ™ *.13

Several trials have been carried out to modify the HPLC-MS/
MS. For example, Ice Concentration Linked with Extractive
Stirrer is coupled with the HPLC-MS/MS to facilitate the analysis
of ultratrace 14 PFAS in drinking water. This technique required
only 50 L of methanol for each sample, had an automated
extraction process, required only a small sample amount (10
mL), and had little matrix effect. This approach generated good
accuracy and precision (i.e., 87% to 108% accuracy and 19%
relative standard deviation as a measure of precision) as well as
a wide linear range of 0.5 to 500 ng L™ " and ultratrace limit of
detection (0.05 to 0.3 ng L™"). Fifty two out of the fifty-three
samples tested using this approach included at least one PFAS
chemical. The maximum concentrations of PFHxA, PFOA, and
perfluoroheptanoic acid (PFHpA) 268, 213, and
75.7 ng L', respectively. Additionally, at least one sample of
drinking water included PFOA, perfluorodecanoic acid, and
PFHpA acid, which were all greater than 20 ng L™ ". This tech-
nology is readily available and enables ultratrace PFAS detec-
tion, while avoiding many of the drawbacks of existing
techniques.™”

were

4.5 Ultra-high performance liquid chromatography

In HPLC, the stationary phase typically consists of particles
measuring 3-5 um in size. In contrast, ultra-HPLC (UHPLC)
utilizes particles that are 2 pm or smaller. The UHPLC columns
are also designed with an internal diameter of 2.1 mm or less
and are significantly shorter, often around 100 mm in length,
compared to HPLC columns, which usually have an internal
diameter of 4.6 mm and length of 250 mm. UHPLC operates at
much lower flow rates, ranging from 0.2 to 0.7 mL min"
compared to that of HPLC of 1 to 2 mL min ™.

To evaluate PFAS pollution around highly contaminated
sites, SPE was used to extract, purify, and pre-concentrate water
samples prior to detection using ultra-HPLC linked to tandem
mass spectrometry in negative electrospray ionisation mode for
the analysis of 29 PFAS, including perfluoroalkyl sulphonic
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acids, perfluorocarboxylic acids, and fluorotelomers (FTs), such
as sulphonamide betaine, saturated carboxylic acid, sulpho-
nate, unsaturated carboxylic acid, and sulphonamide. Twelve
internally labelled standards were employed to create a suffi-
cient correction that would account for matrix effects.
Depending on the analytes, the LOQ for water ranged from 4 to
10 ng L. To determine the presence of PFAS compounds that
are not targeted, a surrogate parameter technique based on the
carboxylation of perfluoroalkyl acid precursors under basic pH
conditions was also put into practice.'*®

4.6 Total organic fluorine

The total organic fluorine (TOF) method is based on the
burning of the entire sample, including all fluorine-containing
components, to produce a single fluoride anion, which is then
analyzed using a variety of techniques. This technique offers
considerable potential for the quantitative determination of
fluorine. However, it leads to a total loss of knowledge regarding
the structure of the precursors. This means that the contribu-
tion from other fluorine sources, such as fluoride itself, non-
polyfluorinated organic substances with isolated fluorine
atoms, organic substances with SeF or PF bonds, fluoro-
aromatic substances, or naturally occurring fluoroorganic
compounds could be significant. Extracted organic fluorine
(EOF) is a modification of TOF. In EOF, the material is first
extracted using an organic solvent, and then the extract is
subjected to TOF analysis."**

Inductively coupled plasma-mass spectrometry (ICP-MS/
MS), X-ray photoelectron spectroscopy (XPS), and fluorine-19
nuclear magnetic resonance spectroscopy (19F-NMR) have all
recently been developed for the detection of fluorine and
organic fluorine. Once PFAS have been distinguished from the
background, such as by SPE, the proton induced gamma
emission (PIGE) method can swiftly quantify TOF. In other
words, sample preparation affects TOF. The TOF is then
measured after extractable fluorinated compounds are adsor-
bed by adsorbent materials.™®

Adsorbable organic fluorine (AOF) is an analytical technique
involving  loading commercially available  synthetic
polystyrenedivinylbenzene-based activated carbon (AC) with
organofluorine compounds, followed by examination of the
loaded AC via hydropyrolysis combustion ion chromatography
(CIC). The excess nitrate produced during extraction and
washing the loaded AC with an acidic sodium nitrate solution
displace inorganic fluorine. The AOF concentrations produced
by the identified PFAS in each sample are calculated using the
individual recovery of each PFAS found.® These individual
yields are determined in ultrapure spiked water, as it is
impossible to use wastewater due to the very high concentra-
tions of other PFAS and the potential presence of PFAS with
unknown chemical structures. By comparing these calculated
values to the measured concentrations of AOF, a percentage of
unidentified PFAS is inferred for each sample. Moreover, the
AOF in surface, municipal, ground waters and industrial
wastewaters has been determined using a rapid, robust, and
cost-efficient CIC method. The concentrations of AOF in surface
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water, wastewater discharges and ground water were 2.3-24.5
ng L', <2.0-8.5 ug L™, and <2.0 ug L™, respectively. Compared
to LC-MS/MS, an AOF concentration up to 555 pg L' was
detected, while the individual PFAS in the form of fluorine were
recorded to be 8.8 pg L™'. It can be concluded that CIC can
detect numerous fluoroorganic substances, which are not
detected by LC-MS.***

4.7 Total oxidizable precursors assay (TOPA)

Nearly 5000 PFAS are thought to exist in total on the global
market. However, 90% of them are categorized as PFAS
precursors. Consequently, it is crucial to find PFAS precursors
in various matrices. Due to the lack of standards or because the
structure of the precursors is unknown, the present detection
methods can only identify certain types of PFAS and not their
precursors. TOPA, which was developed to analyse PFAS
precursors, was created to close this gap. To produce detectable
PFAS, such as PFCAs, in TOPA, an excessive amount of oxidant
is employed to oxidise the PFAS precursors in an alkaline
environment.**” Strong oxidants such as persulfate and hydroxyl
radicals produced during the thermolysis of these substances
are some of the oxidants. As a result, TOPA is followed by
quantitative analysis. The total oxidizable precursor assay
(TOPA) is based on the mild oxidation of non-fluorinated parts
of the precursors and their conversion to perfluorocarboxylic or
per-fluorosulfonic acids, followed by their analysis by target
PFAS methods.” When the target PFAS are known, the total
oxidizable precursor test is a valuable tool for the detection of
PFAS. This approach is only applicable to substances that can
undergo oxidation to produce certain PFAAs. A significant
benefit of the total oxidizable precursor test is that the detection
limit for the precursor of PFOS or PFOA is approximately
1.0 ng L™ ". The entire oxidizable precursor technique is limited
to species that are known to be present in water samples."®

Houtz and Sedlak'* originally developed this technique to
identify N-methyl fluorooctane sulphonamide, N-ethyl fluoro-
octane sulphonamide, and perfluorooctane sulphonamide
precursors in stormwater. After the development of TOPA, an
increase in the concentration of PFCAs (69%) has been found.
One must consider the entire PFAS family, including the PFAS
precursors, “knowns” and “unknowns” when assessing the risk
and remediating PFAS-related issues. Thus, research efforts
have been expanding to enhance TOPA technology and address
PFAS and precursors.**

PFAS analysis is challenging due to their trace-level presence
and the occurrence of unknown precursors that may partially
degrade or lack analytical standards. Consequently, advanced
techniques such as time-of-flight (TOF) analysis have been
developed to improve the detection, identification, and quan-
tification of fluorinated compounds in complex environmental
matrices.

