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ARTICLE INFO ABSTRACT
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Per- and polyfluoroalkyl substances (PFAS), known for their exceptional stability and hydrophobic properties,
have become prominent environmental contaminants due to their persistence and toxicity. This review provides
a comprehensive analysis of PFAS occurrence in groundwater and surface waters, their degradation by various

Groundwater microbial species and the effectiveness of different adsorbents in PFAS removal. Microbial degradation is a cost-
Biodegradation . . . . s . .
Adsorption effective and environmentally friendly method for PFAS removal, with aerobic biotransformation being more

widely studied. Microbial strains, including Acidimicrobium sp. A6, Pseudomonas, and Gordonia sp. showed sus-
tainable reduction (up to 99 %) in PFAS concentrations. Under aerobic and anaerobic conditions, microbial
mechanisms differ significantly, requiring specific microbial strains or engineered systems to break the strong C-F
bonds. Various adsorbents, such as carbonaceous materials, ion exchange resins, and other synthetic materials,
have been used to remove PFAS from water. Positively charged adsorbents were more effective in removing PFAS
than neutral or negatively charged ones. Ion exchange resins outperform other adsorbents in removing both long
and short-chain PFAS. This review outlines significant research needs, including the need to understand the
complex interactions between dissolved organic matter and PFAS removal, as well as the potential of advanced
materials to improve adsorption processes. Future research should focus on scalable, cost-effective, and envi-
ronmentally sustainable methods to reduce PFAS contamination and provide safer water resources for future
generations.

Ton exchange resins

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic
organic chemicals widely used in various industrial and consumer
products, such as non-stick cookware, water-repellent clothing, and fire-
fighting foams (Calvert et al., 2022; Gliige et al., 2020; Sznajder-
Katarzynska et al., 2019). Some important substances of the PFAS group
have a typical hydrophobic carbon chain of varying lengths (Table 1),
with hydrogen atoms that are either partially (in the case of poly-
fluoroalkyl substances) or completely (perfluoroalkyl substances)

replaced by fluorine atoms (Buck et al., 2011). Some well-known PFAS
are classified based on their terminal functional groups, followed by
chain length (long- and short-chain), as shown in Table 1. PFAS are
highly resistant to degradation and remain in the environment for longer
periods because they are hydrophilic and chemically and biologically
stable (Cousins et al., 2020; Gliige et al., 2020; Henry et al., 2018). The
occurrence of PFAS in the environment (air, water and soil) has been
widely reported in recent years (Brusseau et al., 2020; Kurwadkar et al.,
2022; Nakayama et al., 2019). Certain PFAS bioaccumulate in organ-
isms, potentially leading to toxic levels in humans and other organisms
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(Abunada et al., 2020; Brendel et al., 2018; Ma et al., 2022; Parolini
et al., 2022). Several studies have reported adverse health effects of
PFAS exposure, such as impaired kidney function, thyroid disease, and
pregnancy complications (Blake and Fenton, 2020; DeWitt et al., 2019).

The high detection rate of PFAS due to advanced analytical methods
means that they can persist in water bodies (Khan et al., 2023a; Liu et al.,
2015; Nakayama et al., 2019). The development of the PFAS TOP (total

Table 1
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oxidizable precursor) assay has helped to learn more about the pre-
cursors that may form terminal PFAS during degradation and to identify
the source (Antell et al., 2023). Also, total organofluorine analysis might
be a useful way to look for PFAS in general without finding specific PFAS
(McDonough et al., 2019). Nevertheless, numerous countries have no
drinking water monitoring scheme that could identify persistent and
mobile organic substances (Montes et al., 2019; van der Hoek et al.,

Classification of well-known PFAS, including abbreviations, chemical abstract service (CAS) number, molecular formula (MF) and the physio-chemical properties
(molecular weight (MW in g/mol), solubility (in mol/L), n-octanol-water partitioning coefficient (log K,w), organic carbon to water partition coefficient (log K,.) and
acid dissociation constant pKa) (Gagliano et al., 2020; Pauletto and Bandosz, 2022; Rahman et al., 2014; Saawarn et al., 2022).

Class Compounds (abbreviations) CAS No. MF (MW) Solubility log log pKa
Kow Koc
. . C3F,COOH 2.1 x
Perfluorobutanoic acid (PFBA) 375-22-4 (214.04) 10-3 2.31 - 1.07
. . C4FoCOOH 4.5 x
Short-Chain (C4-G,) perfluoroalkyl Perfluoropentanoic acid (PFPeA) 2706-90-3 (264.05) 10-4 3.01 - 0.34
carboxylic acids (PFCA) . . CsF1:COOH 9.3 x -0.16
Perfluorohexanoic acid (PFHxA) 307-24-4 (314.06) 10°5 23.48 - _0.78
Perfluoroheptanoic acid (PFHpA) 375-85-9 %23(()270)0H 0.3 4.15 - —-2.29
. . C;F15COOH 0.4 x
Perfluorooctanoic acid (PFOA) 335-67-1 (414.07) 10-2 4.81 1.47 —0.5-4.2
. . CgF17COOH 2.8 x
Perfluorononanoic acid (PFNA) 375-95-1 (: 6‘1:0 8 103 5.48 2.06 -6.51
Perfluorodecanoic acid (PFDA) 335-76-2 CoF1COOH 5'3,: 6.51 2.37 —5.2
Long- Chain (514.09) 10
& . . . . C;0F2;COOH 1.6 x
(Cg-Cy4) perfluoroalkyl carboxylic acids Perfluoroundecanoic acid (PFUnDA) 2058-94-8 (564.09) 104 7.21 2.32 —5.2
(PFCA) :
Perfluorododecanoic acid (PFDoDA) 307-55-1 C11F23CO0H - 7.92 - -5.2
(614.10)
. . . C12F25COOH
Perfluorotridecanoic acid (PFTrDA) 72,629-94-8 664.10) - 8.62 - -5.2
Perfluorotetradecanoic acid (PFTeDA) 376-06-7 Ci3F2,COOH 9.32 - —5.2
(714.12)
Short-chain Perfluorobutane sulfonic acid (PFBS) 375-73-5 fgggs(g;)H 167,: 1.82 - -3.31
(C4-Cs) perfluoroalkyl sulfonic acids CoF : SO.H 31 x
. 5F11503] .
(PFSA) Perfluoropentane sulfonic acid (PFPeS) 2706-91-4 (350.10) 10-2 3.33 - —-3.32
. . CsF11S03H 6.1 x
Perfluorohexane sulfonic acid (PFHxS) 355-46-4 (400.11) 10-4 3.16 0.97 -3.32
. . CyF15S0sH
Perfluoroheptane sulfonic acid (PFHpS) 375-92-8 (450.12) - 4.73 - —3.32
. . CgF17SO3H 1.1 x
Perfluorooctane sulfonic acid (PFOS) 1763-23-1 (500.13) 10-3 4.49 2.10 3.32
Perfluorononane sulfonic acid (PFNS) 474,511-07-4 f;:‘;gfgsl‘l - 6.13 - —3.24
Long- Chain i
F. H
(C-Cy4) perfluoroalkyl sulfonic acids Perfluorodecane sulfonic acid (PFDS) 335-77-3 félg Ozii())g - 6.83 - —3.24
(PFSA) 3
Perfluoroundecane sulfonic acid (PFUnDS) 749,786-16-1 C11F25S05H - - - -
(650.15)
Perfluorododecane sulfonic acid (PFDoDS) 79,780-39-5 f;gﬁziz?SH - 8.23 - —3.24
Perfluorotridecane sulfonic acid (PFTrDS) 791,563-89-8 CasF2780H - - - -
(750.17)
L 1,379,460-39-  C14F20SO3H
Perfluorotetradecane sulfonic acid (PFTeDS) 5 (800.18) — — - -
Perfluorooctane sulphonamide (FOSA) 754-91-6 f:;i;lil;NoZS 1.75 5.8 2.56 3.37
Methyl perfluorooctane sulphonamide CoH4F17N05S
(MeFOSA) 31,506-52-8 (513.2) B B N -
Ethyl perfluorooctane sulphonamide (EtFOSA)  4151-50-2 CaoHoF17NOoS - - - -
Perfluoroalkane sulfonamides (FASA) (527.2)
Ethyl perfluorooctane sulfonamido ethanol 1691.99-2 C12H10F17NO3S 2.6 x 6.96 B B
(EtFOSE) (571.3) 1073 )
Methyl perfluorooctane sulfonamido ethanol C11HgF7,NO3S 1.5 x
(MeFOSE) 24448097 (557.3) 10°° 4.58 - -
Methyl perfluorooctane sulfonamido ethyl C14H10F17NO4S
acrylate (MeFOSEA) 25,268-77-3 (611.3) - - - -
4:2 Fluorotelomer alcohol (4:2 FTOH) 2043-47-2 CoHsFO 2‘7,5 3.27 093 -
(264.1) 10
Fluorotelomer alcohols (FTOH) CaHLF--0 48 x
. . ey sHsF13 g _
6:2 Fluorotelomer alcohol (6:2 FTOH) 647-42-7 (364.1) 10-5 4.58 2.43
. . C12Hs5F2,0 8.5 x
10:2 Fluorotelomer alcohol (10:2 FTOH) 865-86-1 (564.1) 10°8 7.10 6.20 -
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2014).

The United States Environmental Protection Agency (USEPA) set
new maximum concentration levels for six PFAS in drinking water in
April 2024. The concentrations of 4 ng/L of PFOS and PFOA, 10 ng/L of
PFHxS and PFNA, 2000 ng/L of PFBS, and 10 ng/L of hexa-
fluoropropylene oxide dimer acid or GenX are set as maximum levels.
The regulation is extremely rigid to reduce exposure to persistent and
potentially toxic substances and meet corresponding health hazards. It is
challenging to decrease PFAS concentrations below permitted levels
through conventional treatments like the activated sludge process due to
the properties and stability of PFAS (Wanninayake, 2021). It is impor-
tant to employ appropriate treatment methods to remove toxic sub-
stances like PFAS from drinking water, wastewater, or water in
contaminated areas.

Several studies evaluated various physical and chemical processes
for PFAS treatment, including advanced reduction processes, advanced
oxidation processes (e.g., electrochemical oxidation, UV-induced
oxidation, and supercritical water oxidation), membrane processes,
adsorption using activated carbon or nanoparticles, pyrolysis/gasifica-
tion, ion exchange, plasma-based processes, incineration, and sono-
chemical degradation (Ahmed et al., 2020; Ateia et al., 2019a; Barisci
and Suri, 2021; Berg et al., 2022; Boyer et al., 2021; Saawarn et al.,
2022). For example, electrochemical and UV-induced oxidation are
highly effective in removing long- and short-chain PFAS but have
extremely high energy requirements (Zhang et al., 2022). Dirani et al.
(2024) reported that short-chain PFAS can better be removed using
nanomaterial-based adsorption, e.g., iron oxide-coated biochar. How-
ever, most of these processes have very high energy requirements,
making it unpracticable to employ them on a commercial scale.

Adsorption is widely recognized as a practical and effective treat-
ment method due to its technological advancement and ease of imple-
mentation (Dirani et al., 2024; Lei et al., 2023). Several materials, such
as activated carbon, clay, and sediments, have shown promising results
in removing PFAS from water sources (Appleman et al., 2014; Lauwers
et al., 2023; Lei et al., 2023; Medina et al., 2022; Militao et al., 2023).
However, challenges exist in regenerating these adsorbents, which can
incur additional costs and generate waste, and their efficiency signifi-
cantly drops for short-chain PFAS due to lower adsorption affinity
(Amen et al., 2023). Biodegradation has been reported to be affordable,
sustainable, and capable of up to complete degradation of both long- and
short-chain PFAS (Berhanu et al., 2023; Grgas et al., 2023; Wackett,
2021). Several studies investigating physicochemical and biological
processes reported 62 to 100 % removal or degradation of PFAS from
water (Appleman et al., 2013; Javed et al., 2020; Rahman et al., 2014;
Rayne and Forest, 2009; Saawarn et al., 2022; Saleh et al., 2019). Recent
advancements in bioaugmentation and bioreactor technologies have
reported enhanced degradation, potentially achieving complete miner-
alization of PFAS (Zhang et al., 2022). Factors such as pH, temperature,
and the presence of co-substrates significantly influence the biodegra-
dation process, and incomplete degradation can result in the accumu-
lation of intermediate by-products that may pose environmental risks
(Ren et al., 2023).

This review addresses occurrences of PFAS in various water bodies
worldwide. It also covers recent developments (over the last five years)
in adsorption and biodegradation techniques, which remain practical
and scalable options for PFAS removal. Scientific data from earlier
studies conducted before the last five years were also included for
comparison. Although adsorption and biodegradation methods are dis-
cussed in scientific reviews on PFAS removal technologies, these tech-
niques represent only a small portion of the extensive research available.
For example, one study explored PFAS removal using membrane filtra-
tion, advanced oxidation processes, adsorption, and microbial degra-
dation with a brief discussion on adsorption and biodegradation
processes (Saawarn et al., 2022). Another study examined the efficacy of
adsorption, filtration, sonochemical destruction, and bioremediation for
PFAS removal but only presented brief data on adsorption and
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biodegradation (Kucharzyk et al., 2017). In a recent study, Dirani et al.
(2024) discussed the effectiveness of adsorption, membrane processes,
and advanced oxidation methods in removing PFAS. However, the main
focus of our review was to summarize possible microbial strains inves-
tigated for PFAS removal, including biological process influencing pa-
rameters. The effectiveness of ion exchange resin and carbon-based
materials on PFAS removal, including process influencing parameters,
was also comprehensively covered. The impact of dissolved organic
matter (DOM) on adsorption and biodegradation was thoroughly
examined. DOM may hinder or enhance PFAS adsorption and biodeg-
radation (Qi et al., 2022; Xiao et al., 2020), and it exhibits seasonal
fluctuations (Zeeshan et al., 2023a). Finally, this review identifies
knowledge gaps and discusses research needs for effectively eliminating
PFAS from water.