4.8 Remote sensing approach for the detection of PFAS

PFAS have been recently categorized as hazardous constituents
that can be found in various aquatic habitats.*** PFAS have been
found in frequently used consumer products such as lubricants,
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paints, ski wax, firefighting foams, polishes, metal plating,
outdoor textiles, food packaging, some baking papers, and
leather samples. The most widely adopted technique for the
qualitative analysis of soil or water samples is in situ sample
collection, followed by subsequent laboratory analysis.
However, although these conventional techniques are accurate
for point locations and a specific time, they are inadequate and
disproportionate for spatiotemporal variation assessment.'**
Thus, to fill these gaps in spatiotemporal data resolution,
various remote sensing platforms are used, which are catego-
rized as follows: (i) air-borne (aerial photographs and
unmanned aerial vehicles) and (ii) space-borne (optical,
thermal, hyperspectral, and microwave satellite imageries).
Aerial photographs provide good spatial resolution, but their
implementation is restricted by the logistical costs associated
with planning and execution of aerial flight and the extent of
spatial coverage.*® Space-borne remote sensing datasets
acquire frequent and synoptic views of both terrestrial and
aquatic ecosystems at sustainable cost. A fundamental principal
that governs remote sensing is that each earth surface feature
interacts in a different manner with specific wavelengths of the
electromagnetic spectrum.**® Optical satellite datasets, corre-
sponding to the wavelength range of 0.36 pm-2.36 um are
feasible for the determination of water and soil pollutants.**’

Many studies have investigated the applications of remote
sensing images for the assessment of physical and biological
soil and water quality parameters thus far. With the advance-
ment in space technologies, various agencies initiated different
satellite missions for retrieving estimates of the CO, CO, and
CH, concentrations, as follows: (i) Scanning Imaging Absorp-
tion Monitoring Spectrometer for Atmospheric Chartography
(SCIAMACHY), Infrared Atmospheric Sounding Interferometer
(IASI), and Tropospheric Monitoring Instrument (TROPOMI)
were developed by the European Space Agency (ESA), (ii)
Greenhouse Gases Observing Satellite (GOSAT) is operated by
the Japanese Aerospace Exploration Agency (JAXA), and (iii)
Orbiting Carbon Observatory 2 (OCO-2) and Atmospheric
Infrared Sounder (AIRS) are operated by National Aeronautics
and Space Administration (NASA). There is a dire need to
develop satellite missions for the monitoring and evaluation of
PFASs to enable the detection of these substances as soon as
they appear near the source of contamination.

5. Techniques for the removal of
PFAS

The traditional techniques for the treatment of water and
wastewater produce waste containing PFAS, which are highly
stable and resistant to typical degradation processes. Reverse
osmosis (RO), ion exchange, and adsorption into granular
activated carbon (GAC) are often employed in the removal of
contaminants from drinking water. Compared to drinking
water, sludge and biosolids from WWTPs consist of a signifi-
cant concentration of PFAS.”> To break down PFAS from wet
sludge, various techniques have been developed. The most used
method is incineration,"® but in the case of wet sludge,
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Table 2 Efficiencies of various removal techniques for PFAS removal from environmental matrices using different materials
Technique Method Removal efficiency (%) Reference
Membrane process Absorption Silane + aluminum oxide hydroxide 90 158
Polyamide + piperazine 90 159
Silane with aluminum oxide hydroxide membranes + 99.9 158
poly(ethylene glycol)
B-lactoglobulin amyloid fibril 96 160
Functionalized graphene oxide 74 161
Metal-organic frameworks (MOF) 98.4 162
MXene-polyamide-PS 98 163
MXene-tannic acid 99 164
Polyether ether ketone (PEEK) 99 165
Nano-filtration NF membrane (ESNA1-K1) 97.9 166
NF270 98-99 167 and 168
Polyamide layer + bipiperidine 90 159
Reverse 0smosis Polyamide (ESPA3 and LFC3) 99 169
RO membrane (TW30-1812-100) 98.7 170
Cellulose acetate + polyamide 99.9 171
Absorption Activated carbon/Biochar 98 172 and 173
Anion exchange Commercial resins 90-95 174 and 175
Advanced oxidation process Persulfate activation 97-99 176-178
Photo-catalytic oxidation 75-100 179 and 180
UV/sulfite 95 181
Electron beam 77-97 182 and 183
Biological process 60-80 184 and 4

microwave heating techniques could only break down PFOA by
around 50% within a period of four hours. Thermal treatment
methods also use lime addition to remove PFOS at extremely
severe temperatures between 300 °C and 900 °C.'* However,
although these treatments are successful, their main drawback
is the exorbitant energy required to dry wastewater sludge with
a high moisture content (>80%) before incineration. To remove
PFAS in water/wastewater, two separate strategies can be
employed, in which either PFAS are broken down (destructive
methods) or removed (non-destructive methods). The various
destructive methods for eliminating PFAS from biosolids are
pyrolysis,’® hydrothermal liquefaction (HTL),"** thermal
hydrolysis, and supercritical water oxidation."** Different
destructive processes, such as photochemical oxidation,'*
direct  photolysis,”™  activated  persulfate-oxidation,***
photocatalytic-oxidation, water, sonochemical
decomposition, and electrochemical oxidation***
remove PFAS from wastewater. Membrane separation, nano-
filtration, reverse osmosis, adsorption onto GAC, and ion
exchange are effectively used to degrade PFAS from drinking
water. The high hydrophilicity and low quantities of PFASs
make them unsuitable candidates for removal by traditional
coagulation, flocculation, and sedimentation methods.*” This
section describes the PFAS treatment techniques for water and
wastewater. Table 2 summaries the removal efficiency of each
technique.

subcritical
are used to

5.1 Membrane process

PFAS removal from aqueous streams has been extensively
explored using membrane-based methods. Adsorption-based
membranes, reverse osmosis (RO) and nano-filtration (NF) are

44566 | RSC Adv, 2025, 15, 44555-44583

the frequently used membrane methods for the rejection of
PFASs. However, their rejection rate may be influenced by
fouling and demands high energy/pressure to accomplish the
optimal separation. This section explores existing membrane-
based methods for the removal of PFAS that are presently on
the market.

5.1.1 Absorption-based membranes. Organic polymers are
commonly used to manufacture the membranes used for water
treatment due to their toughness and easy processing tech-
nique. Polyamide (PA), thin film composite (TFC), and poly-
carbonate (PC) membranes make up most of the commercial
RO and NF membranes used to remove PFAS from water.'®
Johnson et al*® functionalized fluorinated silane with
aluminium oxide hydroxide membranes for the absorption of
PFOA and PFOS with an initial concentration of 0.39 ng L' and
0.86 ng L', respectively. The per-fluorinated side chains get
absorbed onto the surface, which form C-F interaction, and
90% removal rate was obtained. The optimized conditions are
pH 7.5, filtration time of 30 min, and pressure of 0.317 bar. To
improve the removal rate, PEG was used, which enhanced the
removal rate by 99.9%. Trimesoyl chloride (TMC)-piperazine
(PIP) PA membranes have been used for the filtration of
PFASs using the NF process. These membranes are hydrophilic
surfaces, which improve the antifouling capabilities on the
surface. The pores size of the PIP membrane ranges from 0.8 to
2 nm, which inhibits the movement and has high retention for
PFOA. Due to the deformed shape of the PIP molecules, the
TMC-PIP layer typically has pores that are between 0.8 and 2 nm
in size on average. High retention of PFOA (~90%) has been
recorded.” PFSAs and PFCAs have been retained using a B-
lactoglobulin amyloid fibril membrane with a removal rate of
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96%.'*® Nano-porous polyamide, which increased the surface
charge of the membrane to negative, has been studied. The
negative charge aids the retention of anionic PFAS and prevents
fouling.'®® Ceramic membranes are traditional membranes that
are widely used over polymeric membranes due to their high
chemical and thermal stability, mechanical strength, and
ability to overcome extreme environmental pH and temperature
conditions. Microporous silica, glass, alumina, zirconia, and
zeolites are used to fabricate membranes using chemical
extraction, chemical vapor extraction, phase extraction, sol-gel
process, and solid-state method. The major disadvantage of
ceramic membranes is their lower efficiency in removing short-
chain PFAS. Zhou et al'® manufactured a silica membrane
functionalized with an octyl-perfluorinated chain and amino
group. The F-F interaction between the silica surface and PFC
perfluoroalkyl is enhanced by the electrostatic attraction of -
NH, and -COOH with an adsorption capacity of 111.14 mg
g~ .’ Graphene oxide (GO) functionalized with amine has been
investigated for the rejection of PFOA from wastewater, which
showed a removal efficiency of 74% with an initial concentra-
tion of 50 mg L. The underlying principle of GO membranes is
their ability to reject salt by changing their retention property,
such as charge-based steric-based rejection, without affecting
their low salt rejection properties, enabling the removal of
PFOA.*** Therefore, GO membranes are widely used for the
treatment of industrial wastewater contaminated with PFOA.
Metal-organic frameworks (MOFs) have been reported to be
effective for the removal of PFAS using adsorption, owing to
their large surface area and pore volume, high absorption
capacity and conductivity, and structural diversity. A hydro-
phobic and hydrophilic double layer incorporated with MOF
showed a rejection rate of 98.4% for PFAS.'*> MXene-polyamide-
polysulfone + trimesoyl chloride nanocomposite membranes
have also been used to enhance the PFOS rejection rate up to
96%. The main factors affecting the rejection rate are size and
the interaction of PFOS with the membrane.**® Similarly, NF270
membranes were used to obtain a rejection rate of 94.3% based
on the size exclusion principle.*®® The use of MXene and tannic
acid to develop an RO nanocomposite with 40% permeability
and 11% antifouling against PFAS has been reported.'** Phos-
phorene membranes were coupled with polyether ether ketone
(PEEK) to obtain 99% elimination of PFOA.'*®> However, the
current membrane treatment technologies for PFAS still rely on
traditional methods that cannot completely remove PFAS,
producing a stream that must be securely destroyed. Therefore,
PFAS destruction and separation should be addressed by future
coupled technology. The adsorption of PFAS onto synthetically
modified polymers, which are easily polymerized to have
excellent affinity and specificity towards the target pollutants,
has been studied in several experimental arrays. -Cyclodextrin
(B-CD), which is composed of urethane monomers, formed
multilayer structures due to the adsorption of PFOA.'**'*°
However, the polymer network was replaced by deca-
fluorobiphenyl (DFB-CDP), which showed a higher removal
effectiveness than CD and biochar.*** Furthermore, a new
adsorbent containing cross-linked chitosan for PFOS removal
was developed using the molecular imprinting process, and its
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adsorption rate was better than previously reported ones.'**
Table 3 reports the maximum adsorption capacities for various
PFAS on different adsorbents.

5.1.2 Nano-filtration. Many per- and poly-fluoroalkyl
substances (PFAS) of rising concern exhibit compound-
specific nanofiltration (NF) efficiency, which can significantly
impact the water matrix. The rejection of PFOS and PFOA in
synthetic and industrial waters is enhanced by the presence of
cations as complex formation between these chemicals and
cations increases the rejection rate by NF (reference needed). An
NF membrane demonstrated a PFAS elimination rate of 94.3%
in water sources with various concentrations of humic
elements, which is also influenced by colloidal particles.'®***
Zhao et al. demonstrated the influence of cations (Ca®*, Na*,
and Fe*") using a commercial NF membrane (ESNA1-K1); the
rejection rate increased from 92.65% to 97.94% when the
concentration of SO, and PO, increased to 2 mM.*® Franke
et al.**® used NF270-400 membranes and achieved up to >98%
a removal of PFAS and achieved additional water quality goals,
such as the removal of uranium-238 and hardness.**® Soriano
et al.*" reported a rejection efficiency of PFHXA as high as 99%
using NF270 and NF90 membranes for 100 mg L™ concentra-
tion.*"” Liu et al.** showed 97% removal rate for 42 different
PFASs using nano-filtration NF270 membranes in a pilot
membrane system setup. Steinle et al.'*® investigated the NF
technique using four membranes (NF270, NF200, DK, and DL)
against 15 PFAS, which showed rejection higher than 95% to
anionic ions with a concentration of 300 g mol *.**® Moreover,
Boo et al. manufactured a membrane using a polyamide layer
with a combination of bipiperidine and piperazine.’® The NF
membrane has a negative charge with a pore diameter of
around 1.2 nm, which is substantially bigger than the
commonly used commercial NF membrane (NF270). The
membrane showed a high retention of 90% for PFOA in the
presence of CaCl,, NaCl, and Na,SO,."®* Appleman et al.>*®
coupled both NF and GAC methods to obtain a rejection rate
>93%. The effect of DOM was demonstrated to cause >20%
breakthrough of all the rejection rates.**® Covalent organic
frameworks (COFs) and MOFs have recently gained attention as
potential fillers in advanced NF membrane technologies.*'* The
inherent porous structure of MOFs can offer various molecular
transport channels, which can reduce the water permeability
and internal diffusion resistance, and hence increase the rate of
removal in NF membranes. Additionally, MOFs and MOF-based
membranes have demonstrated excellent properties for solid
phase-extraction and high absorption capacity, which are sug-
gested as potential candidates for the sorption of PFAS. MOFs
with crystalline structures are highly specific, enabling the
selective elimination of long- and short-chain PFASs.>** For
example, three metal nodes in the MOF series, MIL-53(Al), MIL-
101(Cr), and MIL-53(Fe), have been prepared. Among them,
MIL-53(Al) has the maximum PFOS adsorption capability due to
the interaction of most of the unsaturated metal active sites
with the smallest pore size of the membrane.*** The addition of
nanoparticles and adsorbent fillers to the polymeric membrane
matrix appears to be a feasible strategy that has been shown to
have a tremendous impact on the membrane performance for
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Table 3 Remediation of PFAS by adsorption
Surface area PFAS initial conc. Adsorption capacity
Adsorbent type Adsorption materials (m*>¢g™ (ngL™) (mg g~") or removal (%) Reference
Granulated activated F400 769 350 — 193
carbon (GAC) Carbsorb 40 755 350 —
Mesoporous carbon (HPC) 788 350 —
CMR400 767 350 —
Commercial GAC 815 1 x 108 178, 390 194
F400 (untreated) 924 1 x 10° 13.6,12.3 195
F400 (HCl-treated) 899 14.6,13.4
F400 (NaOH-treated) 886 13.4,12.2
F400 (H,O,/Fe-treated) 727 11.1,9.4
F400 (persulfate-treated) 826 12.4,11.6
CBC (untreated) 908 12.2,10.8
CBC (HCl-treated) 886 13.0, 11.4
CBC (NaOH-treated) 897 11.3, 9.6
CBC (H,0,/Fe-treated) 706 9.2,7.3
CBC (persulfate-treated) 870 11.1,9.3
F400 784 1.51-431 0.015 x 10 %3.8 x 10~° 196
Powder activated PAC 1227 1 x 10° 203, 535 194
carbon (PAC) PAC 812 50 x 10° 365.8 197
CCAC AquaCarb 1126 500 Varying 198
AWAC filtrasorb 929 (refer to the article heatmap)
Wood-based SPAC 927 1.51-431 0.015 x 1073-2630 x 107° 196
Commercial PAC 953 500 x 10° 1.9 mmol g " 199
ACF PACFs 1781 1 x 108 302, 760 194
Amine-containing Poly(N-[3-(dimethylamino)propyl] 5.7 1000 90% removal 200
acrylamide, methyl chloride
quaternary (DMAPAA-Q)
poly(ethylenimine)-functionalized 7.8 1000 90% removal 201
cellulose micro-crystals (PEI-fCMC)
Covalent organic framework (28% 1900 1000 90% removal 202
[NH,]—-COFs)
Amine-containing Ionic fFluorogels (IFs) — 1 x 10° or 50 x 10° 80% removal 203
DEXSORB 30 1000 75% removal 204
DEXSORB+ 19 62% removal
Amin-CDP 140 62% removal
Mg-Al LDHs 0.7 1 x 107 66% removal 205
MOFs Zn-Al LDH 3.7 1 % 107 98% removal 205
Zr-based MOF (NU-1000) 2255 1 x 107-1.1 x 10° 201-622 206
MIL-53(Al) 1336 5 x 10°-1 x 10° 66 207
MIL-53(Fe) 1246 32 207
MIL-101(Cr) 873 ~10
NanoZIF-67 1660 5 x 108 734 208
MacroZIF-8 1610 5 x 10° 727
F-MOF 44 — 419 209
MIL-96-RHPAM2 75 1 x 10° 340 210
MgCl,-modified sugarcane biochar 81.3 10 x 10° 211
Biochar BMBC-600 79.87 70—4.8 x 10° 90% removal 212
BSBC-600 55.29 70--4.8 x 10° 90% removal 212
BS 111.78 3.93-23 236 ppmol /g~? 213
Sewage sludge biochar (SSBC1) 165 2.83 x 10°-5.288 x 10° —- 214
Sewage sludge biochar (SSBC2) 87 — 214
Wood chip biochar (WCBC) 683 —

NF processes.””” The applications of MOFs for the remediation
of environmental pollutants have recently received great
interest recently, which has the potential to completely trans-
form NF technology by successfully capturing and removing
PFAS from water.