2. Bibliographic analysis

A thorough review of existing literature was carried out to investi-
gate the presence of PFAS in groundwater and surface water, along with
their removal using adsorption and biodegradation processes, as well as
the factors that influence PFAS removal. PFAS, surface water, ground-
water, biodegradation, adsorption, ion exchange resins, and regenera-
tion were important keywords that were used to search for the most
suitable papers within the Scopus database. Redundant or irrelevant
literature was removed from the database. The database (with recent
studies) was then used for a thorough analysis of the collected literature.
Moreover, a bibliometric analysis was conducted using VOSviewer
software (version 1.6.8; Fig. 1). The analysis identified a total of 603
keywords, with 50 meeting the predefined threshold of a minimum
occurrence of five. The study utilized network visualization to system-
atically cluster the data, thereby elucidating relationships and connec-
tions among the various research topics. The network visualization map
(Fig. 1a) displays connections between the nodes, representing the level
of co-occurrence confidence among keywords. Additionally, the font
size of the nodes is proportional to the frequency of keyword occurrence,
while the linking lines between nodes indicate co-occurrences within the
same articles. The network visualization (in Fig. 1a) reveals the presence
of three distinct clustered groups, each denoted by a unique color code.
The green cluster primarily emphasizes research related to PFAS
removal through adsorption and is characterized by the terms activated
carbon, biochar, and ion exchange resin. The red cluster is predomi-
nantly associated with terms related to the presence of PFAS in water
systems, including water pollutants, drinking water, surface water, and
groundwater. The blue cluster is centered on biodegradation, remedia-
tion, and bioaccumulation of PFAS.

Fig. 1b presents a network overlay visualization that elucidates the
growing trends within PFAS research over the last five years. Studies
published before 2020 primarily emphasized terms related to adsorption
processes involving activated carbon and granular activated carbon. In
contrast, the period from 2020 to 2023 has witnessed a discernible shift
in research focus. Notably, there has been an increased emphasis on
investigations concerning the prevalence of PFAS and adsorption
mechanisms employing biochar and ion exchange resin. Furthermore,
recent studies have displayed a growing interest in the biodegradation,
remediation, and bioaccumulation of PFAS.

3. Occurrence of PFAS in the aquatic environment

Several PFAS are detected in surface waters and groundwater around
the globe, with concentrations up to pg/L (Fig. S1). Seven PFAS,
including PFPeA, PFOA, PFOS, PFBA, PFBS, PFHxA and PFHpA are often
detected in groundwater and surface waters in many countries. The
observed concentrations were higher in groundwater than in surface
waters (Fig. S1). The variation is attributed to the dilution of PFAS in
surface water bodies, which may also be affected by precipitation (Vo
et al., 2020). For example, PFOA concentrations in China ranged from
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Fig. 1. Bibliometric analysis of PFAS occurrences, removal through adsorption and biodegradation, and factors affecting PFAS removal. a) Network visualization
illustrating clusters of co-occurring terms and b) overlay visualization depicting literature trends over the last five years.

0.14 to 94 ng/L in surface waters (Wei et al., 2019) and from 105 to
2510 ng/L in groundwater (Bao et al., 2019).

Increased PFAS concentrations in groundwater are attributed to
multiple direct sources (e.g., seepage, soil leaching, and irrigation) and
indirect sources (such as air deposition, snow, and rainfall) (Wei et al.,
2023; Xu et al., 2021; Yong et al., 2021). Prominent PFAS detected in
groundwater are PFOA, PFHxA, PFBS, and PFBA (Fig. S1). Research in
South Korea indicated that groundwater concentrations varied from

non-detectable (N.D.) to 36.9 ng/L. Statistical disparities were also seen
among groundwater samples collected from diverse land-use regions in
South Korea. Groundwater downstream of an industrial area exhibited
elevated mean concentrations of PFAS (26.4 ng/L) compared to up-
stream levels (4.3 ng/L) (Yong et al., 2021). Braunig et al. (2017) con-
ducted a study in which 10 groundwater samples from Oakey, Australia,
were analyzed and found PFOS, PFHxS, PFHxA, PFBA, PFOA, PFBS, and
PFPA, with PFOS exhibiting the highest mean concentration of 4300 ng/
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L. Wang et al. (2022) reported the predominance of short-chain PFAS
(such as PFBA, PFPeA and PFBS) in groundwater of southeastern China,
with concentrations ranging from 1.27 to 381 ng/L.

The effluent discharged from many wastewater treatment facilities
and runoff from non-point sources may contribute significantly to PFAS
levels in surface waters (Vo et al., 2020; Wilkinson et al., 2017). Previous
studies showed high concentrations of PFOA, PFOS, PFHxA, PFHpA,
PFBS and PFBA in surface waters, compared to other PFAS (Fig. S1).
PFOA is the most frequently detected PFAS in Finland, followed by
PFHpA, PFHxA and PFOS (Junttila et al., 2019) and the total annual
average PFAS concentrations in individual rivers varied between 1.8 ng/
L and 42 ng/L. Bai and Son (2021) reported PFHxA, PFPeA, PFOA and
PFBS as predominant PFAS in Nevada, USA. The concentration of PFAS
in the Truckee River water was 441.7 ng/L, while Las Vegas Wash water
contained 2234.3 ng/L of PFAS (Bai and Son, 2021). Furthermore, short-
chain PFAS were predominant in surface water, whereas long-chain
were prevalent in sediments.

Wei et al. (2023) found PFAS (PFOS, 6:2 FTS and 8:2 FTS) in gully
pot sediment samples (in Sweden) and reported that stormwater runoff
is a transport pathway for PFAS. Flanagan et al. (2021) found PFOS in
the sediments of stormwater ponds, with concentrations ranging from
<0.5 to 3.18 pg/kg. Across western China, notably high concentrations
of PFBA, PFOS, and PFOA were reported in snow, with total PFAS
concentrations varying substantially (0.88 ng/L to 3.97 ng/L) (Wang
et al., 2019).

The large variations in PFAS concentrations across regions are most
likely influenced by industrial activities, contamination sources, and
targeted sampling in high-contamination areas, which may skew the
representation of the actual distribution. For instance, Sims et al. (2022)
reported that PFAS concentrations in groundwater and surface water
strongly correlate with proximity to industrial areas, wastewater
discharge sites, and firefighting activity zones. Localized contamination
has been detected in Sweden near industrial zones, despite stringent
regulatory procedures (Gobelius et al., 2018). A comparable trend is
observable in Asia, where high PFAS levels are associated with untreated
industrial wastewater discharges and inadequate regulatory enforce-
ment (Tang et al., 2023). In Australia, although there are no PFAS
manufacturing facilities, highly contaminated sites have been identified
due to the extensive use of firefighting foam during emergency response
activities (Ackerman Grunfeld et al., 2024).

Several studies reported that PFAS are either partially removed or
not eliminated using conventional treatment methods (Kassar et al.,
2022; Saleh et al., 2019; Schumann et al., 2023; Zeeshan et al., 2023d).
For example, PFAS concentration in 77 tap water samples collected from
different regions in China ranged from 4.59 ng/L to 365 ng/L (Chen
et al.,, 2021). Li et al. (2022) reported PFBA, PFBS, PFPeA, PFHxA,
PFHxS, PFOA, and PFOS in both surface waters and tap water in South
Florida and the average PFAS concentration was higher in tap water
(86.3 ng/L) than in surface waters (46.3 ng/L).

Reducing PFAS concentrations below permissible limits remains
challenging when using conventional treatment methods due to the
persistent nature of these compounds (Wanninayake, 2021). Therefore,
appropriate treatment technologies are needed to effectively remove
these potentially toxic substances from water supplies.

4. Biodegradation of PFAS

PFAS are recognized for their persistence in the natural environment
due to their non-degradable characteristics. Several treatment methods
have been employed to remove different organic pollutants from water
(Zeeshan et al., 2023b, 2023c). Numerous researchers have attempted to
enhance the biological degradation of PFAS (specifically PFOS and
PFOA) using various microbial species but faced challenges in bio-
transforming PFAS (Ross et al., 2018; Shahsavari et al., 2021; von der
Trenck et al., 2018; Zhang et al., 2022). Liou et al. (2010) investigated
biodegradation of PFOA using five different types of microbial species
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collected from various sources, including sewage treatment plants, in-
dustrial site sediment, agricultural fields, and two tire training facilities
and observed that PFOA was not transformed under all tested condi-
tions. In contrast, several studies have reported biodegradation through
microbial action as an effective method to degrade PFAS under both
aerobic and anaerobic conditions, with aerobic biotransformation being
more frequently reported (Table 2). Most available literature describes
PFAS biotransformation using mixed cultures obtained from sources
such as activated sludge, digestion sludge, soil, or sediments (Chiavola
et al., 2020; Huang and Jaffé, 2019; Kwon et al., 2014; Li et al., 2018).
This significant achievement has raised hopes for degrading these
persistent compounds through biological processes, even when trans-
formation relies heavily on the biodegradation triangle, which consists
of the structural complexity of PFAS, the composition of microorganisms
present, and other environmental conditions.

Huang and Jaffée (2019) found that a pure culture of Acidimicrobium
sp. strain A6 showed significant potential to transform PFOA and PFOS
at mg/L concentrations under controlled lab conditions. Ruiz-Urigiien
et al. (2022) observed 77 % degradation of PFOA in a microbial elec-
trolysis cell inoculated with Acidimicrobiaceae sp. In addition, fluoride as
well as PFAA were produced. Huang et al. (2022) studied the anaerobic
degradation of PFOA using Acidimicrobium sp. strain A6 in biosolids. A
decrease in PFOA concentrations was observed, and this process
required augmentation with A6 and ferric iron. Additionally, higher
PFOA levels influenced the composition of the microbial community in
the biosolids.

Several studies reported that activated sludge from sewage treatment
plants can reduce the concentration of short-chain PFAS (Berhanu et al.,
2023; Fincker and Spormann, 2017; Grgas et al., 2023). Schultz et al.
(2006) reported that the levels of perfluoroalkylsulfonates, specifically
PFOS and PFDS, increased during the activated sludge process due to the
biodegradation of their precursor substances. On the other hand, Ochoa-
Herrera et al. (2016) found no strong evidence of microbial degradation
of perfluoroalkylsulfonates under either anaerobic or aerobic conditions
when using various sources of inoculation, including sludge from
different wastewater treatment plants.

The selection of microbial stains is critical for the biodegradation
process. For instance, a co-culture of bacteria from aerobic sludge only
degraded 6 % of 6:2 FTSA (Wang et al., 2011). In contrast, a co-culture
of bacteria from aerobic sediment successfully decomposed 80 % of 6:2
FTSA (Zhang et al., 2016). Previous studies have demonstrated that
different microbial strains, including Mycobacterium vaccae JOB5,
Pseudomonas butanovora, Gloeophyllum trabeum, and Trametes versicolor,
show distinct differences in their aerobic biotransformation of 6:2 FTOH
and its metabolites (Kim et al., 2014; Merino et al., 2018; Tseng et al.,
2014).

The microbial degradation of PFAS depends on characteristics of
individual compounds. According to Wackett (2021), a microbe must
(1) internalize the fluorinated compound, (2) utilize a recently evolved
enzyme capable of catalyzing the cleavage of the robust C-F bonds, (3)
manage the fluoride ions produced during this process, and (4) protect
itself from fluoride toxicity, potentially through a fluoride-proton anti-
porter. These steps are crucial for PFAS biodegraders, but significant
physiological challenges arise due to the lack of direct cellular benefits
from PFAS biodegradation.

In contrast to dechlorination, where bacteria can use polychlorinated
compounds as electron acceptors in energy metabolism, polyfluorinated
compounds cannot serve this function because of their negative redox
potential (Fincker and Spormann, 2017; Sun et al., 2021). Microbial
degradation typically begins with the enzymatic attack on the C-F bonds
by reductase enzymes, facilitating reductive defluorination, where
fluorine atoms are replaced by hydrogen, leading to intermediate
products like partially fluorinated hydrocarbons (Alalm and Boffito,
2022; Berhanu et al., 2023; Kumar et al., 2023). However, the fluorine
shield (dense electronegative barrier of fluorine atoms) around the
carbon-carbon bonds significantly impedes this process, making PFAS
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Table 2
Microbial transformation of PFAS.

Compound(s), initial Operational Results/key findings Reference

concentration, conditions

microbial strain

Compounds: PFOA, Duration: 60 % degradation of (Huang and
PFOS 100 days PFOA and PFOS Jaffé, 2019)
Initial pH: 4.5-5 Transformation
concentration: 0.1 Temp.: 30 °C products for PFOA:
and 100 mg/L Redox perfluorobutanoic acid
Microbial strain: condition: (HFBA), PFPeA,

Acidmicrobium sp. Anaerobic PFHxA, PFHpA are the

A6 transformation
products of PFOA.
HFBA and PFBS are
the transformation
products of PFOS.