5.1.3 Reverse osmosis. Reverse osmosis (RO) membranes
are highly effective at eliminating many organic and inorganic

44568 | RSC Adv, 2025, 15, 44555-44583

chemicals from water solutions. Recent advancements in
manufacturing techniques, particularly those involving conju-
gated polymer chemistry, have significantly improved the
selectivity of RO membranes for both short and long-chain
PFAS. However, compared to other filtration methods, RO
processes require high pressure, leading to increased energy
costs. The operating pressures for RO systems range from 10 to
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100 bar, depending on the feed osmotic pressure, to generate
trans-membrane fluxes.?” In the RO membrane matrix, the
separation of molecules is based on their various diffusivities
and solubility caused by the solution-diffusion process. The use
of four thin-film RO membrane composites of polyamide
(ESPA3 and LFC3) has been exploited for the removal of PFOS
from photolithographic waste. The rejection rate is 99%, with
a feed concentration of 1500 mg L™ of PFOS.**®

The integration of an RO membrane (TW30-1812-100) and
UV/SO;>~ photo-catalytic system has been developed to reject
PFOS from water. In comparison to the RO membrane, this
system attained a PFOS rejection rate of 98.7% after 150 min.
Further investigation revealed that the rate of degradation was
inversely proportional to the initial PFOS concentration and
correlated with the pH and the UV light intensity. The rejection
is due to the electrostatic repulsion and membrane pore size,
resulting in the adsorption of PFOS."° The degradation ability
of PFAS at a water recycling facility in South East Queensland,
Australia, using RO membrane technologies has been investi-
gated. The most common PFAS found in the plant were PFOS
PFHxS (20-40 ng L"), PFOA (14-29 ng L"), and PFHxA
(38 ng L™"). The recycling plant has a treatment that includes
coagulation/flocculation, sedimentation, ultrafiltration (UF),
RO, advanced oxidation, and final stabilization/disinfection.
The PFAS levels were below the reported standards (0.4-
1.5 ng L") after RO treatment.?* Baudequin et al.'’* studied the
impact of fouling on various RO membranes, such as cellulose
acetate (CD/CE) and polyamide composite (XLE and FT-30). The
rejection rates achieved for the fluorinated surfactant (PFOA) in
industrial and laboratory water samples was in the range of
99.4-99.9%, and the permeability was 0.5 L h™" m™> bar " In
this study, several membranes were evaluated. The fluorinated
surfactant retention and flux drop were considered when
choosing the best material, which was the composite PA
membrane. The rejection rates for the fluorinated surfactant
achieved at the industrial and laboratory scales for the
composite membranes were in the range of 99.4-99.9%. During
the initial absorption process, the membrane flux is reduced,
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which can be due to the hydrophobic interactions; as the
absorption process continues, the flux attains a steady state.'”*
Size exclusion, electrostatic interactions, and hydrophobic
interactions are crucial factors in the rejection of PFAS using
reverse osmosis (RO) membranes. The overall performance of
these membranes can be further enhanced by coupling various
techniques or modifying the functionality of the membrane
specifically for the PFAS removal process.*

5.2 Advanced oxidation processes

Advanced oxidation processes (AOPs) are methods using
powerful oxidizing species (ROS) such as hydroxyl and sulphate
radicals to snip C-F chains, remove the head groups, and break
C-F bonds as shown in Fig. 8.*** The various mechanisms for
oxidation and reduction techniques include photocatalysis,
persulfate activation, electron beam, UV/sulfite, ozonation,
plasma, and sonochemical oxidation. The extensive use and
environmental and health risks of PFCAs and PFSAs have
prompted more research on their deformation by AOPs than
other PFAS.>****” The characteristic properties and quantity of
reactive oxygen species (ROS), along with operational variables
such as the initial concentration of PFAS and pH, are significant
factors influencing the breakdown of PFAS in oxidation
processes.>**

5.2.1 Persulfate activation. The mechanism begins with
(decarboxylation) the removal of a carboxyl or sulphur trioxide
group to liberate CO, or SOj3, substituting fluorine with hydrogen
atoms (defluorination), and cleaving C-C bonds.”*'”” For instance,
the decarboxylation of PFOA was achieved using an In,Oj;-activated
persulfate system under solar light. In this process, the C,F;5COO™
radical is immobilized on In,0; and oxidized by charge carriers
(holes) to produce the C,F;5 radical, a mechanism known as the
“Kolbe decarboxylation process”. Concurrently, sulfate radicals
react with the generated alkyl radicals to form the C,F;50SO;
radical. This process is proceeded by intra-molecular rearrange-
ments such hydrolysis, HF elimination, and loss of a CF, unit. The
gradual reduction of CF,, and stepwise disintegration into shorter-
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Fig. 8 Mechanism of advanced oxidation process.
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chain PFCAs allows perfluorocarboxylic acids (PFCAs) in persulfate
environments to degrade even further.”® Sulfate radicals that are
highly reactive break the C-S bonds in PFSAs by removing their
electrons to produce unstable alkyl radicals. Then, deformation
occurs similar to hydroxyl radicals, i.e., hydrolysis and loss of
hydrogen and fluorine ions.*” The various persulfate activation
methods (degradation%) reported are Al,O; + PA (100%),>** PMS/
Ga,05/UV (100%),>** solar light/In,03/PA (98.6%),® heat/zeolite/PS
(99.8%),> UV/ZnO/ozonation/PS (100%),"”® and heat/PS (97%)."

5.2.2 Photo-catalytic oxidation. Electrons, holes, hydroxyls,
and superoxide radicals play a vital role in photo-catalytic
oxidation. During illumination, the semiconductor/material
conduction and valence bands produce electrons and holes,
respectively. The holes and water molecules form hydroxyl
radicals; electrons and oxygen produce superoxide radicals.?*?
Different pathways have been explained in the literature to
characterize the PFAS products in photo-catalytic degradation.
For example, Zn,Cu, _,Fe,0, has been used with oxalic acid to
generate reactive species that showed 87% degradation of PFOA
by the decarboxylation of an electron in a reaction time of
120 min." BiOF nanosheets were used to oxidize PFOA by H"
and O, radicals to produce unstable perfluoroalkyl
(C,F15CO07), which proceeded by interacting with H,O/O,.
Then HF is lost to generate C¢F;3COF, which is then hydrolyzed
to form C¢F;3COOH (PFHpA). The final degradation of the
short-chain PFCAs into F and CO, was achieved by progressively
removing the CF, units and achieving 100% degradation in
360 min."®® Pt/La,Ti,0-, along with methanol, was used for the
photocatalysis of PFOA, which degraded about 50% in
1440 min.** Ga/TNTs with AC were used as an absorbent and
a treatment technique for PFOS; the degradability attained was
75% in 240 min.**

5.2.3 UvV/sulfite. In this process, sulfur trioxide radicals and
unbound electrons are released when sulfite solutions are
exposed to UV radiation. The first transformation of PFOA into
C;F14,SO3H-COO™ shows that a fluoride ion was replaced by
a sulphur trioxide group via a reaction with a sulphur trioxide
anion radical or water, and intermediate products were gener-
ated.”** Liu et al.*®*" demonstrated that a combination of UV
with NF would be an effective technique by treating 12 PFAS/
PFCA, which showed 95% rejection in 120 min."" According
to a study conducted by Tenorio et al.,**® UV/sulfite systems are
more reactive to PFCAs than PFSAs of similar chain length, i.e.,
PFOA are 5 times more reactive than PFOS.