Compound: PFOA Duration: 50 % degradation and (Huang et al.,
Initial 150 days transformation 2022)
concentration: 0.2 pH: 4.5-5 products are PFBA,
and 10 mg/L Temp.: 25 °C PFPeA, PFHxA,

Microbial strain: Redox PFHpA, F~
Acidmicrobium sp. condition:
A6 Anaerobic

Compound: PFOA Duration: 18 77 % reduction and (Ruiz-
Initial days transformation Urigiien
concentration: 47 pH: 5-5.5 products are PFBA, et al., 2022)
mg/L Redox PFPeA, PFHxA, PFHpA
Microbial strain: condition: and F~
Acidmicrobium sp. Anaerobic
A6

Compound: PFOA Duration: 96 Up to 48.1 % (Yi et al.,
Initial days reduction in PFOA 2016)
concentration: pH: 7 with glucose
500 mg/L Temp.: 30 °C supplementation
Microbial strain: Redox
Pseudomonas condition:
parafulva YAB1 Aerobic

Compound: PFOS Duration: 48 Up to 67 % PFOS (Kwon et al.,
Initial days reduction, 2014)
concentration: pH: 7 transformation
1.4-1.8 mg/L Temp.: 35 °C products are PFBS and
Microbial strain: Redox PFHxS (4-26 ng/L), no
Pseudomonas condition: fluoride production
aeruginosa strain Aerobic

HJ4
Compound: PFOS
Initial
concentration:
1000 mg/L
Microbial strain:
Pseudomonas
plecoglossicida 2.4-D
Compound: 8:2
FTOH
Initial
concentration:
0.337 mg/L
Microbial strain:
Activated sludge
Compound: 8:2
FTOH
Initial
concentration:
100 mg/kg
Microbial strain:
Soil microcosm and
pure cultures:
Pseudomonas OCY4,
Pseudomonas OCW
Compound: 8:2
FTOH
Initial
concentration: 40
mg/L
Microbial strain:
Bacterial culture

Duration: 6
days

pH: 7
Temp.: 28 °C
Redox
condition:
Aerobic
Duration: 28
days

pH: 7
Redox
condition:
Aerobic

Duration: 7
and 60 days
Temp.: 30 °C
Redox
condition:
Aerobic

Duration: 28
days

pH: 7
Temp.: 30 °C
Redox
condition:
Aerobic

Complete
transformation,
transformation
products are PFHpA
and F~ release, 75 %
elimination in soil
within 6 months
Transformation
products are 8:2 FTCA
(27 %), 8:2 FTUCA (6
%), PFOA (2.1 %), 2H,
2H, 3H-perfluorodeca-
noic acid (7:3 acid,
2.3 %)
Transformation
products are 7:2
sFTOH, 8:2 FTCA,
PFOA and minor
products (PFPeA, 7:3
FTCA, 7:3 FTUCA)

Transformation
products are 8:2
FTUCA, 7:2 ketone,
7:2 sFTOH, PFOA,
PFHxA

(Chetverikov
etal., 2017)

(Wang et al.,
2005)

(Liu et al.,
2007)

(Kim et al.,
2012)
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Table 2 (continued)

Compound(s), initial Operational Results/key findings Reference

concentration, conditions

microbial strain
(Pseudomonas
butanovora,

Pseudomonas
oleovorans)

Compound: 8:2 Duration: 1 Transformation (Yuetal.,
FTOH day products are PFBA, 2016)
Initial pH: 7 PFPeA, PFHXA,
concentration: 0.5 Redox PFHpA, transient
mg/L condition: metabolites (7:2
Microbial strain: Aerobic sFTOH, 8:2 FTUCA)

Activated WWTP

sludge

Compound: 8:2 Duration: 90 Transformation (Hamid et al.,
FTOH days products are PFOA 2020)
Initial pH: 7.9 (2.8 %), PFHxA (0.5
concentration: 7.9 Temp.: 20 °C %), PFHpA (0.5 %),
mg/L, spiked to 232 Redox 7:3 FTCA (1.5 %),
mg/L condition: FTUCA (1.8 %)
Microbial strain: Aerobic
Landfill leachate
and sediment

Compound: 8:2 Duration: Transformation (Li et al.,
FTOH 150 days products are 8:2 2018)
Initial pH: 7.5 FTUA, 8:2 FTUCA, 7:2
concentration: Redox sFTOH, 7:3 acid,
0.147 mg/L condition: terminal: PFOA (17
Microbial strain: Anaerobic %), PFPeA (1.2 %),
Activated WWTP PFBA (1.9 %), PFHXA
sludge (5.4 %), PFHpA (8.9

%), F~ release

Compound: 6:2 FTSA Duration: 7 6:2 FTCA, 6:2 FTUCA, (Méndez
Initial days 5:3 FTCA, PFHXA, et al., 2022)
concentration: pH: 7 PFPeA
64.23 mg/L Temp.: 30 °C
Microbial strain: Redox
Dietzia aurantiaca J3 ~ condition:
enrichment Aerobic

Compound: 6:2 FTSA Duration: 7 99.9 % degradation, (Shaw et al.,
Initial days transformation 2019)
concentration: Temp.: 30 °C products are 6:2 FTCA,
25.69 mg/L Redox 6:2 FTUCA, 5:3 FTCA,
Microbial strain: condition: 4:3 FTCA, PFHXA,
Gordonia sp. strain Aerobic, PFPeA, PFBA, 5:2 FT-

NB4-1Y sulfur limiting ~ ketone, 6:2 FTOH, 5:2
sFTOH
Compound: PFHxS Duration: 5 Bioaccumulation of (Presentato
Initial days PFHxS: et al., 2020)
concentration: 20 Temp.: 27 °C 28-32 % by resting
mg/L Redox cells and up to 40 % by
Microbial strain: condition: mixed culture of two
Pseudomonas strains Aerobic isolates

PS27 and PDMF10

compounds resistant to environmental degradation and microbial uti-
lization as carbon and energy sources (Douna and Yousefi, 2023).

4.1. Factors affecting PFAS biodegradation

Several factors influence the biodegradation of specific PFAS,
including the concentration (along with their toxicity and bioavail-
ability), organic matter, redox conditions, and the characteristics of the
microbial community (such as the composition of microbial consortia,
metabolic potential, population density and ability to produce bio-
surfactants) (Berhanu et al., 2023; Cai et al., 2020; Cao et al., 2022a,
2022b; Zhang et al., 2022). Furthermore, temperature and pH affect
enzymes and biochemical reactions, including the biodegradation of
PFAS. For example, the sorption of PFAS to matrices is affected by pH,
which influences their bioavailability for microbes (Berhanu et al.,
2023; Wackett, 2021, 2022).

The temperature variation between 25 °C (t;,2 = 44 days) and 4 °C
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(t1/2 = 160 days) significantly influences the biodegradation of N-eth-
ylperfluorooctane sulfonamidoethanol (EtFOSE) in marine sediments
(Benskin et al., 2013). Zhang et al. (2017) indicated that the biodegra-
dation of EtFOSE was four to five times higher in alkaline soil (pH =7.8)
than in acidic soil (pH = 5.5). Shaw et al. (2019) found that 6:2 FTSA
and 6:2 FTAB can undergo biodegradation within one week under
sulfur-limiting conditions. The degrading process required much more
time (sometimes several months) with supplementary sulfur sources
(Berhanu et al.,, 2023; D'Agostino and Mabury, 2017; Zhang et al.,
2016). This indicates that bacteria generally prioritize the breakdown of
6:2 FTSA and 6:2 FTAB only after exhausting other accessible sulfur
sources (Shaw et al., 2019).

5. PFAS removal through adsorption

Adsorption is a highly practical and efficient approach for the
removal of PFAS from water (Appleman et al., 2014; Lauwers et al.,
2023; Medina et al., 2022; Militao et al., 2023). Several researchers have
employed various adsorbents, including carbonaceous materials, ion
exchange resin, and other synthetic materials (Appleman et al., 2014;
Boyer et al., 2021; Cantoni et al., 2021; Sgrmo et al., 2021). According to
Collivignarelli et al. (2023), one of the most common mechanisms for
PFAS adsorption is electrostatic interactions (Fig. 2a), during which
PFAS can interact with positively charged groups existing on the
adsorbent surface. Another adsorption mechanism is hydrogen bonding
that occurs between the oxygen atoms of PFAS structure and hydroxyl/
carboxyl/amino groups present on the adsorbent surface (Fig. 2b).
Fig. 2c indicates hydrophobic interactions that take place either be-
tween hydrophobic adsorbent surface and the hydrophobic tail of PFAS
or through self-aggregation, which permits PFAS to form different
structures (bilayer, micelles, or hemimicelles). During the ligand ex-
change mechanism, the adsorption phenomenon occurs on the surface of
minerals like aluminum oxyhydroxide, silica and iron oxides having
abundant hydroxyl groups. Through a ligand exchange mechanism,
hydroxyl groups can be substituted by the negatively charged PFAS
(Collivignarelli et al., 2023).

5.1. Carbonaceous materials

Comprehensive studies have been conducted on the elimination of
PFAS utilizing carbonaceous substances, with the focus mainly on the
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removal of PFOA and PFOS (Dey et al., 2024; Saha et al., 2021; Tey-
mourian et al., 2021). The preference is due to their predominant pro-
duction and regulatory attention. Takagi et al. (2011) revealed that
employing granular activated carbon (GAC) for only one year may
eliminate over 69 % of PFOA and PFOS. The removal of PFOA and PFOS
with powdered activated carbon (PAC) was higher than that from
granular activated carbon (GAC) (Chen et al., 2017; Yu et al., 2009).
Deng et al. (2015) and Park et al. (2020) reported the enlargement of
micropores in GAC could facilitate the adsorption of hydrophilic PFAS
(PFOS and PFOA). Furthermore, positively charged adsorbents often
demonstrated higher PFAS removal than neutral or negatively charged
adsorbents (Cantoni et al., 2021; Park et al., 2020). The source material
and surface area of GAC are decisive in PFAS removal from water, with
coconut charcoal demonstrating superior sorption capabilities
compared to other alternative activated carbon sources. In another
study, sub-micron powdered activated carbon showed 200 to 2000 times
better sorption capacity than GAC for PFAS removal (Quinnan et al.,
2022).

PFAS removal by activated carbon (AC) is typically attributed to
hydrophobic interactions. PFAS molecules characterized by long fluo-
rinated chains and weakly polar terminal groups have increased resis-
tance to removal (Ateia et al., 2019b; Liu and Sun, 2021; Vu and Wu,
2022; Wu et al., 2020). Several studies found that long-chain PFAS are
better adsorbed by GAC than short-chain PFAS due to a reduction in
polarity with increasing chain length (Hansen et al., 2010; Medina et al.,
2022; Ochoa-Herrera and Sierra-Alvarez, 2008; Riegel et al., 2023). In
addition, the adsorbability of PFSA was higher than PFCA (McCleaf
etal., 2017). PAC (wood-based) showed >70 % removal for eight PFAS,
below 40 % removal for PFPeA and insignificant removal of short-chain
PFAS (such as PFBS, PFBA, and others) (Dudley, 2012). The study was
conducted with an initial adsorbate concentration of 500 ng/L and an
adsorbent dosage of 15 mg/L for a contact time of 15 min. Tan et al.
(2023) reported that GAC removed more PFAS under an acidic medium,
whereas PAC removed hydrophobic PFAS better under a neutral me-
dium and the adsorption of PFOA and PFOS was enhanced by higher
ionic strength and the presence of Ca®" ions. In contrast, the presence of
Suwannee River fulvic acid and butylcarbitol reduced the adsorption of
PFOS and PFOA (Hakimabadi et al., 2023).

Recent studies showed that adsorption onto biochar (BC) is a
potentially cost-effective method for PFAS removal (Zhang et al., 2019).
However, the multiple negatively charged sites on the BC surface
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Fig. 2. Removal of PFAS from aqueous solutions through various adsorption mechanisms: a) electrostatic interactions, b) hydrogen bond interactions, ¢) hydro-
phobic interactions, and d) ligand exchange interactions (Reproduced from Collivignarelli et al. (2023)).
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constrain the sorption of anions (such as PFAA) in water (Xiao et al.,
2017). Furthermore, due to the pronounced water solubility of short-
chain PFAA like PFBA and PFBS, the efficacy of BC in their removal is
limited (Xiao et al., 2017; Zhang et al., 2019). Yu et al. (2023) reported
that polypyrrole functionalized BC composites showed a greater ability
to remove PFAS from water than pristine biochar. Additionally, the re-
movals of four anionic PFAA (PFBA (>79 %), PFBS (>94 %), PFOA
(>99 %) and PFOS (>99 %)) were almost unaffected under a wide pH
range from 3 to 9. Biochar-alginate beads (rice straw-derived) was re-
ported to remove PFAS from water (Militao et al., 2023). These beads
achieved remarkable PFOS removal (up to 99 %) within 16 h and nearly
40 % removal of PFBS in <48 h.

Pore structure and specific surface area significantly affect the
adsorption performance of carbonaceous materials for PFAS removal.
Materials with high surface areas, like nitrogen-doped porous carbon
beads, have shown improved PFAS adsorption by optimizing their pore
architecture and functional surface groups to interact better with PFAS
molecules (Czech et al., 2023). Biomass-sourced activated carbon, for
example, coffee grounds, can have a surface area as high as 1050 m?/g,
showing that pore size distribution is an important variable in the effi-
ciency of adsorption (Sklepova et al., 2023). Nitrogen-doped carbons
derived from polyaniline further illustrate how tailored porosity com-
bined with surface modifications optimizes adsorption mechanisms;
hence, these materials are reported to be promising for the removal of
PFAS from contaminated water sources (Khan et al., 2023b).

Different carbonaceous materials show different adsorption capa-
bilities: AC exhibits high specific surface area and microporosity, suit-
able for the removal of organic contaminants; GAC is suitable for water
treatment; BC, obtained from biomass, could be a low-cost alternative
with a medium surface area and various functional groups.

5.2. Ion exchange resins

Ion exchange (IX) is a widely used purification method where
exchangeable co-ions replace target ions in a solution on the surface of
polymeric resins. Due to its small footprints, high efficiency and
regenerative capabilities, IX resins are utilized in water and wastewater
treatment to eliminate various pollutants (Bolisetty et al., 2019; Huang
et al., 2020; Li et al., 2021). IX resins can be categorized into cationic
exchange resins (CER) and anionic exchange resins (AER). CER effec-
tively remove positively charged ions (such as iron and lead), while AER
are adept at eliminating negatively charged ions (such as fluoride and
sulfate) (Bezzina et al., 2019, 2020; Grzegorzek et al., 2020). Since many
PFAS are anionic at the pH range of natural water, previous studies have
shown that AER resins outperformed activated carbon in removing
PFAS, especially short-chain PFAS (Gagliano et al., 2020; Woodard
et al.,, 2017). The AER resins possess extreme affinity towards the
negatively charged PFAS ions and the reversible nature of the process
allows resin regeneration after the saturation phase (Boyer et al., 2021;
Dixit et al., 2021b; Park et al., 2020). As a result, studies using AER to
remove PFAS from contaminated water increased in these years
(Table 3) (Dixit et al., 2021b; Karbassiyazdi et al., 2023; Liu and Sun,
2021; Saawarn et al., 2022). The performance of numerous commer-
cially available AER (including macroporous polystyrene resin, gel-type
resin, and polyacrylic resin) for PFAS removal under various experi-
mental conditions is shown in Table 3 (Boyer et al., 2021; Dixit et al.,
2021b; Saawarn et al., 2022).