5.2.4 Electron beam. When water samples containing PFAS
are subjected to a beam of electrons, the water absorbs the
energy and generates a variety of radical intermediates,
including H" and O, radicals. These radicals break down the
long chain into a shorter chain.” According to Yamijala et al.,***
the formation of alkene bonds (C=C) rather than alkane (C-C)
is accompanied by losing fluorine atoms, which starts the
disintegration of PFAS by extra electrons. This is consistent with
the results reported by Trojanowicz et al.,'®* who reported that
acetate and formate as by-products of PFOA breakdown produce
carbon dioxide radical anion (CO,) during the electron beam
and gamma irradiation procedures.
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Similar to other techniques, the plasma process generates
oxidizing intermediates such as hydroxyl and carboxyl radicals.
This technique is accompanied with UV irradiation, thermal
and electric methods to enhance the photo-catalysis of C-C
bonds. According to Singh et al., the decomposition of PFSO
and PFOA into PFPeA, PFHpA, PFHxA, and PFBA suggests the
sequential removal of CF, to form shorter-chain PFCAs without
the breaking of the carboxylic head group with a removal rate of
PFOA up to 77%.>*®* The cavitation mechanism, which causes
shock waves at extremely high-temperature levels around
bubble interfaces, causes the rise and bursting of micro-
bubbles. This sonochemical technique is used to degrade PFAS
by about 97% at 400 Hz. This study also demonstrated that
there was no PFAS degradation at high frequencies (1000 Hz).>*®
Ozone acts directly on unsaturated bonds to break down
complex substances. However, it typically has excellent capacity
for degradation when it is aided by UV light, which generates
H,0,, followed by hydroxyl radicals.**® However, the main
challenges in the application and commercialization of e-beam
technology for the removal of PFAS from water are the initial
costs, high energy demand and complexity of the treatment.

5.3 Adsorption onto activated carbon

One of the most prevalent adsorbents used in the treatment of
wastewater and water is AC. The adsorption technique using AC
is influenced by various variables, including surface area,
surface chemistry, pore size distribution (PSD), polarity, func-
tional groups, solubility of the absorbent, and working condi-
tions of the PFAS solution. Agriculture-based raw materials,
such as agro-waste, have been widely employed as an alternative
to commercial AC for the removal of organic containments from
water systems. The poor hydrophobicity of AC can remove short-
chain PFAS compared to long-chain PFAS.>*> Nevertheless, there
is a lack of research on its application for PFAS elimination.
There are several commercially available adsorbents for the
removal of PFAS, such as GAC: Filtrasorb 400, multi-walled
carbon nanotubes (MCN), powdered activated carbon, double-
walled carbon nanotubes, anion-exchange resin AER: IRA67,
silica, and alumina. A high PFOS/PFOA removal efficiency was
found in MCN, AER, and GAC (98%), which was attained in 24 h
after absorption equilibrium.**® The treatment of PFAS-
containing water has been achieved using biochar, a class of
natural material-based adsorbents. The waste biomass is pyro-
lyzed in a low-oxygen atmosphere, which produces a low-cost
carbon residue, biochar.”> Zhang et al. used both GAC and bi-
ochar (softwood-derived) owing to their ability to bind to PFASs,
including PFOA, PFBA, PFOS, and PFBS. The biochar required
12-48 h to achieve equilibrium, whereas PFAS adsorption on
GAC reached equilibrium within about 3-24 h. Electrostatic
attraction and hydrophobic contact were explained as the major
mechanisms in the sorption process, which has a great influ-
ence on the change in pH, i.e., as the pH dropped, there was an
upsurge in PFAS sorption.'? It was found that quaternary
ammonium/epoxide with activated carbon (QAE-AC) consider-
ably improved the adsorption of PFOA from water. Changing
the QAE/AC ratio resulted in morphological variations in AC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Mechanism of anion exchange process.

PFAS was able to enter the internal pores of AC at a moderate
concentration of QAE and produce hydroxyl radicals and
carboxyl radicals on the graphene sheets of the AC matrix.*** To
effectively utilize these materials, it is crucial to manage the life
cycle of the adsorbents and their regeneration capabilities in
a cost-effective manner. Unfortunately, well-defined strategies
and methods for achieving this have not been fully established
to date.

5.4 Ion exchange process

The process of reversibly transferring negative ions, such as
OH™, Cl~, and HCO®~, from the polymeric resin surface to its
surrounding aqueous matrix is known as anion exchange
(Fig. 9).** The ion exchange (IE) technique using anion
exchange resins is a realistic solution that demonstrates great
potential for the efficient removal of PFAS from water. Resins
are divided into two types, ie., type I, trimethyl ammonium
group, and type II, dimethylethanol ammonium group, based
on their functional groups, degree of cross-linking, and the
polymeric matrix. Based on their level of resistance to pH range,
resins are categorized into weak-base IX resins and strong-base
IX resins.**® The commercially available resins for PFAS removal
are Amberlite™ PSR2 Plus, Purolite A592E, GenX, Resin Tech
SIR-110-HP, and Purolite A694E with an exchange capacity of
0.7, 09, 0.8, and 1.2 eq L™, respectively.”’* The diffusion
mechanism in an IE system during PFAS removal is described
using the intra-particle diffusion model.

The adsorption of PFAS is impacted by pore diffusion in the
presence of inorganic ions and pH. A solute-solute interaction
is formed between PFAS, such as the generation of monolayer
hemimicelles, bilayer admicelles, and micelles, which causes
molecular aggregation. Positively charged resins can absorb
PFAS more effectively when multilayer structures such as
admicelles and hemimicelles are formed.>” Gagliano et al.'”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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showed a recovery of 90% for PFOA using a Macronet resin.
Dixit et al.**® compared the performance of a conventional A860
resin with A592 special resin for PFAS, which showed a removal
efficiency of 95%. However, PFAS-specific resins used in
industrial applications need to be explored for their mecha-
nism, whether the absorption process is chemisorption,
hydrophobic interactions, or electrostatic interactions.**
Table 4 lists the recovery rates as well as the regeneration
conditions of different resins toward various PFAS.

5.5 Biological process

The chemical structure of PFAS is the most crucial character-
istic for their biodegradation. A wide range of functional
groups, including carboxylates (-COO™), amines, sulphates (-
SO;37), sulfonates, and phosphates (OPO; "), play a remarkable
role in the degradation process and control the thermal-
chemical stability of PFAS and their precursors in the environ-
ment. The nature of the transformations of PFAS molecules and
their and quantity depend on their structure, which affects
defluorination and biotransformation reactions. The co-
substrates, growth stimulants, and organic content play
a significant role in biotransformation. 1-Butanol, N-octane,
and lactate are common substrates that have both positive and
negative effects on biotransformation. Short-chain fluorinated
carboxylic acids were studied for their structure-specific
biotransformation under aerobic conditions, and it was
shown that only C-F bonds and C-H were susceptible to
microbial breakage. The studies also showed that C-F bonds
were essential for microbial defluorination through oxidation-
type pathways.”® Unsaturation is essential for the biotransfor-
mation of PFCA through reductive defluorination and/or
hydrogenation pathways, as demonstrated by Yu et al,”®
where two C6 branched and unsaturated fluorinated carboxylic
acids (FCAs) were selected. C-F bonds were replaced by C-H
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Table 4 Remediation of PFAS by ion exchange resins
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Ionic exchange

resin PFAS used

pH

Regeneration conditions

Recovery rates

Reference

IFs GenX
IRA 67 PFOS
PFOS
IRA 458

PFOS

IRA 958 PFOS

DOW V493
A600E

PFOS
PFOA

PFOA, PFOS PFBA, PFBS

PFOA, PFOS PFBA, PFBS

PFOA

A520E PFOA, PFOS PFBA, PFBS

A532E PFOS

A860 PFOA, PFOS, PFBA,

PFBS and GenX
Purosorb PFOA
PAD 500
Macronet PFOA
MN102

Sorbix A3F PFOS

6.4

w

7.5

7.5

3,7.5

Ammonium acetate (400 mM) in 50%
aqueous ethanol (20 mL)

70% methanol + 1% NacCl or 1% NaCl/
methanol (10 g: 30 mL resin to regenerate
ratio, magnetic stirrer at 170 rpm for 12 h
at 25 °C)

1% NaOH + 70% methanol, 150 rpm,
24hatT=25°C

320 mM NaOH (ratio unspecified, resin
in packed glass column (1 cm diameter
and height 10 cm), operated at 20

mL min~* for 12 h at 20 °C)

Methanol (10-70%) + 1% NacCl (20 mg:
100 mL resin to regenerate ratio, orbital
shaker at 150 rpm for 24 h at 50 °C)
Methanol (LC-MS Grade)

3% NH,4CI + 3% NH,OH (1 g: 1 L resin to
regenerate ratio, flash stirred for 60 h at
20 °C)

0.5% Ammonium chloride (NH,CI) +
0.5% Ammonium hydroxide (NH,OH)

(5 g: 250 mL resin to regenerate ratio,
magnetic stirrer at 250 rpm for 80 h at 20
oc)

2% NH,4CI and 1% Nacl (5 g resin:

250 mL regeneration solution), 250 rpm
at 20 °C in a thermostatic oven for 80 h
0.5% NH,CI1 + 0.5% NH,OH (5 g: 250 mL
resin to regenerate ratio, magnetic stirrer
at 250 rpm for 80 h at 20 °C)

80% Alcohols (methanol/ethanol
(C,H50H) + 1% NH,CI (1 g: 1 L resin to
regenerate ratio, flash stirred for60 h at T
20 °C)

10% NacCl (10 bed volumes (BV) (i.e.,

1 mL resin with 10 mL brine for 1 h at 21
oc)

30% Methanol (5 g: 250 mL resin to
regenerate ratio, magnetic stirrer at 250
RPM for 80 h at 20 °C)

50% Methanol + 3% NH,OH (5 g: 250 mL
resin to regenerate ratio, magnetic stirrer
at 250 RPM for 80 h at 20 °C)

Organic solvent + brine

75%

98.9%
99%
98.7%
0.3%

4.2-90.8%

100%
85%

63% (PFOA), 48% (PFOS),
68% (PFBA) and 41% (PFBS)
51% (PFOA), 39% (PFBA)
55% (PFOS) and 48% (PFBS)

90% (PFOA), 74% (PFOS),
84% (PFBA) and 82% (PFBS)

90%
95%
20%

90%

250

251

252

253

254

251

255
256

257

258

259

256, 259 and 258

256 and 258

260

256 and 259

256 and 259

261

bonds due to hydrogenation. Various sources, including land-
fills, contaminated soils WWTP effluents, sludge, lakes, and sea
sediments (aerobic, anaerobic, and anoxic), have evolved
bacterial species with the capacity to transform/degrade and/or
defluorinate PFAS. Yang et al.*** selected Rhodococcus jostii
RHA1 bacterium to defluorinate 6:2 FTSA. The two major
enzymes responsible for deformation are cytochrome P450 and
alkane monooxygenase, which were highly expressed in 6:2
FTSA cultures. These defluorinating and desulfonating enzyme
genes serve as possible indicators to measure the biotransfor-
mation of 6:2 FTSA. Pseudomonas spp shows resistance to
fluoride, and some of their strains can catalyze the defluorina-
tion of PFAS. The mechanism of sensing and degrading fluoride
in the cells is through the Fluc/FEX/CLCF family F channels or
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F/H+ antiporters.”® The biotransformation of PFAS has been
associated with several bacterial species, including Pseudo-
monas butanovora, Mycobacterium vaccae, and Pseudomonas
oleovorans for 6:2 fluorotelomer alcohol,*®* P butanovora + P.
fluorescens for FTOHs,**® Acidimicrobiaceae sp. strain A6 for
PFOA,° Acidimicrobium sp. strain A6 for PFOA-PFAS,® Gordonia
sp. for 6:2 fluorotelomer sulfonamidoalkyl betaine,**” Pseudo-
monas parafulva for PFOA,**® Pseudomonas aeruginosa for
PFOS,** Pseudomonas plecoglossicida for PFOS,** and Dietzia
aurantiaca for 6 : 2 FTS.* The majority of PFAS compounds are
converted into terminal perfluorinated carboxylic acids.
Isolating microorganisms that can break down long-chain
chemical structures and promote biodegradability is a signifi-

cant challenge in current research. The resilient
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microorganisms that can degrade PFAS at the appropriate rates
and extent with proactive efforts are more promising in
resolving PFAS. Before bioremediation may be used as an
effective industrial method for the degradation of PFAS, there is
a plethora of obstacles and problems that still needs to be
addressed. Table 5 report previous studies on the bioremedia-
tion of PFAS including the involved microorganisms and the
optimum conditions for the removal process.

5.6 Hydrothermal liquefaction (HTL)

Hydrothermal liquefaction (HTL) is a traditional strategy for
recovering the energy from wastewater sludge, which generates
liquid bio-crude oil by subjecting aqueous slurry-based sludge
to temperatures and pressures in the range of 250 °C to 350 °C
and 10 to 25 MPa, respectively, which are higher than the water
vapour pressure to prevent water vaporization.*® HTL avoids
the high energy needs associated with water vaporization; thus,
it is the best approach for treating wet organic solids such as
sludge. Additionally, liquid fuel by-products have an economic
advantage compared to biogas generated by anaerobic diges-
tion.?®® >99% PFOA, 7 : 3 FTCA, and 8: 2 FTUCA were converted
at 350 °C for 90 min. Nevertheless, a more constrained transi-
tion was shown for sulfonic acid structures, with 34% PFOS
degradation and 67% 8:2 FTS degradation. Therefore, the
findings imply the partial mineralization of PFAS."** According
to Wu et al.,>® HTL could eliminate PFOS in a solution when it
has been altered with NaOH. Similarly, Hori et al.>*®* showed that
HTL could efficiently degrade PFOS and other perfluorosulfonic
acids (PFSAs) containing shorter carbon chains when zero-
valent iron is present in the medium. The sorbed pollutants
and other organic compounds in the sludge will be degraded
and mineralized under HTL conditions, but there is a chance
that extremely resistant substances such as PFAS might remo-
bilize into the by-product aqueous phase. Therefore, it is critical
to determine the lifecycle of PFAS during the HTL process.”®
However, the HTL technique is efficiently adaptable to break
down the PFAS accumulated in plant biomass/wet sludge.

5.7 Others

It has been shown that aquatic plants can quickly decrease the
amount of PFAS in heavily polluted lake water. For example,
seventeen surface and one submerged species of wetland plants
were evaluated for PFAS absorption. Elodea canadensis, Carex
rostrata, and Eriophorum angustifolium had the highest amounts
of PFAS. Following that, these species were employed for
enzyme research as well as an investigation into the impact of
biomass on the removal of PFAS from water. The findings
demonstrated that the PFAS removal effect increased with
biomass content per volume. Although their degradation also
occurs, plant absorption is primarily responsible for the plant-
based removal of PFAS from water.”*°

The main place to dispose of material containing PFAS is
landfills, where landfill leachate releases PFAS into the
surrounding environment. Owing to its elimination of over 90%
long-chain PFAS, ozone foam fractionation shows promise as
a PFAS removal method. In industrial applications, the
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determined operating parameters offer insightful guidance for
optimizing the ozone flow rate (1 L min~"), dosing (43 mg L),
and reducing foamate generation (4% wettability). According to
equilibrium modeling, for a given PFAS concentration, the excess
surface of air bubbles is 20-40% more than that of ozone bubbles.
Notably, ozone foam fractionation produces foamate quantities
that are two to four times lower, which lowers the need for site
storage and saves a lot of money in waste product disposal.**

For the first time, three distinct hydrodynamic cavitation
reactor set-ups, each improved with surface alterations incor-
porating roughness elements, were used to test the hydrody-
namic cavitation on a chip concept (HCOC) for the degradation
of 11 prevalent PFAS variations. Three different microscale
hydrodynamic cavitation (HC) reactors were used to completely
establish cavitating flow treatment for Stockholm municipal
wastewater treated by Membrane BioReactor (MBR) technology.
The results show that almost all the PFAS compounds can be
broken down by the chemical-free HCOC technique at a note-
worthy rate of 36.1%. When combined with the MBR process,
this technique can also prevent blockages in the fluidic chan-
nels, allowing continuous operation at high throughput pro-
cessing rates.”*?