Table 3 summarizes breakthrough results of bench and pilot-scale
studies for PFAS removal by AER. The initial PFAS concentration
increased, while the bed volumes (BV) to breakthrough dropped, indi-
cating that AER removes PFAS via stoichiometric exchange with finite
ion-exchange capacity. The properties of the resin and the test water
composition were two factors that affected this tendency. Specifically,
more BV were required to reach the breakthrough when testing with
deionized water (DI) and simple water matrices compared to real water
samples. Additionally, polystyrene AER exhibited more BV to
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Table 3
PFAS removal by ion exchange resin in column studies with bed volumes (BV) to
breakthrough (Boyer et al., 2021).

Compound, pH, resin, Initial BV to breakthrough Reference
test water concentration
(ng/L)
Compound: PFBS
Resin: LanXESS
Lewatit® TP108DW,
Etzzllllt::l)g:;g’ Completely removed  (Pannu
Evoqua PSRZ;, and 14 (50 % breakthrough et al.,
ResinTech SIR-110- up to 220,000 BV) 2024)
HP
Test water: non-
potable groundwater
Compound: PFBS 15 Up to 300,000
pH: 7.5-8.5 17.5 Up to 200,000 (Zeng
Resin: PFA694E 18 > 1,100,000 et al.,
;I)‘:Csltlr\;\;i;er. PFAS 42 Up to 350,000 2020)
220 > 75,000
groundwater
Compound: PFBS
pH: 6.9

. (Schaefer

g:‘l') AERL (PS/G/ o4 > 30,000 etal,
. 2019)
Test water: spiked
groundwater
Compound: PFBS > 40,000
pH: 6.9 53 (breakthrough (Schaefer
Resin: AER1 defined at 50 %) et al.,
Test water: spiked 1270 > 15,000 2019)
groundwater
Compound: PFBS > 40,000 (rapid
53
pH: 6.9 small-scale column) (Schaefer
Resin; AER2 (PS/G/ ot al.
type [ . .
Tye  + water: spiked 1270 > 15,000 2019)
groundwater
Compound: PFBS
Resin: A600 (Franke
Test water: PFAS 11 > 18,600 etal.,
occurring 2019)
groundwater
Comp.ound: PFBS (McCleaf
Resin: A600
. 81 13,368 et al.,
Test water: Spiked
2017)
groundwater
Up to 41,000 (at 2.5
mg/L initial DOC
concentration)
Compound: PFBS ::;/t](j i2n6i’t(i):10D((§tCS
PH: 7.0 concentration) (Dixit
Resin: A860 10,000 et al.,
Test water: Spiked DI Up 016,000 (at10 ) )
mg/L initial DOC
water .
concentration)
Up to 13,000 (at 20
mg/L initial DOC
concentration)
Compound: PFBS
pH: 7.2 .

. (Dixit
Resin: A860 10,000 Up to 22,500 etal,
Test water: PFAS a0

. 2020)

occurring surface
water

Compound: PFHxS 30 > 1,100,000
pH: 7.5-8.5 75 Up to 200,500 (Zeng
Resin: PFA694E 85.5 > 1,100,000 et al.,
::cs:lr‘;\/iitger. PFAS 110 > 315,000 2020)

1800 > 75,000

groundwater

Compound: PFHxS
Resin: A600 > 18,600 (Franke
Test water: PFAS 110 (breakthrough etal.,
occurring defined at 50 %) 2019)
groundwater

(continued on next page)
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Table 3 (continued)

Table 3 (continued)

Bioresource Technology Reports 29 (2025) 102077

Compound, pH, resin, Initial BV to breakthrough Reference Compound, pH, resin, Initial BV to breakthrough Reference
test water concentration test water concentration
(ng/L) (ng/L)
Compound: PFHxS Test water: Spiked 5210 > 15,000
pH: 7.9 28.717 (Franke groundwater
Resin: A600 ’ Compound: PFBA < 6500 (rapid small-
470 (breakthrough et al., 323
Test water: defined at 50 %) 2019) pH: 6.9 scale column) (Schaefer
Membrane reject Resin: AER1 etal.,
water Test water: Spiked 5210 > 15,000 2019)
Compound: PFHxS > 30,000 groundwater
pH: 6.9 (Schaefer Up to 36,500 (at 2.5
Resin: AER1 315 > 40,000 (rapid et al., mg/L initial DOC
Test water: Spiked small-scale column) 2019) concentration)
groundwater Compound: PFBA Up to .25.,.500 (at5
Compound: PFHxS pH: 7.0 mg/L 1nmz?1 DOC (Dixit
gf;iz;gAERz 315 > 40,000 (rapid Sjﬁefﬂr Resin: AS60 10,000 E(Lnf?féf‘éggl )(at 10tk
Test water: Spiked small-scale column) 2019) Test water: Spiked DI mg/L initial DOC 2020)
groundwater water concentration)
Compound: PFOS 9.7 Up to 400,000 Up to 11,300 (at 20
pH: 7.5-8.5 29 > 315,000 (Zeng mg/L initial DOC
Resin: PFA694E 32 Up to 200,000 ot al-" concentration)
Test V\{ater: PFAS 85 > 1,100,000 202 0’) Compound: PFBA
occurring 2900 > 75,000 PH: 7.2 (Dixit
groundwater Resin: A860 10.000 21875 etal
Compound: PFOS Test water: PFAS ’ ’ 202 O’)
Resin: A600 > 18,600 (Franke occurring surface
Test water: PFAS 39 (breakthrough etal., water
occurring defined at 50 %) 2019) Compound: PFBA
groundwater Resin: LanXESS
Compound: PFOS > 30,000 Lewatit® TP108DW,
pH: 6.9 481 > 40,000 (rapid (Schaefer Purolite D9279, (Pannu
Resin: AER1 small-scale column) et al., Evoqua APR-2, 7 < 25.000 ot al
Test water: Spiked 8620 < 15.000 2019) Evoqua PSR2+, and ’ 2024')
groundwater ’ ResinTech SIR-110-
Compound: PFOS 481 > 40,000 (rapid HP
pH: 6.9 small-scale column) (Schaefer Test water: non-
Resin: AER2 etal., potable groundwater
Test water: Spiked 8620 > 15,000 2019) Compound: PFPeA < 15,000
groundwater pH: 6.9 742 Up to 32,500 (rapid (Schaefer
Compound: PFOS Resin: AER1 small-scale column) et al.,
pH:.7.5—8.5 (Zeng Test water: Spiked 16,000 > 15,000 2019)
Resin: DOWEX PSR-2 2900 < 75.000 ctal groundwater
Test water: PFAS ’ 202 0’) Compound: PFPeA 742 < 6500 (rapid small-
occurring pH: 6.9 scale column) (Schaefer
groundwater Resin: AER2 etal.,
Up to 33,000 (at 2.5 Test water: Spiked 16,000 > 15,000 2019)
mg/L initial DOC groundwater
concentration) Compound: PFHxA 14 > 18,600
. Up to 27,000 (at 5 pH: 7.5-8.5 16 Up to 35,000
COI:II‘I-Il:)(;I.l(I)Id. PFOS mg/L initial D)OC (Dixit ?esin: PFAéggis 490 Up to 50,000 g(‘:;%

. concentration ‘est water: .
Resin: AB60 10,000 Up 015,500 (at 10 C 20 occurring 1000 Up to 45,000 2020)
Test water: Spiked DI s 2020)
water mg/L initial DOC groundwater

concentration) Compound: PFHxA
Up to 10,500 (at 20 pH: 7.9 (Franke
mg/L initial DOC Resin: A600 7487 (breakthrough
. 65 X et al.,
concentration) Test water: defined at 50 %) 2019)
Compound: PFOS Membrane reject
pH: 7.2 (Dixit water
Resin: A860 Compound: PFHxA Up to 15,000 (rapid
10,000 21,250 et al.,
Test water: PFAS 2020) pH: 6.9 652 small-scale column) (Schaefer
occurring surface Resin: AER1 > 40,000 (rapid etal.,
water Test water: Spiked small-scale column) 2019)
Compound: PFBA groundwater 12,000 > 15,000
Resin: LanXESS Compound: PFHxA 652 > 13,000 (rapid
Lewatit® TP108DW, pH: 6.9 small-scale column) (Schaefer
Purolite D9279, (Pannu Resin: AER2 et al.,
Evoqua APR-2, 29 < 25,000 et al. Test water: Spiked 12,000 > 15,000 2019)
Evoqua PSR2-+, and ’ 202 4’) groundwater
ResinTech SIR-110- Compound: PFHpA 3.7 < 210,000
HP pH: 7.5-8.5 4.1 < 190,000 (Zeng
Test water: non- Resin: PFA694E 13 < 700,000 ot al
potable groundwater Test water: PFAS 21.5 < 1,100,000 202 0)
Compound: PFBA Up to 6000 (Schaefer occurring 210 Up to 1,100,000
pH: 6.9 323 > 13,000 (rapid etal., groundwater 300 > 70,000

Resin: AER1

small-scale column)

2019)

(continued on next page)
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Table 3 (continued)

Compound, pH, resin, Initial BV to breakthrough Reference
test water concentration
(ng/L)
Compound: PFHpA
Resin: A600 > 11,000 (Franke
Test water: PFAS 8 (breakthrough et al.,
occurring defined at 50 %) 2019)
groundwater
Compound: PFOA 5 Up to 290,000
pH: 7.5-8.5 6.2 Up to 190,000 (Zeng
Resin: PFA694E 29 > 1,100,000 etal.
Test water: PFAS 43.5 > 1,100,000 2020')
occurring 120 Up to 300,000
groundwater 820 > 75,000
Compound: PFOA
Resin: A60OE (Zaggia
Test water: PFAS 430 Up to 42,500 et al.,
occurring 2016)
groundwater
Compound: PFOA Up to 30,000
pH: 6.9 (Schaefer
Resin: AER1 243 > 40,000 (rapid et al.,
Test water: Spiked small-scale column) 2019)
groundwater
Compound: PFHxA
H: 6.9 . (Schaefer
Resin: AZR2 243 > 40,000 (rapid etal,
Test water: Spiked small-scale column) 2019)
groundwater
Up to 28,000 (at 2.5
mg/L initial DOC
concentration)
Compound: PFOS iz/tf 121_‘21;?230])(325
PH: 7.0 concentration) (Dixit
Resin: A860 10,000 et al.,
Test water: Spiked DI Up to 14,500 (at 10 2020)
mg/L initial DOC
water .
concentration)
Up to 9500 (at 20
mg/L initial DOC
concentration)
Comp.ound: PFNA (McCleaf
Resin: A600
. 89 12,938 et al.,
Test water: Spiked .
P 2017)
drinking water
Comp.ound: PFDA (McCleaf
Resin: A600
. 73 12,974 et al.,
Test water: Spiked .
- 2017)
drinking water
Up to 32,000 (at 2.5
mg/L initial DOC
concentration)
Compound: GenX Ep/t]rj izr::;?:lOD(Oazs
PH: 7.0 coicentration) (Dixit
Resin: A860 10,000 et al.,
Test water: Spiked DI Up to 15,000 (at 10 2020)
mg/L initial DOC
water .
concentration)
Up to 10,500 (at 20
mg/L initial DOC
concentration)
Compound: 6:2 FTSA
Resin: Sorbix A3F (Woodard
Test water: PFAS 18,000 Up to 10,000 et al.,
occurring 2017)
groundwater
Compound: 8:2 FTSA
Resin ASG0 (Dixit
Test water: Spiked DI 10,000 Up to 15,000 et al.,
2021b)
water

breakthrough than polyacrylic AER and WB-AER. For short-chain PFAS
(such as PFBS, PFBA, PFPeA, and PFHxA) and polystyrene AER, the
results suggested that gel-structured resins required more BV to reach
breakthrough compared to macroporous resins.

10
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Electrostatic interactions are important in PFAS adsorption because
they form ionic interactions between anionic PFAS and positively
charged adsorbents. According to the studies conducted by Johnson
et al. (2007) and Xiao et al. (2011) PFAS develops a negative shell
around the positively charged core molecule instead of a negative
charge around a functional group. It occurs because of the high elec-
tronegativity of fluorine atoms. Each fluorine atom has a strong elec-
tronegativity (negative dipole) together with the three lone pairs of
electrons (as Lewis base sites), which are hypothesized to allow weak
interactions with charged adsorbent surfaces (Xiao et al., 2011).

Numerous studies have observed that PFAS can overcome electro-
static repulsion between molecules and are adsorbed onto negatively
charged surfaces of adsorbents (Ahrens et al., 2011; You et al., 2010;
Zhang et al., 2013). Notably, the concentration of adsorbed hydrophobic
PFAS is significantly higher than that of less hydrophobic PFAS, espe-
cially when employing hydrophobic adsorbents (Deng et al., 2012).
Additionally, increasing the hydrophobicity of materials, such as zeo-
lites and carbon nanotubes, enhances their adsorption capacity (Ochoa-
Herrera and Sierra-Alvarez, 2008). These findings highlight the impor-
tance of hydrophobic interactions in the adsorption of PFAS.

The hydrophobic chains in PFAS can repel water molecules (He et al.,
2013). As a result, hydrogen bonds can form between PFAS and
hydrogen atoms bonded to functional groups (such as nitrogen or oxy-
gen, for example, -NH, -OH, and -COOH groups) in the adsorbents.
Oxygen atoms in the functional group of PFAS can act as acceptors in
hydrogen bonding with these groups (Gao and Chorover, 2012; Xiao
et al., 2012). Several studies showed that this type of hydrogen bonding
results in the adsorption of PFAS (Takayose et al., 2012; Xu et al., 2013).
In addition, functional groups with oxygen-carrying moieties can cap-
ture water molecules through hydrogen bonds from the bulk solution,
potentially leading to the adsorption of water with PFAS and the for-
mation of clusters on adsorbent surfaces (such as carbon nanotube),
which may impede PFAS access (Deng et al., 2012; Zhang et al., 2009).
Consequently, the role of hydrogen bonding may become less significant
in adsorbing PFAS.