In conclusion, it is important to note that among the
adsorbents, activated carbon and ion exchange resins have been
predominantly employed due to their proven effectiveness,
particularly in column and batch modes. These materials are
highly effective for long-chain PFAS removal because of their
greater hydrophobicity and the formation of hemimicelles or
micelles on the adsorbent surface. However, they exhibit slow
adsorption kinetics and lower affinity for short-chain PFAS,
limiting their overall efficiency. Amine-containing adsorbents
show promising potential with faster adsorption kinetics and
higher adsorption capacities than traditional adsorbents, but
they require further research for full-scale applications. Addi-
tionally, new-generation adsorbents such as molecularly
imprinted polymers (MIPs) and nanoparticles have been
explored for selective PFAS removal and detection in water, but
the disposal of these adsorbents poses significant challenges.
The effectiveness of membrane technologies for PFAS removal
significantly. Low-pressure membranes, including
microfiltration (MF) and ultrafiltration (UF), are generally inef-
fective for PFAS removal. Conversely, reverse osmosis (RO) and
nanofiltration (NF) membranes are highly efficient, though they
are energy-intensive and produce large volumes of PFAS-
concentrated waste, necessitating further treatment before
disposal. Functionalized membranes offer promising potential
for PFAS removal but face significant challenges related to
scalability and practical application. Earlier studies on PFAS
removal often focused on a limited number of target PFAS in
synthetic water at concentrations higher than that typically
found in real water samples. Experiments conducted in real
groundwater have revealed that background ions and
compounds can inhibit the removal of PFAS, highlighting the
need to mitigate these effects in real contaminated water. This
remains an open field of research, emphasizing the need for
continued exploration and development of effective PFAS
removal strategies.

varies
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Table 5 Bioremediation of PFAS
Initial Removal
Microorganism/Plant Growth conditions concentration rate Transformed products Reference
Acidimicrobium sp. strain A6 Anoxic inorganic Fe(i)- 100 mg L ! 60% PFHpA 271
NH," enrichment medium
Pseudomonas plecoglossicida 2.4-D 26-30 °C, pH 6.8-7.2, 1.0gL’ 75% PFHpA 272
0-5% NaCl aq
Pseudomonas parafulva 30 °C, pH 7, 2% inoculum 500 mg L~* 32.4% — 268
Pseudomonas aeruginosa strain Hj4  C Medium and 600 mg L " 67% — 273
Luria Bertani, pH 7
Zymogenous Nutrient Agar, 28 °C 1pugmL™* 46-69%  Monofluorinated fatty acid 274
Cannabis sativa L. pH 6.28 ~760 ug L* 98% Perfluoro carboxylic acids & 275
perfluoroalkyl sulfonic acids
Gordonia sp. NB4-1Y Sulfur-limited conditions 83.1 mol% 99.9% 6:2 FTCA, 6:2 FTUA, and 5:2 276
fluorotelomer ketone
Rhodococcus jostii RHA1 Ethanol-rich medium 168 mg L' — 6:2 FTUCA and 5:3 FTCA 277
Acidimicrobiaceae sp. strain A6 Anaerobic, pH 6.5-7.5 471 mgL™" 77% PFBA, PFPeA, PFHXxA, 278
PFHpA and F—
WWTP activated sludge Aerobic, RT 1.4-15mgL™" — PFPeA, PFBA 279
Pseudomonas oleovorans, Aerobic, pH 7, 30 °C 2mgL" — PFPeA 280
P. fluorescens DSM 8341
KB1 enrichment Anaerobic, 34 °C 20.7 mg L~ " >90% FTMeUPA 281
culture dominated by
Dehalococcoides
Consortium Aerobic, pH 7 0.75mg L " 85% 8:2 FTCA, 8:2 FTUCA, PFOA 282
Soil microorganism Aerobic 4.22 nmol g~* — FTOHs, 6:2 diPAP — 5:3 acid, 283
PFPeA, PFHxA, diPAP — PFOA
WWTP-activated sludge Aerobic 1mgL* FTOHs and its degradation PFCA 284

6. Factors affecting PFAS removal

This section aims to explain the various variables that affect the
removal of PFAS, such as pH, chain length of PFAS, dissolved
oxygen matter, PFAS initial concentration, solubility, phase, and
volatility of PFAS.

6.1 pH

One of the leading causes of PFAS adsorption/membrane
separation inhibition in groundwater is pH. High pH levels
inhibit anionic PFAS from adhering to substrates by deproto-
nating their functional groups. Depending on the isoelectric
point of the PFAS and moieties at the surface of the membrane,
alterations in the pH of the solvent may have an impact on the
surface charge of the membrane.?** Additionally, in some cases,
altering the pH might affect the pore size, charge, permeability,
and rejection rate of the membrane,>* ie., the positively
charged membrane surface traps negatively charged anionic
PFAS, lowering the rejection rate. Alternatively, electrostatic
interaction between anionic PFAS and non-polar membranes
can improve the efficiency of PFAS removal.>®* According to Niu
et al.,”*° the deprotonation of a fabricated membrane resulted in
an excellent rejection rate at acidic pH. The used substrates
were PAN-CGF and PDA-CGF, which were positively charged
upon the protonation of PAN and PDA at pH 3.9 and 3.4,
respectively, in a PFOA eradication investigation utilizing CGF-
functionalized polymers in the pH range of 3-10. With an
increase in pH, the PDA-CGF or PAN-CGF adsorption

44574 | RSC Adv, 2025, 15, 44555-44583

metabolites

capabilities declined steadily over time, which was attributed to
the diminished electrostatic affinity between CGFs and PFOA.
The removal capacities of PFOA and PFOS from rGO-ZF@CB
declined significantly with an increase in the solution pH,
indicating that the protonated functional groups of rGOZF@CB
successfully adsorbed anionic PFOS and PFOA through elec-
trostatic forces. The sorption capacity for both compounds was
attained at pH 3, where protonation of rGOZF@CB was possible
only in an acidic environment.”” This suggest that acidic
conditions are favourble for the removal of PFAS in general.

6.2 Ionic concentration

The interaction of various ions with PFAS present in water plays
an essential role in their removal. Ionic strength often has a low
impact on PFAS-contaminated water treatment. However, more
attention must be given to extremely contaminated water
sources, including industrial effluent, which has a high PFAS
content and ion concentration. Ions in the water can attach to
PFAS and develop complexes that may potentially result in
temporary porous blocking in the membrane and block the
absorption binding sites in due to the electrostatic attraction
between the ions and PFAS present in the water. This mecha-
nism lowers the removal of PFAS by decreasing the fate of long-
and short-chained PFAS through the membrane. Additionally,
an increase in the number of valence ions in the water can
enhance the electrostatic interaction between ions and PFAS,
promoting the aggregation of PFAS. Different amounts of
MgCl,, NaCl, or FeCl; were used as the baseline electrolyte to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assess the effect of cations on the sorption of PFOA by func-
tionalized CGF polymers. With an increase in the cation
concentration, the PFOA adsorption capabilities steadily
increased. This was attributed to the increment in positive
charges on the polymer substrate, which causes intermolecular
attraction between the substrate and PFOA and intra-molecular
repulsion between the PFOA molecules and the multi-ion salt
bridges between the polymers and PFOA.>*®

The concentration of PFOS and PFOA sorption increased with
increasing the concentration of NaCl by kaolinite.*” Per-
fluoroheptanoate (PFHpA) and perfluorohexanesulfonate (PFHxS)
in wastewater sludge were studied for the impact of cations on the
partition characteristics.>* The solution chemistry of PFOS sorp-
tion (pH, Na', and Ca®>") was shown on the surface of mineral
absorbents (silica and goethite), proving that the cations had
different impacts on these two absorbents.*”* The concentration of
the three main cations was varied (Na*, Ca®", and Mg*") via the
sorption coefficient (K4) to check the absorption of 18 anionic
PFAS in soil, and it was suggested that a higher cation content can
result in lower PFAS mobility and removal. This suggests that ionic
strength has different impacts on the removal of PFAS.