The sustainability and cost-effectiveness of PFAS removal might be
improved with adsorbent regeneration (Baskar et al., 2022; Lei et al.,
2023; Vakili et al., 2024). Recent studies showed various regeneration
methods that recover the adsorption capacity of different adsorbents,
allowing for their repeated use. For example, Kim et al. (2024) found
that hydrotalcite could be thermally regenerated at 400 °C without
experiencing a significant loss in its ability to adsorb PFOS and PFBA and
showing constant performance throughout several cycles. Liu and Sun
(2021) reported that up to 90 % of the adsorption capacity of a resin may
be recovered using a regeneration solution containing 2 % NaCl and 10
% methanol. Depending on the type of PFAS, Lauwers et al. (2023)
showed how to regenerate all-silica zeolite p using either thermal
methods or particular solvents. Calculations revealed that thermal
regeneration at 500 °C for two hours was sufficient to recover over 95 %
of the adsorption capacity for PFOA. These findings highlight the pos-
sibility of regenerating different adsorbents, thereby potentially
reducing operational costs and increasing the viability of large-scale
PFAS treatment systems.

5.3. Factors affecting PFAS adsorption

Adsorption is influenced by several parameters such as surface area
of the adsorbent, pore size distribution, and physicochemical properties
of the solution such as pH, presence of co-existing solutes, and dissolved
organic compounds (Igbal et al., 2022, 2023, 2024; Song et al., 2018;
Yadav et al., 2022). For example, the adsorption capacity of IX resins for
PFAS is dependent on the type and concentration of organic and inor-
ganic substances, as well as the specific affinity of the used ion-exchange
resin for PFAS (Dixit et al., 2021b; Lampert et al., 2007). Sulfate is the
most competitive inorganic ions, followed by phosphates and nitrate
(according to charge density) (Dixit et al., 2021a, 2021b). Organic
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matter, specifically the humic fraction with the highest molecular
weight, had the most pronounced negative impact on PFAS adsorption
(Dixit et al., 2019; Gagliano et al., 2020). According to results from
several studies, this fraction can clog the pores of IX resins, limiting the
exchange capacity of microporous resins (Dixit et al., 2019, 2021b;
Pereira et al., 2018). Fulvic acids and other organic components with
lower molecular weights can compete for active IX uptake sites,
potentially reducing PFAS removal (Dixit et al., 2019). Some resins
exhibit a lower sensitivity to inorganic ions, displaying a relatively
higher affinity for PFAS (Barisci and Suri, 2021). However, most PFAS
molecules possess anionic functional groups, with only a few exceptions
having cationic functional groups. Some PFAS are classified as zwitter-
ionic, showing both anionic and cationic functional groups. This charge
of individual PFAS plays a key role in their interactions with various
adsorption materials (Barisci and Suri, 2021).

Zhang et al. (2019) reported that the adsorption of PFAS is primarily
defined by factors such as pH, sorbent characteristics, and the hydro-
phobic properties of PFAS. Lower pH levels have been associated with
increased PFAS adsorption; however, this effect is contingent upon the
point of zero charge of the sorbent (Zhang et al., 2019). Conversely,
several studies have indicated that raising the pH levels can result in a
decrease in the adsorption capacity of various adsorbents (Deng et al.,
2010; Gao et al., 2017). PFAS adsorption on IX resins decreased with
increasing pH (Deng et al., 2015; Gagliano et al., 2020; Zhang et al.,
2019). These findings align with existing literature on PFAS adsorption
using other anionic adsorbents such as alumina, boehmite, and various
mineral sediments (Gagliano et al., 2020; Wang et al., 2016).

Zeta potential and pH remain two critical factors in PFAS adsorption
that can directly affect the electrostatic interactions between PFAS and
adsorbent (Wu et al., 2020). While increasing the pH, the zeta potential
decreased (Lee et al., 2020). PFAS adsorption to surfaces of adsorbents
decreases the zeta potential of adsorbents, which may be enhanced in a
chain-length-dependent manner (Xiao et al., 2011). Wu et al. (2020)
reported that zeta potential was hardly related to the weighted average
of PFAS removal at 4 h. Therefore, hydrophobic interactions are domi-
nating in the adsorption of PFAS on AC. In another study, Zenobio et al.
(2022) found that the fluctuations in temperature (between 4 °C and
20 °C) and hydrophobicity of the container surfaces affect the adsorp-
tion of PFAS.

Recent bench-scale experiments confirmed that the polymer matrix
is another critical factor influencing the adsorption capacity of resins.
Specifically, polyacrylic resins exhibited relatively higher and more
rapid removal of PFOS compared to polystyrene resins (Deng et al.,
2010; Dixit et al., 2021b). The adsorption of PFOS on polyacrylic resins
was in the range of 4-5 mmol/g. In the case of PFHxS removal, IRA910
resin showed high efficiency (Maimaiti et al., 2018). Using IRA67 (a
polyacrylic-DVB, gel-type resin) resulted in a higher adsorption capacity
than styrene-type resins (Gagliano et al., 2020). Gao et al. (2017) re-
ported the effectiveness of polyacrylic resin for PFAS (F-53B) removal,
with the adsorption capacity of IRA67 reaching approximately 2400
mg/g in batch experiments.

According to Zaggia et al. (2016), the porosity of the adsorbent
material significantly affects the removal of PFAS. Deng et al. (2010)
reported that microporous AER allows faster PFOS diffusion than gel-
type resins due to increased pore size. Various studies investigating
the adsorption capacity of two distinct resins, IRA910 (polystyrene-DVB,
macroporous-type) and IRA400 (styrene-DVB, gel-type), in the context
of PFOS removal, have consistently reported similar findings (Maimaiti
et al., 2018; Vu and Wu, 2022; Wang et al., 2016). These observations
highlight the critical significance of material porosity in regulating PFAS
removal.

Advanced IX resins, such as MIEX® GOLD demonstrated high effi-
ciency (over 99 %) in removing various PFAS. These materials show
robustness against interference from both organic and inorganic matter,
making them promising candidates for large-scale applications
(Tamanna et al., 2023). Novel adsorbent materials (such as surfactant-
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modified electrodes) have been developed to degrade PFAS by electro-
reduction, combining adsorption with chemical transformation to ach-
ieve effective remediation (Wang et al., 2023).

6. Conclusion and future work

This review provides a comprehensive overview of PFAS occurrence
in aquatic environments and critically examines recent advancements in
PFAS elimination through biodegradation and adsorption. PFAS
contamination, including compounds such as PFPeA, PFOA, PFOS,
PFBA, PFBS, PFHxA, and PFHpA, is pervasive in many surface waters
and groundwaters, with higher concentrations reported for groundwater
due to reduced dilutions compared to surface water systems. Notable,
PFBA, PFOS, and PFOA concentrations have been found at substantial
levels in surface snow, emphasizing the transport and persistence of
PFAS.

Recent advancements in bioremediation have expanded the scope of
biodegradable PFAS species, with mixed microbial cultures and specific
pure microbial strains showing degradation capabilities. Achieving
complete degradations required multi-pathway involvement and opti-
mization of critical factors such as pH, temperature, and redox condi-
tions, which significantly influence microbial activity and reaction
efficiency. While biodegradation might offer sustainable solutions,
overcoming slow kinetics and incomplete breakdown of PFAS remain
challenges.

Current research on adsorption demonstrates a gap between labo-
ratory conditions and real-world applications. Many studies apply
higher adsorbent dosages and high PFAS concentrations, limiting their
practical relevance to treatment plants and natural environments.

Ion exchange resins are reported to outperform other adsorbents in
removing both long and short-chain PFAS. Short-chain PFAS adsorption
was reported to be limited by reduced adsorption capacities and
competitive interactions with long-chain PFCA and PFSA. Additionally,
factors such as polymer matrix composition, solution pH, DOM and
PFAS hydrophobicity play pivotal roles for adsorption.

Overall, this review emphasizes the critical need for refining tech-
nologies to enhance scalability and applicability under realistic envi-
ronmental conditions.

Further in-depth research is needed on the following issues.

1. Isolating and identifying indigenous microbial species capable of
PFAS degradation might enhance future implementation.
Indigenous-lab-optimized microbes can be promising bio-agents for
In-situ PFAS degradation in water and wastewater treatment.

2. Current PFAS biodegradation may not fully degrade due to limita-
tions in microbial enzyme responses, making bioremediation chal-
lenging. Future studies could combine biodegradation and
physiochemical methods to improve PFAS removal. For example,
chemical destruction methods such as electrochemical processes may
produce biodegradable intermediates, potentially resulting in total
PFAS decomposition.

3. Research should focus on the impact of biodegradable DOM, mi-
crobial diversity, and water treatment systems on PFAS removal.

4. Further studies are needed to investigate the removal of PFAS
through adsorption, especially for short-chain PFAS, under realistic
conditions, considering factors such as adsorbent dose, empty bed
contact time, pH, and PFAS concentrations.

5. Life cycle assessment and cost estimation might help to identify most
sustainable and effective treatment options.

CRediT authorship contribution statement

Muhammad Zeeshan: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. Shamas Tabraiz: Writing — review &
editing. Safeerul Islam Hashmi: Writing — review & editing, Data



M. Zeeshan et al.

curation. Arfa Igbal: Writing — review & editing. Daniel Dittmann:
Writing — review & editing. Zohaib Abbas: Writing — review & editing.
Cecilia L. MacLeod: Writing — review & editing. Aki Sebastian Ruhl:
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.biteb.2025.102077.

Data availability
Data will be made available on request.

References

Abunada, Z., Alazaiza, M.Y., Bashir, M.J., 2020. An overview of pere15822
polyfluoroalkyl substances (PFAS) in the environment: source, fate, risk and
regulations. Water 12 (12), 3590.

Ackerman Grunfeld, D., Gilbert, D., Hou, J., Jones, A.M., Lee, M.J., Kibbey, T.C,, et al.,
2024. Underestimated burden of per- and polyfluoroalkyl substances in global
surface waters and groundwaters. Nat. Geosci. 17, 340-346.

Ahmed, M.B., Alam, M.M., Zhou, J.L., Xu, B., Johir, M.A.H., Karmakar, A.K., et al., 2020.
Advanced treatment technologies efficacies and mechanism of per- and poly-
fluoroalkyl substances removal from water. Process. Saf. Environ. Prot. 136, 1-14.

Ahrens, L., Yeung, L.W., Taniyasu, S., Lam, P.K., Yamashita, N., 2011. Partitioning of
perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS) and perfluorooctane
sulfonamide (PFOSA) between water and sediment. Chemosphere 85 (5), 731-737.

Alalm, M.G., Boffito, D.C., 2022. Mechanisms and pathways of PFAS degradation by
advanced oxidation and reduction processes: a critical review. Chem. Eng. J. 450,
138352.

Amen, R., Ibrahim, A., Shafqat, W., Hassan, E.B., 2023. A critical review on PFAS
removal from water: removal mechanism and future challenges. Sustainability 15
(23), 16173.

Antell, E.H., Yi, S., Olivares, C.I., Ruyle, B.J., Kim, J.T., Tsou, K., et al., 2023. The total
oxidizable precursor (TOP) assay as a forensic tool for per- and polyfluoroalkyl
substances (PFAS) source apportionment. ACS EST Water 4 (3), 948-957.

Appleman, T.D., Dickenson, E.R., Bellona, C., Higgins, C.P., 2013. Nanofiltration and
granular activated carbon treatment of perfluoroalkyl acids. J. Hazard. Mater. 260,
740-746.

Appleman, T.D., Higgins, C.P., Quinones, O., Vanderford, B.J., Kolstad, C., Zeigler-
Holady, J.C., et al., 2014. Treatment of poly- and perfluoroalkyl substances in US
full-scale water treatment systems. Water Res. 51, 246-255.

Ateia, M., Alsbaiee, A., Karanfil, T., Dichtel, W., 2019a. Efficient PFAS removal by amine-
functionalized sorbents: critical review of the current literature. Environ. Sci.
Technol. Lett. 6 (12), 688-695.

Ateia, M., Maroli, A., Tharayil, N., Karanfil, T., 2019b. The overlooked short- and
ultrashort-chain poly- and perfluorinated substances: a review. Chemosphere 220,
866-882.

Bai, X., Son, Y., 2021. Perfluoroalkyl substances (PFAS) in surface water and sediments
from two urban watersheds in Nevada, USA. Sci. Total Environ. 751, 141622.

Bao, J., Yu, W.-J., Liu, Y., Wang, X., Jin, Y.-H., Dong, G.-H., 2019. Perfluoroalkyl
substances in groundwater and home-produced vegetables and eggs around a
fluorochemical industrial park in China. Ecotoxicol. Environ. Saf. 171, 199-205.

Barisci, S., Suri, R., 2021. Occurrence and removal of poly/perfluoroalkyl substances
(PFAS) in municipal and industrial wastewater treatment plants. Water Sci. Technol.
84 (12), 3442-3468.

Baskar, A.V., Bolan, N., Hoang, S.A., Sooriyakumar, P., Kumar, M., Singh, L., et al., 2022.
Recovery, regeneration and sustainable management of spent adsorbents from
wastewater treatment streams: a review. Sci. Total Environ. 822, 153555.

Benskin, J.P., Ikonomou, M.G., Gobas, F.A., Begley, T.H., Woudneh, M.B., Cosgrove, J.R.,
2013. Biodegradation of N-ethyl perfluorooctane sulfonamido ethanol (EtFOSE) and
EtFOSE-based phosphate diester (SAmPAP diester) in marine sediments. Environ.
Sci. Technol. 47 (3), 1381-1389.

Berg, C., Crone, B., Gullett, B., Higuchi, M., Krause, M.J., Lemieux, P.M., et al., 2022.
Developing innovative treatment technologies for PFAS-containing wastes. J. Air
Waste Manage. Assoc. 72 (6), 540-555.

Berhanu, A., Mutanda, I., Taolin, J., Qaria, M.A., Yang, B., Zhu, D., 2023. A review of
microbial degradation of per- and polyfluoroalkyl substances (PFAS):
Biotransformation routes and enzymes. Sci. Total Environ. 859, 160010.

Bezzina, J.P., Ruder, L.R., Dawson, R., Ogden, M.D., 2019. Ion exchange removal of Cu
(ID), Fe (1), Pb (II) and Zn (II) from acid extracted sewage sludge-Resin screening in
weak acid media. Water Res. 158, 257-267.

12

Bioresource Technology Reports 29 (2025) 102077

Bezzina, J.P., Robshaw, T., Dawson, R., Ogden, M.D., 2020. Single metal isotherm study
of the ion exchange removal of Cu (II), Fe (II), Pb (II) and Zn (II) from synthetic
acetic acid leachate. Chem. Eng. J. 394, 124862.

Blake, B.E., Fenton, S.E., 2020. Early life exposure to per- and polyfluoroalkyl substances
(PFAS) and latent health outcomes: a review including the placenta as a target tissue
and possible driver of peri- and postnatal effects. Toxicology 443, 152565.

Bolisetty, S., Peydayesh, M., Mezzenga, R., 2019. Sustainable technologies for water
purification from heavy metals: review and analysis. Chem. Soc. Rev. 48 (2),
463-487.

Boyer, T.H., Fang, Y., Ellis, A., Dietz, R., Choi, Y.J., Schaefer, C.E., et al., 2021. Anion
exchange resin removal of per- and polyfluoroalkyl substances (PFAS) from
impacted water: a critical review. Water Res. 200, 117244,

Braunig, J., Baduel, C., Heffernan, A., Rotander, A., Donaldson, E., Mueller, J.F., 2017.
Fate and redistribution of perfluoroalkyl acids through AFFF-impacted groundwater.
Sci. Total Environ. 596, 360-368.

Brendel, S., Fetter, E., Staude, C., Vierke, L., Biegel-Engler, A., 2018. Short-chain
perfluoroalkyl acids: environmental concerns and a regulatory strategy under
REACH. Environ. Sci. Eur. 30 (1), 1-11.

Brusseau, M.L., Anderson, R.H., Guo, B., 2020. PFAS concentrations in soils: Background
levels versus contaminated sites. Sci. Total Environ. 740, 140017.

Buck, R.C., Franklin, J., Berger, U., Conder, J.M., Cousins, I.T., De Voogt, P., et al., 2011.
Perfluoroalkyl and polyfluoroalkyl substances in the environment: terminology,
classification, and origins. Integr. Environ. Assess. Manag. 7 (4), 513-541.

Cai, Y., Chen, H., Yuan, R., Wang, F., Chen, Z., Zhou, B., 2020. Metagenomic analysis of
soil microbial community under PFOA and PFOS stress. Environ. Res. 188, 109838.

Calvert, L., Green, M.P., De Iuliis, G.N., Dun, M.D., Turner, B.D., Clarke, B.O., et al.,
2022. Assessment of the emerging threat posed by perfluoroalkyl and
polyfluoroalkyl substances to male reproduction in humans. Front. Endocrinol.
(Lausanne) 12, 1976.

Cantoni, B., Turolla, A., Wellmitz, J., Ruhl, A.S., Antonelli, M., 2021. Perfluoroalkyl
substances (PFAS) adsorption in drinking water by granular activated carbon:
Influence of activated carbon and PFAS characteristics. Sci. Total Environ. 795,
148821.

Cao, L., Liao, Y., Su, C., Tang, L., Qi, Z., Wei, L., et al., 2022a. Effects of PFOA on the
physicochemical properties of anaerobic granular sludge: Performance evaluation,
microbial community and metagenomic analysis. J. Environ. Manage. 313, 114936.

Cao, L., Xu, W., Wan, Z,, Li, G., Zhang, F., 2022b. Occurrence of PFASs and its effect on
soil bacteria at a fire-training area using PFOS-restricted aqueous film-forming
foams. iScience 25 (4).

Chen, R,, Li, G., He, Y., Pan, L., Yu, Y., Shi, B., 2021. Field study on the transportation
characteristics of PFASs from water source to tap water. Water Res. 198, 117162.

Chen, W., Zhang, X., Mamadiev, M., Wang, Z., 2017. Sorption of perfluorooctane
sulfonate and perfluorooctanoate on polyacrylonitrile fiber-derived activated carbon
fibers: in comparison with activated carbon. RSC Adv. 7 (2), 927-938.

Chetverikov, S., Sharipov, D., Korshunova, T.Y., Loginov, O., 2017. Degradation of
perfluorooctanyl sulfonate by strain Pseudomonas plecoglossicida 2.4-D. Appl.
Biochem. Microbiol. 53 (5), 533-538.

Chiavola, A., Di Marcantonio, C., Boni, M.R., Biagioli, S., Frugis, A., Cecchini, G., 2020.
PFOA and PFOS Removal Processes in Activated Sludge Reactor at Laboratory Scale.
Springer, pp. 375-377.

Collivignarelli, M.C., Bellazzi, S., Caccamo, F.M., Calatroni, S., Milanese, C., Baldi, M.,
et al., 2023. Removal of per- and polyfluoroalkyl substances by adsorption on
innovative adsorbent materials. Sustainability 15 (17), 13056.

Cousins, 1.T., DeWitt, J.C., Gliige, J., Goldenman, G., Herzke, D., Lohmann, R., et al.,
2020. The high persistence of PFAS is sufficient for their management as a chemical
class. Environ. Sci.: Processes Impacts 22 (12), 2307-2312.

Czech, B., Nasri-Nasrabadi, B., Krzyszczak, A., Sadok, 1., Hojamberdiev, M., Yadav, R.,
et al., 2023. Enhanced PFAS adsorption with N-doped porous carbon beads from oil-
sand asphaltene. J. Water Process Eng. 54, 104058.

D'Agostino, L.A., Mabury, S.A., 2017. Aerobic biodegradation of 2 fluorotelomer
sulfonamide-based aqueous film—forming foam components produces perfluoroalkyl
carboxylates. Environ. Toxicol. Chem. 36 (8), 2012-2021.

Deng, S., Yu, Q., Huang, J., Yu, G., 2010. Removal of perfluorooctane sulfonate from
wastewater by anion exchange resins: Effects of resin properties and solution
chemistry. Water Res. 44 (18), 5188-5195.

Deng, S., Zhang, Q., Nie, Y., Wei, H., Wang, B., Huang, J., et al., 2012. Sorption
mechanisms of perfluorinated compounds on carbon nanotubes. Environ. Pollut.
168, 138-144.

Deng, S., Nie, Y., Du, Z., Huang, Q., Meng, P., Wang, B., et al., 2015. Enhanced
adsorption of perfluorooctane sulfonate and perfluorooctanoate by bamboo-derived
granular activated carbon. J. Hazard. Mater. 282, 150-157.

DeWitt, J.C., Blossom, S.J., Schaider, L.A., 2019. Exposure to per-fluoroalkyl and
polyfluoroalkyl substances leads to immunotoxicity: epidemiological and
toxicological evidence. J. Expo. Sci. Environ. Epidemiol. 29 (2), 148-156.

Dey, D., Shafi, T., Chowdhury, S., Dubey, B.K., Sen, R., 2024. Progress and perspectives
on carbon-based materials for adsorptive removal and photocatalytic degradation of
perfluoroalkyl and polyfluoroalkyl substances (PFAS). Chemosphere 351, 141164.

Dirani, L., Ayoub, G.M., Malaeb, L., Zayyat, R.M., 2024. A review on the occurrence of
Per- and Polyfluoroalkyl Substances in the aquatic environment and treatment
trends for their removal. J. Environ. Chem. Eng. 12 (5), 113325.

Dixit, F., Barbeau, B., Mostafavi, S.G., Mohseni, M., 2019. PFOA and PFOS removal by
ion exchange for water reuse and drinking applications: role of organic matter
characteristics. Environ. Sci.: Water Res. Technol. 5 (10), 1782-1795.

Dixit, F., Barbeau, B., Mostafavi, S.G., Mohseni, M., 2020. Removal of legacy PFAS and
other fluorotelomers: optimized regeneration strategies in DOM-rich waters. Water
Res. 183, 116098.


https://doi.org/10.1016/j.biteb.2025.102077
https://doi.org/10.1016/j.biteb.2025.102077
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0005
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0005
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0005
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0010
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0010
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0010
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0015
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0015
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0015
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0020
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0020
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0020
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0025
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0025
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0025
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0030
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0030
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0030
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0035
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0035
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0035
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0040
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0040
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0040
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0045
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0045
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0045
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0050
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0050
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0050
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0055
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0055
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0055
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0060
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0060
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0065
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0065
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0065
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0070
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0070
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0070
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0075
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0075
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0075
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0080
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0080
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0080
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0080
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0085
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0085
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0085
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0090
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0090
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0090
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0095
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0095
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0095
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0100
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0100
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0100
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0105
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0105
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0105
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0110
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0110
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0110
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0115
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0115
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0115
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0120
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0120
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0120
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0125
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0125
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0125
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0130
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0130
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0135
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0135
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0135
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0140
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0140
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0145
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0145
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0145
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0145
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0150
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0150
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0150
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0150
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0155
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0155
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0155
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0160
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0160
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0160
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0165
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0165
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0170
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0170
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0170
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0175
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0175
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0175
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0180
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0180
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0180
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0185
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0185
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0185
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0190
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0190
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0190
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0195
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0195
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0195
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0200
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0200
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0200
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0205
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0205
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0205
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0210
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0210
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0210
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0215
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0215
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0215
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0220
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0220
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0220
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0225
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0225
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0225
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0230
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0230
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0230
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0235
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0235
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0235
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0240
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0240
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0240

M. Zeeshan et al.

Dixit, F., Barbeau, B., Mostafavi, S.G., Mohseni, M., 2021a. PFAS and DOM removal using
an organic scavenger and PFAS-specific resin: Trade-off between regeneration and
faster kinetics. Sci. Total Environ. 754, 142107.

Dixit, F., Dutta, R., Barbeau, B., Berube, P., Mohseni, M., 2021b. PFAS removal by ion
exchange resins: a review. Chemosphere 272, 129777.

Douna, B.K., Yousefi, H., 2023. Removal of PFAS by Biological Methods. Asian Pac. J.
Environ. Cancer 6 (1), 53-68.

Dudley, L.-A., 2012. Removal of Perfluorinated Compounds by Powdered Activated
Carbon, Superfine Powder Activated Carbon, and Anion Exchange Resin.

Fincker, M., Spormann, A.M., 2017. Biochemistry of catabolic reductive dehalogenation.
Annu. Rev. Biochem. 86, 357-386.

Flanagan, K., Blecken, G.-T., Osterlund, H., Nordqvist, K., Viklander, M., 2021.
Contamination of urban stormwater pond sediments: a study of 259 legacy and
contemporary organic substances. Environ. Sci. Technol. 55 (5), 3009-3020.

Franke, V., McCleaf, P., Lindegren, K., Ahrens, L., 2019. Efficient removal of per- and
polyfluoroalkyl substances (PFASs) in drinking water treatment: nanofiltration
combined with active carbon or anion exchange. Environ. Sci.: Water Res. Technol. 5
(11), 1836-1843.

Gagliano, E., Sgroi, M., Falciglia, P.P., Vagliasindi, F.G., Roccaro, P., 2020. Removal of
poly- and perfluoroalkyl substances (PFAS) from water by adsorption: Role of PFAS
chain length, effect of organic matter and challenges in adsorbent regeneration.
Water Res. 171, 115381.

Gao, X., Chorover, J., 2012. Adsorption of perfluorooctanoic acid and
perfluorooctanesulfonic acid to iron oxide surfaces as studied by flow-through ATR-
FTIR spectroscopy. Environ. Chem. 9 (2), 148-157.

Gao, Y., Deng, S., Du, Z,, Liu, K., Yu, G., 2017. Adsorptive removal of emerging
polyfluoroalky substances F-53B and PFOS by anion-exchange resin: a comparative
study. J. Hazard. Mater. 323, 550-557.

Gliige, J., Scheringer, M., Cousins, 1.T., DeWitt, J.C., Goldenman, G., Herzke, D., et al.,
2020. An overview of the uses of per- and polyfluoroalkyl substances (PFAS).
Environ. Sci.: Processes Impacts 22 (12), 2345-2373.

Gobelius, L., Hedlund, J., Diirig, W., Troger, R., Lilja, K., Wiberg, K., et al., 2018. Per- and
polyfluoroalkyl substances in Swedish groundwater and surface water: implications
for environmental quality standards and drinking water guidelines. Environ. Sci.
Technol. 52 (7), 4340-4349.

Grgas, D., Petrina, A., Stefanac, T., Beslo, D., Landeka Dragicevi¢, T., 2023. A review:
per- and polyfluoroalkyl substances—biological degradation. Toxics 11 (5), 446.

Grzegorzek, M., Majewska-Nowak, K., Ahmed, A.E., 2020. Removal of fluoride from
multicomponent water solutions with the use of monovalent selective ion-exchange
membranes. Sci. Total Environ. 722, 137681.

Hakimabadi, S.G., Taylor, A., Pham, A.L.-T., 2023. Factors affecting the adsorption of
per- and polyfluoroalkyl substances (pfas) by colloidal activated carbon. Water Res.
242, 120212.

Hamid, H., Li, L.Y., Grace, J.R., 2020. Aerobic biotransformation of fluorotelomer
compounds in landfill leachate-sediment. Sci. Total Environ. 713, 136547.

Hansen, M.C., Bgrresen, M.H., Schlabach, M., Cornelissen, G., 2010. Sorption of
perfluorinated compounds from contaminated water to activated carbon. J. Soils
Sediments 10, 179-185.

He, G., Pan, G., Zhang, M., 2013. Assembling structures and dynamics properties of
perfluorooctane sulfonate (PFOS) at water—titanium oxide interfaces. J. Colloid
Interface Sci. 405, 189-194.