6.3 Chain length of PFAS

PFAS are omnipresent due to their oleophobic and hydrophobic
properties. The chain length of PFAS (C,F,,+1) has a significant
impact on both their characteristics and removal. The toxicity of
PFAS increases with their chain length. Long-chain PFAS have
a longer hydrophobic “tail,” and thus they are anticipated to be
more hydrophobic compared to short-chain PFAS. According to
reports, short-chain PFAS are mobile and persistent in long-
distance transport compared to their long-chain homologs.***
In the membrane filtration technique for water and wastewater
containing PFAS, long PFAS are susceptible to reacting with
solid porous surfaces. Therefore, by combining filtration and
adsorption, hydrophobic membranes may be useful in the
removal or ejection of long PFAS.?>***%* Short-chain PFAS have
shown comparable persistence to their long-chain homologs
and are more mobile during long-distance transport. In water
samples collected from Dagu Drainage Canal (Dagu) in Tianjin,
China, short-chain PFAS were found to be comparable to longer-
chain PFASs (>C6), and perfluorobutyric acid (PFBA) was the
predominant short-chain analogue.**”

6.4 Dissolved oxygen matter

Dissolved oxygen matter (DOM) is hydrophobic in nature; it has
two conflicting effects on PFAS adsorption, where it competes
against PFAS for the adsorption sites and provides PFAS adsorp-
tion sites based on the level of DOM in the water. Various organic
substances, including hydrophilic acids, amino acids, phenolic
groups, proteins, and Fe/Al oxides, are present in water, which
create electrostatic attraction due to their cations along with DOM
to form a complex with PFAS."”* In the presence of sodium alginate
and bovine serum albumin, the removal rates for PFAS were
examined; the findings showed that both had the potential to
increase the rejection rate of PFOS and PFBS.**
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6.5 PFAS concentration

The removal efficiency of PFAS depends on their initial
concentration in the water sample. Various studies have been
performed with a high concentration of PFAS (100 ppm), and it
was found that the removal efficiency is comparatively low.>*”
The reason for the low removal is that when concentrations
approach the threshold micelle concentration, a high PFAS
content in the sample can cause micelle growth. The threshold
micelle concentration can be achieved in groundwater and
wastewater, but in the case of industrial wastewater, micelle
growth increases and prohibits PFAS removal using different
techniques, such as absorption and membrane filtration.™

6.6 Solubility of PFAS

The worldwide sources for PFAS are groundwater and surface
water because of their high-water solubility. Therefore, drinking
water sources are influenced by the presence of PFAS. The
solubility of PFAs is compared to that of benzene. It is observed
that PFOS has a 2.6-fold lower water solubility than PFOA, and
5.3-fold greater water solubility than benzene.**® Neutral PFAS
such as FTOHs and FOSEs are usually more volatile and found
in the atmosphere, while ionic PFAS such as PFCAs and PFSAs
are soluble and tend to be present in water/wastewater.** N-
PFAS can be converted to i-PFASs, such as PFOA, primarily by
biological and photochemical processes.*

6.7 Volatility of PFAS

Weak van der Waals (vdW) interaction is a characteristic that
defines PFAS; thus, they tend to diffuse into the environment
until they form a stable complex with a significantly specific
interaction such as between i-PFAS and water. PFAS develop
fragile intermolecular connections with their surrounding
phase. It is estimated that the hexadecane/air partition coeffi-
cient (KH,q/air) provides a qualitative approach to determine
the vdW interaction in neutral solutes.**® The partition coeffi-
cients of n-PFAS are forecasted using different phase parti-
tioning methods to calculate KH,q4/air, which is a reliable
indicator of their volatility, octanol/air partition coefficient, and
saturated vapor pressure.**"> Hammer et al.*'® calculated the
KH,q4/air values for 64 PFAS using modeling software such as an
iterative fragment selection quantitative structure-property
relationship (IFS-QSPR) model and a quantum chemistry-based
prediction model (COSMOtherm). These simulations under-
rated the partition coefficient of PFAS based on the length of the
perfluorinated alkyl structure, i.e., short-chain PFAS are more
volatile and can easily diffuse in the surrounding environment,
making them difficult to remove.*®* The atmospheric trans-
mission of PFAS volatile compounds is also shown by their
existence in desolate areas, such as the Arctic, where the
concentration has reached 26 pg m > for 8:2 FTOH.*"

6.8 Phase of PFAS

One of the most crucial mechanisms to regulate the removal of
PFAS is based on the partitioning between the mobile and
stationary phases. Air and water are the mobile phases. Stationary
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Table 6 Suitable methods for the removal of PFAS based on their properties

Suitable for Suitable for

long-chain short-chain Energy Waste
Removal method Effectiveness PFAS PFAS consumption generation Scalability Challenges
Activated carbon High for Yes Low Moderate Moderate High Slow kinetics, low affinity
long-chain PFAS for short-chain PFAS
Ion exchange resins  High for Yes Low Moderate Moderate High Slow kinetics, low affinity
long-chain PFAS for short-chain PFAS
Amine-based Potentially high Yes Yes Moderate Moderate Medium Requires further study
adsorbents for full-scale application
Molecularly imprinted Selective Yes Yes Low to Disposal issues Low to Disposal challenges,
polymers (MIPs) removal Moderate Medium practical implementation
Microfiltration (MF)  Low No No Low Low High Ineffective for PFAS removal
RO High Yes Yes High High Medium  Energy-intensive,
(concentrated waste) waste management
NF High Yes Yes High High Medium  Energy-intensive,

phases are soils, NAPLs, stream sediments, aquifer materials, and
interfaces between phases (air-water, NAPL-water).*** Geochem-
ical variables, such as pH and temperature, can have major effects
on partitioning given that PFAS are charged in electrostatic
processes.*® The quantity of PFAS stored in each system increases
when a mass fraction of the PFAS is divided into immobile phases,
which lowers the rate of their movement in the mobile phase.*"”
Based on the properties of PFAS, their suitable removal methods
are summarised in Table 6.

7. Conclusions and future
perspectives

This study underscores the critical and growing concern
surrounding per- and polyfluoroalkyl substances (PFAS) as persis-
tent environmental micropollutants. Due to their strong C-F
bonds, PFAS exhibit exceptional thermal and chemical stability,
bioaccumulate through trophic levels, and persist in various envi-
ronmental compartments, including the soil, water, air, and biota.
Their documented toxicological effects on humans, plants, and
animals, ranging from endocrine disruption and immunotoxicity
to developmental and reproductive impacts, highlight the urgent
need for their robust monitoring and mitigation strategies. The
analytical detection and quantification of PFAS have advanced
significantly, with methods such as solid-phase extraction (SPE)
coupled with liquid chromatography-tandem mass spectrometry
(LC-MS/MS) offering high sensitivity and selectivity. However,
challenges remain in achieving ultra-trace detection limits, mini-
mizing matrix interferences, and differentiating among thousands
of structurally diverse PFAS compounds and their transformation
products.

Regarding remediation, promising technologies, such as
adsorption, membrane separation, ion exchange, and advanced
oxidation/reduction processes (AOPs/ARPs), demonstrate potential
for the effective removal of PFAS. Nevertheless, issues such as high
energy consumption, incomplete mineralization, generation of
toxic intermediates, and limited applicability to short-chain PFAS
continue to hinder their large-scale implementation.
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(concentrated waste) waste management

Bioremediation and phytoremediation represent emerging eco-
friendly alternatives, though the metabolic pathways and micro-
bial enzymes responsible for PFAS degradation remain poorly
understood. Developing genetically engineered microorganisms or
enzyme systems capable of cleaving C-F bonds could significantly
advance this field. Further, the chain-length-dependent adsorption
behavior of PFAS complicates the treatment optimization. Short-
chain PFAS exhibit higher mobility and lower adsorption affinity,
necessitating specialized sorbent designs and tailored operating
conditions. Environmental parameters including pH, ionic
strength, co-existing organic matter, and redox potential further
modulate the removal efficiencies, emphasizing the need for
comprehensive mechanistic studies.

Future research should prioritize the development of sustain-
able, bio-based adsorbents with high selectivity and regeneration
capacity, and the integration of hybrid treatment systems
combining physical, chemical, and biological processes for
enhanced PFAS removal. Comprehensive life cycle assessments
(LCAs) are needed to evaluate the environmental footprint of
remediation technologies, while studies on the transformation
and fate of PFAS precursors will aid in accurately assessing the
total fluorine content and associated risks. Advancing real-time,
on-site monitoring techniques and evaluating the scalability and
cost-effectiveness of emerging treatment approaches for full-scale
wastewater and drinking water applications are equally important.
Ultimately, mitigating PFAS contamination requires a multidisci-
plinary framework integrating analytical chemistry, materials
science, environmental engineering, and toxicology. Strength-
ening the mechanistic understanding and fostering innovation in
detection and treatment technologies will be critical for mini-
mizing PFAS exposure, protecting ecosystems and human health,
and advancing environmental sustainability.
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