Henry, B.J., Carlin, J.P., Hammerschmidt, J.A., Buck, R.C., Buxton, L.W., Fiedler, H.,
et al., 2018. A critical review of the application of polymer of low concern and
regulatory criteria to fluoropolymers. Integr. Environ. Assess. Manag. 14 (3),
316-334.

van der Hoek, J.P., Bertelkamp, C., Verliefde, A., Singhal, N., 2014. Drinking water
treatment technologies in Europe: state of the art-challenges-research needs.

J. Water Supply Res. Technol. AQUA 63 (2), 124-130.

Huang, S., Jaffé, P.R., 2019. Defluorination of perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) by Acidimicrobium sp. strain A6. Environ. Sci.
Technol. 53 (19), 11410-11419.

Huang, S., Sima, M., Long, Y., Messenger, C., Jaffé, P.R., 2022. Anaerobic degradation of
perfluorooctanoic acid (PFOA) in biosolids by Acidimicrobium sp. strain A6.

J. Hazard. Mater. 424, 127699.

Huang, X., Guida, S., Jefferson, B., Soares, A., 2020. Economic evaluation of ion-
exchange processes for nutrient removal and recovery from municipal wastewater.
npj Clean Water 3 (1), 7.

Igbal, A., Cevik, E., Alagha, O., Bozkurt, A., 2022. Highly robust multilayer nanosheets
with ultra-efficient batch adsorption and gravity-driven filtration capability for dye
removal. J. Ind. Eng. Chem. 109, 287-295.

Igbal, A., Cevik, E., Bozkurt, A., Mustafa, A., Asiri, S., Alagha, O., et al., 2023. Tailored
multifunctional molybdenum-iron nanosheets for enhanced membrane filtration and
excellent electrocatalytic performance for hydrogen evolution reaction. J. Clean.
Prod. 421, 138486.

Igbal, A., Cevik, E., Mustafa, A., Qahtan, T.F., Zeeshan, M., Bozkurt, A., 2024. Emerging
developments in polymeric nanocomposite membrane-based filtration for water
purification: a concise overview of toxic metal removal. Chem. Eng. J. 481, 148760.

Javed, H., Lyu, C., Sun, R., Zhang, D., Alvarez, P.J., 2020. Discerning the inefficacy of
hydroxyl radicals during perfluorooctanoic acid degradation. Chemosphere 247,
125883.

Johnson, R.L., Anschutz, A.J., Smolen, J.M., Simcik, M.F., Penn, R.L., 2007. The
adsorption of perfluorooctane sulfonate onto sand, clay, and iron oxide surfaces.

J. Chem. Eng. Data 52 (4), 1165-1170.

Junttila, V., Vaha, E., Perkola, N., Raike, A., Siimes, K., Mehtonen, J., et al., 2019. PFASs
in Finnish rivers and fish and the loading of PFASs to the Baltic Sea. Water 11 (4),
870.

13

Bioresource Technology Reports 29 (2025) 102077

Karbassiyazdi, E., Kasula, M., Modak, S., Pala, J., Kalantari, M., Altaee, A., et al., 2023.
A juxtaposed review on adsorptive removal of PFAS by metal-organic frameworks
(MOFs) with carbon-based materials, ion exchange resins, and polymer adsorbents.
Chemosphere 311, 136933.

Kassar, C., Graham, C., Boyer, T.H., 2022. Removal of perfluoroalkyl acids and common
drinking water contaminants by weak-base anion exchange resins: Impacts of
solution pH and resin properties. Water Res. X 17, 100159.

Khan, B., Burgess, R.M., Cantwell, M.G., 2023a. Occurrence and bioaccumulation
patterns of per- and polyfluoroalkyl substances (PFAS) in the marine environment.
ACS EST Water 3 (5), 1243-1259.

Khan, N.A., Hassan, M., Lee, H.J., Jhung, S.H., 2023b. Highly porous polyaniline-or
polypyrrole-derived carbons: Preparation, characterization, and applications in
adsorption. Chem. Eng. J. 474, 145472.

Kim, H.-H., van Groos, P.G.K., Zhao, Y., Pham, A.L.-T., 2024. Removal of PFAS by
hydrotalcite: adsorption mechanisms, effect of adsorbent aging, and thermal
regeneration. Water Res. 260, 121925.

Kim, M.H., Wang, N., McDonald, T., Chu, K.H., 2012. Biodefluorination and
biotransformation of fluorotelomer alcohols by two alkane-degrading Pseudomonas
strains. Biotechnol. Bioeng. 109 (12), 3041-3048.

Kim, M.H., Wang, N., Chu, K.H., 2014. 6: 2 Fluorotelomer alcohol (6: 2 FTOH)
biodegradation by multiple microbial species under different physiological
conditions. Appl. Microbiol. Biotechnol. 98, 1831-1840.

Kucharzyk, K.H., Darlington, R., Benotti, M., Deeb, R., Hawley, E., 2017. Novel treatment
technologies for PFAS compounds: a critical review. J. Environ. Manage. 204,
757-764.

Kumar, R., Dada, T.K., Whelan, A., Cannon, P., Sheehan, M., Reeves, L., et al., 2023.
Microbial and thermal treatment techniques for degradation of PFAS in biosolids: a
focus on degradation mechanisms and pathways. J. Hazard. Mater. 452, 131212.

Kurwadkar, S., Dane, J., Kanel, S.R., Nadagouda, M.N., Cawdrey, R.W., Ambade, B.,
et al., 2022. Per- and polyfluoroalkyl substances in water and wastewater: a critical
review of their global occurrence and distribution. Sci. Total Environ. 809, 151003.

Kwon, B.G., Lim, H.-J., Na, S.-H., Choi, B.-L., Shin, D.-S., Chung, S.-Y., 2014.
Biodegradation of perfluorooctanesulfonate (PFOS) as an emerging contaminant.
Chemosphere 109, 221-225.

Lampert, D.J., Frisch, M.A., Speitel Jr., G.E., 2007. Removal of perfluorooctanoic acid
and perfluorooctane sulfonate from wastewater by ion exchange. Pract. Period.
Hazard. Toxic Radioact. Waste Manag. 11 (1), 60-68.

Lauwers, A., Vercammen, J., De Vos, D., 2023. Adsorption of PFAS by all-silica zeolite p:
insights into the effect of the water matrix, regeneration of the material, and
continuous PFAS adsorption. ACS Appl. Mater. Interfaces 15 (45), 52612-52621.

Lee, J.-M., Lim, D.-S., Jeon, S.-H., Hur, D.H., 2020. Zeta potentials of magnetite particles
and alloy 690 surfaces in alkaline solutions. Materials 13 (18), 3999.

Lei, X., Lian, Q., Zhang, X., Karsili, T.K., Holmes, W., Chen, Y., et al., 2023. A review of
PFAS adsorption from aqueous solutions: current approaches, engineering
applications, challenges, and opportunities. Environ. Pollut. 321, 121138.

Li, F., Su, Q., Zhou, Z., Liao, X., Zou, J., Yuan, B, et al., 2018. Anaerobic biodegradation
of 8: 2 fluorotelomer alcohol in anaerobic activated sludge: metabolic products and
pathways. Chemosphere 200, 124-132.

Li, X., Li, A., Li, Z., Sun, H., Shi, P., Zhou, Q., et al., 2021. Organic micropollutants and
disinfection byproducts removal from drinking water using concurrent anion
exchange and chlorination process. Sci. Total Environ. 752, 141470.

Li, X., Fatowe, M., Cui, D., Quinete, N., 2022. Assessment of per- and polyfluoroalkyl
substances in Biscayne Bay surface waters and tap waters from South Florida. Sci.
Total Environ. 806, 150393.

Liou, J.-C., Szostek, B., DeRito, C., Madsen, E., 2010. Investigating the biodegradability
of perfluorooctanoic acid. Chemosphere 80 (2), 176-183.

Liu, J., Lee, L.S., Nies, L.F., Nakatsu, C.H., Turco, R.F., 2007. Biotransformation of 8: 2
fluorotelomer alcohol in soil and by soil bacteria isolates. Environ. Sci. Technol. 41
(23), 8024-8030.

Liu, Y., Pereira, A.D.S., Martin, J.W., 2015. Discovery of C5-C17 poly- and perfluoroalkyl
substances in water by in-line SPE-HPLC-Orbitrap with in-source fragmentation
flagging. Anal. Chem. 87 (8), 4260-4268.

Liu, Y.-L., Sun, M., 2021. Ion exchange removal and resin regeneration to treat per- and
polyfluoroalkyl ether acids and other emerging PFAS in drinking water. Water Res.
207, 117781.

Ma, T., Ye, C., Wang, T., Li, X., Luo, Y., 2022. Toxicity of per- and polyfluoroalkyl
substances to aquatic invertebrates, planktons, and microorganisms. Int. J. Environ.
Res. Public Health 19 (24), 16729.

Maimaiti, A., Deng, S., Meng, P., Wang, W., Wang, B., Huang, J., et al., 2018.
Competitive adsorption of perfluoroalkyl substances on anion exchange resins in
simulated AFFF-impacted groundwater. Chem. Eng. J. 348, 494-502.

McCleaf, P., Englund, S., Ostlund, A., Lindegren, K., Wiberg, K., Ahrens, L., 2017.
Removal efficiency of multiple poly- and perfluoroalkyl substances (PFASs) in
drinking water using granular activated carbon (GAC) and anion exchange (AE)
column tests. Water Res. 120, 77-87.

McDonough, C.A., Guelfo, J.L., Higgins, C.P., 2019. Measuring total PFASs in water: the
tradeoff between selectivity and inclusivity. Curr. Opin. Environ. Sci. Health 7,
13-18.

Medina, R., Pannu, M.W., Grieco, S.A., Hwang, M., Pham, C., Plumlee, M.H., 2022. Pilot-
scale comparison of granular activated carbons, ion exchange, and alternative
adsorbents for per- and polyfluoroalkyl substances removal. AWWA Water Sci. 4 (5),
€1308.

Méndez, V., Holland, S., Bhardwaj, S., McDonald, J., Khan, S., O'Carroll, D., et al., 2022.
Aerobic biotransformation of 6: 2 fluorotelomer sulfonate by Dietzia aurantiaca J3
under sulfur-limiting conditions. Sci. Total Environ. 829, 154587.


http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0245
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0245
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0245
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0250
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0250
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0255
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0255
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0260
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0260
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0265
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0265
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0270
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0270
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0270
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0275
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0275
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0275
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0275
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0280
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0280
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0280
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0280
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0285
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0285
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0285
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0290
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0290
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0290
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0295
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0295
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0295
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0300
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0300
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0300
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0300
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0305
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0305
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0310
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0310
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0310
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0315
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0315
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0315
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0320
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0320
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0325
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0325
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0325
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0330
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0330
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0330
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0335
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0335
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0335
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0335
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0340
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0340
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0340
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0345
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0345
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0345
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0350
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0350
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0350
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0355
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0355
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0355
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0360
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0360
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0360
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0365
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0365
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0365
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0365
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0370
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0370
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0370
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0375
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0375
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0375
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0380
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0380
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0380
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0385
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0385
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0385
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0390
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0390
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0390
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0390
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0395
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0395
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0395
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0400
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0400
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0400
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0405
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0405
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0405
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0410
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0410
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0410
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0415
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0415
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0415
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0420
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0420
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0420
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0425
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0425
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0425
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0430
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0430
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0430
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0435
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0435
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0435
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0440
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0440
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0440
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0445
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0445
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0445
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0450
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0450
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0450
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0455
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0455
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0460
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0460
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0460
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0465
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0465
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0465
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0470
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0470
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0470
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0475
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0475
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0475
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0480
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0480
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0485
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0485
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0485
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0490
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0490
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0490
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0495
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0495
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0495
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0500
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0500
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0500
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0505
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0505
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0505
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0510
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0510
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0510
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0510
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0515
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0515
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0515
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0520
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0520
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0520
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0520
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0525
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0525
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0525

M. Zeeshan et al.

Merino, N., Wang, M., Ambrocio, R., Mak, K., O'Connor, E., Gao, A, et al., 2018. Fungal
biotransformation of 6: 2 fluorotelomer alcohol. Remediation 28 (2), 59-70.

Militao, I.M., Roddick, F., Fan, L., Zepeda, L.C., Parthasarathy, R., Bergamasco, R., 2023.
PFAS removal from water by adsorption with alginate-encapsulated plant albumin
and rice straw-derived biochar. J. Water Process Eng. 53, 103616.

Montes, R., Rodil, R., Cela, R., Quintana, J.B., 2019. Determination of persistent and
mobile organic contaminants (PMOCs) in water by mixed-mode liquid
chromatography—tandem mass spectrometry. Anal. Chem. 91 (8), 5176-5183.

Nakayama, S.F., Yoshikane, M., Onoda, Y., Nishihama, Y., Iwai-Shimada, M., Takagi, M.,
et al., 2019. Worldwide trends in tracing poly- and perfluoroalkyl substances (PFAS)
in the environment. TrAC Trends Anal. Chem. 121, 115410.

Ochoa-Herrera, V., Sierra-Alvarez, R., 2008. Removal of perfluorinated surfactants by
sorption onto granular activated carbon, zeolite and sludge. Chemosphere 72 (10),
1588-1593.

Ochoa-Herrera, V., Field, J.A., Luna-Velasco, A., Sierra-Alvarez, R., 2016. Microbial
toxicity and biodegradability of perfluorooctane sulfonate (PFOS) and shorter chain
perfluoroalkyl and polyfluoroalkyl substances (PFASs). Environ. Sci.: Processes
Impacts 18 (9), 1236-1246.

Pannu, M.W., Huang, A., Plumlee, M.H., 2024. Variable PFAS removal by adsorbent
media with sufficient prediction of breakthrough despite reduced contact time at
pilot scale. Water Environ. Res. 96 (5), e11035.

Park, M., Wu, S., Lopez, 1.J., Chang, J.Y., Karanfil, T., Snyder, S.A., 2020. Adsorption of
perfluoroalkyl substances (PFAS) in groundwater by granular activated carbons:
Roles of hydrophobicity of PFAS and carbon characteristics. Water Res. 170, 115364.

Parolini, M., De Felice, B., Rusconi, M., Morganti, M., Polesello, S., Valsecchi, S., 2022.
A review of the bioaccumulation and adverse effects of PFAS in free-living organisms
from contaminated sites nearby fluorochemical production plants. Water Emerg.
Contam. Nanoplastics 1 (4), 18.

Pauletto, P.S., Bandosz, T.J., 2022. Activated carbon versus metal-organic frameworks: a
review of their PFAS adsorption performance. J. Hazard. Mater. 425, 127810.

Pereira, H.C., Ullberg, M., Kleja, D.B., Gustafsson, J.P., Ahrens, L., 2018. Sorption of
perfluoroalkyl substances (PFASs) to an organic soil horizon-effect of cation
composition and pH. Chemosphere 207, 183-191.

Presentato, A., Lampis, S., Vantini, A., Manea, F., Dapra, F., Zuccoli, S., et al., 2020. On
the ability of perfluorohexane sulfonate (PFHxS) bioaccumulation by two
Pseudomonas sp. strains isolated from PFAS-contaminated environmental matrices.
Microorganisms 8 (1), 92.

Qi, Y., Cao, H., Pan, W., Wang, C., Liang, Y., 2022. The role of dissolved organic matter
during per- and polyfluorinated substance (PFAS) adsorption, degradation, and plant
uptake: a review. J. Hazard. Mater. 436, 129139.

Quinnan, J., Pulikkal, V., Reid, T., Bellona, C., 2022. Improved Longevity and Selectivity
of Pfas Groundwater Treatment Using Sub-Micron Powdered Activated Carbon
(SPAC) and Ceramic Membrane Filtration (CMF).

Rahman, M.F., Peldszus, S., Anderson, W.B., 2014. Behaviour and fate of perfluoroalkyl
and polyfluoroalkyl substances (PFASs) in drinking water treatment: a review. Water
Res. 50, 318-340.

Rayne, S., Forest, K., 2009. Perfluoroalkyl sulfonic and carboxylic acids: a critical review
of physicochemical properties, levels and patterns in waters and wastewaters, and
treatment methods. J. Environ. Sci. Health A 44 (12), 1145-1199.

Ren, Z., Bergmann, U., Uwayezu, J.N., Carabante, 1., Kumpiene, J., Lejon, T., et al., 2023.
Combination of adsorption/desorption and photocatalytic reduction processes for
PFOA removal from water by using an aminated biosorbent and a UV/sulfite system.
Environ. Res. 228, 115930.

Riegel, M., Haist-Gulde, B., Sacher, F., 2023. Sorptive removal of short-chain
perfluoroalkyl substances (PFAS) during drinking water treatment using activated
carbon and anion exchanger. Environ. Sci. Eur. 35 (1), 1-12.

Ross, 1., McDonough, J., Miles, J., Storch, P., Thelakkat Kochunarayanan, P., Kalve, E.,
et al., 2018. A review of emerging technologies for remediation of PFASs.
Remediation 28 (2), 101-126.

Ruiz-Urigiien, M., Shuai, W., Huang, S., Jaffé, P.R., 2022. Biodegradation of PFOA in
microbial electrolysis cells by Acidimicrobiaceae sp. strain A6. Chemosphere 292,
133506.

Saawarn, B., Mahanty, B., Hait, S., Hussain, S., 2022. Sources, occurrence, and treatment
techniques of per- and polyfluoroalkyl substances in aqueous matrices: a
comprehensive review. Environ. Res. 214, 114004.

Saha, D., Khan, S., Van Bramer, S.E., 2021. Can porous carbons be a remedy for PFAS
pollution in water? A perspective. J. Environ. Chem. Eng. 9 (6), 106665.

Saleh, N.B., Khalid, A., Tian, Y., Ayres, C., Sabaraya, 1.V., Pietari, J., et al., 2019.
Removal of poly- and per-fluoroalkyl substances from aqueous systems by nano-
enabled water treatment strategies. Environ. Sci.: Water Res. Technol. 5 (2),
198-208.

Schaefer, C.E., Nguyen, D., Ho, P., Im, J., LeBlanc, A., 2019. Assessing rapid small-scale
column tests for treatment of perfluoroalkyl acids by anion exchange resin. Ind. Eng.
Chem. Res. 58 (22), 9701-9706.

Schultz, M.M., Higgins, C.P., Huset, C.A., Luthy, R.G., Barofsky, D.F., Field, J.A., 2006.
Fluorochemical mass flows in a municipal wastewater treatment facility. Environ.
Sci. Technol. 40 (23), 7350-7357.

Schumann, P., Muschket, M., Dittmann, D., Rabe, L., Reemtsma, T., Jekel, M., et al.,
2023. Is adsorption onto activated carbon a feasible drinking water treatment option
for persistent and mobile substances? Water Res. 235, 119861.

Shahsavari, E., Rouch, D., Khudur, L.S., Thomas, D., Aburto-Medina, A., Ball, A.S., 2021.
Challenges and current status of the biological treatment of PFAS-contaminated
soils. Front. Bioeng. Biotechnol. 8, 602040.

Shaw, D.M., Munoz, G., Bottos, E.M., Duy, S.V., Sauvé, S., Liu, J., et al., 2019.
Degradation and defluorination of 6: 2 fluorotelomer sulfonamidoalkyl betaine and

14

Bioresource Technology Reports 29 (2025) 102077

6: 2 fluorotelomer sulfonate by Gordonia sp. strain NB4-1Y under sulfur-limiting
conditions. Sci. Total Environ. 647, 690-698.

Sims, J.L., Stroski, K.M., Kim, S., Killeen, G., Ehalt, R., Simcik, M.F., et al., 2022. Global
occurrence and probabilistic environmental health hazard assessment of per- and
polyfluoroalkyl substances (PFASs) in groundwater and surface waters. Sci. Total
Environ. 816, 151535.

Sklepova, S.V., Ivanichok, N., Kolkovskyi, P., Kotsyubynsky, V., Boychuk, V., Rachiy, B.,
et al., 2023. Porous structure and fractal dimensions of activated carbon prepared
from waste coffee grounds. Materials 16 (18), 6127.

Song, M., Wei, Y., Cai, S., Yu, L., Zhong, Z., Jin, B., 2018. Study on adsorption properties
and mechanism of Pb?" with different carbon based adsorbents. Sci. Total Environ.
618, 1416-1422.

Sgrmo, E., Silvani, L., Bjerkli, N., Hagemann, N., Zimmerman, A.R., Hale, S.E,, et al,,
2021. Stabilization of PFAS-contaminated soil with activated biochar. Sci. Total
Environ. 763, 144034.

Sun, Z., Geng, D., Zhang, C., Chen, J., Zhou, X., Zhang, Y., et al., 2021. Vitamin B12
(Coll) initiates the reductive defluorination of branched perfluorooctane sulfonate
(br-PFOS) in the presence of sulfide. Chem. Eng. J. 423, 130149.

Sznajder-Katarzynska, K., Surma, M., Cieslik, I., 2019. A review of perfluoroalkyl acids
(PFAAs) in terms of sources, applications, human exposure, dietary intake, toxicity,
legal regulation, and methods of determination. J. Chem. 2019.

Takagi, S., Adachi, F., Miyano, K., Koizumi, Y., Tanaka, H., Watanabe, L., et al., 2011.
Fate of perfluorooctanesulfonate and perfluorooctanoate in drinking water
treatment processes. Water Res. 45 (13), 3925-3932.

Takayose, M., Nishimoto, K., Matsui, J., 2012. A fluorous synthetic receptor that
recognizes perfluorooctanoic acid (PFOA) via fluorous interaction obtained by
molecular imprinting. Analyst 137 (12), 2762-2765.

Tamanna, T., Mahon, P.J., Hockings, R.K., Alam, H., Raymond, M., Smith, C., et al.,
2023. Ton exchange MIEX® GOLD resin as a promising sorbent for the removal of
PFAS compounds. Appl. Sci. 13 (10), 6263.

Tan, H.-M., Pan, C.-G., Yin, C., Yu, K., 2023. Toward systematic understanding of
adsorptive removal of legacy and emerging per- and polyfluoroalkyl substances
(PFASs) by various activated carbons (ACs). Environ. Res. 233, 116495.

Tang, Z.W., Hamid, F.S., Yusoff, I., Chan, V., 2023. A review of PFAS research in Asia and
occurrence of PFOA and PFOS in groundwater, surface water and coastal water in
Asia. Groundw. Sustain. Dev. 22, 100947.

Teymourian, T., Teymoorian, T., Kowsari, E., Ramakrishna, S., 2021. A review of
emerging PFAS contaminants: sources, fate, health risks, and a comprehensive
assortment of recent sorbents for PFAS treatment by evaluating their mechanism.
Res. Chem. Intermed. 47, 4879-4914.

von der Trenck, K.T., Konietzka, R., Biegel-Engler, A., Brodsky, J., Hadicke, A.,
Quadflieg, A., et al., 2018. Significance thresholds for the assessment of
contaminated groundwater: perfluorinated and polyfluorinated chemicals. Environ.
Sci. Eur. 30, 1-20.

Tseng, N., Wang, N., Szostek, B., Mahendra, S., 2014. Biotransformation of 6: 2
fluorotelomer alcohol (6: 2 FTOH) by a wood-rotting fungus. Environ. Sci. Technol.
48 (7), 4012-4020.

Vakili, M., Cagnetta, G., Deng, S., Wang, W., Gholami, Z., Gholami, F., et al., 2024.
Regeneration of exhausted adsorbents after PFAS adsorption: a critical review.

J. Hazard. Mater. 471, 134429.

Vo, H.N.P., Ngo, H.H., Guo, W., Nguyen, T.M.H., Li, J., Liang, H., et al., 2020. Poly- and
perfluoroalkyl substances in water and wastewater: a comprehensive review from
sources to remediation. J. Water Process Eng. 36, 101393.

Vu, C.T., Wy, T., 2022. Recent progress in adsorptive removal of per- and poly-
fluoroalkyl substances (PFAS) from water/wastewater. Crit. Rev. Environ. Sci.
Technol. 52 (1), 90-129.

Wackett, L.P., 2021. Why is the biodegradation of polyfluorinated compounds so rare?
mSphere 6 (5). https://doi.org/10.1128/mSphere.00721-21.

Wackett, L.P., 2022. Nothing lasts forever: understanding microbial biodegradation of
polyfluorinated compounds and perfluorinated alkyl substances. J. Microbial.
Biotechnol. 15 (3), 773-792.

Wang, B., Lee, L.S., Wei, C., Fu, H., Zheng, S., Xu, Z., et al., 2016. Covalent triazine-based
framework: a promising adsorbent for removal of perfluoroalkyl acids from aqueous
solution. Environ. Pollut. 216, 884-892.

Wang, N., Szostek, B., Folsom, P.W., Sulecki, L.M., Capka, V., Buck, R.C,, et al., 2005.
Aerobic biotransformation of 14C-labeled 8-2 telomer B alcohol by activated sludge
from a domestic sewage treatment plant. Environ. Sci. Technol. 39 (2), 531-538.

Wang, N., Liu, J., Buck, R.C., Korzeniowski, S.H., Wolstenholme, B.W., Folsom, P.W.,
et al., 2011. 6: 2 Fluorotelomer sulfonate aerobic biotransformation in activated
sludge of waste water treatment plants. Chemosphere 82 (6), 853-858.

Wang, Q., Song, X., Wei, C., Ding, D., Tang, Z., Tu, X, et al., 2022. Distribution, source
identification and health risk assessment of PFASs in groundwater from Jiangxi
Province, China. Chemosphere 291, 132946.

Wang, X., Chen, M., Gong, P., Wang, C., 2019. Perfluorinated alkyl substances in snow as
an atmospheric tracer for tracking the interactions between westerly winds and the
Indian Monsoon over western China. Environ. Int. 124, 294-301.

Wang, Y., Xiao, Y., Wang, Y., Lin, Q., Zhu, Y., Ni, Z., et al., 2023. Electroreductive
defluorination of unsaturated PFAS by a quaternary ammonium surfactant-modified
cathode via direct cathodic reduction. Environ. Sci. Technol. 57 (19), 7578-7589.

Wanninayake, D.M., 2021. Comparison of currently available PFAS remediation
technologies in water: a review. J. Environ. Manage. 283, 111977.

Wei, H., Flanagan, K., Lundy, L., Muthanna, T.M., Viklander, M., 2023. A study of 101
organic substances in gully pot sediments accumulated over a one-year period in
Stockholm, Sweden. Sci. Total Environ. 894, 165028.


http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0530
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0530
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0535
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0535
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0535
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0540
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0540
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0540
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0545
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0545
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0545
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0550
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0550
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0550
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0555
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0555
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0555
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0555
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0560
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0560
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0560
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0565
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0565
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0565
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0570
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0570
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0570
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0570
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf1000
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf1000
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0575
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0575
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0575
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0580
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0580
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0580
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0580
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0585
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0585
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0585
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0590
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0590
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0590
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0595
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0595
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0595
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0600
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0600
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0600
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0605
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0605
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0605
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0605
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0610
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0610
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0610
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0615
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0615
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0615
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0620
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0620
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0620
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0625
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0625
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0625
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0630
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0630
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0635
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0635
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0635
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0635
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0640
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0640
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0640
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0645
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0645
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0645
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0650
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0650
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0650
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0655
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0655
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0655
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0660
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0660
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0660
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0660
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0665
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0665
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0665
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0665
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0670
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0670
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0670
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0675
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0675
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0675
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0680
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0680
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0680
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0685
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0685
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0685
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0690
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0690
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0690
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0695
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0695
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0695
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0700
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0700
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0700
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0705
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0705
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0705
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0710
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0710
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0710
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0715
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0715
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0715
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0720
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0720
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0720
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0720
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0725
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0725
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0725
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0725
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0730
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0730
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0730
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0735
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0735
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0735
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0740
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0740
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0740
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0745
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0745
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0745
https://doi.org/10.1128/mSphere.00721-21
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0755
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0755
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0755
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0760
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0760
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0760
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0765
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0765
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0765
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0770
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0770
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0770
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0775
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0775
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0775
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0780
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0780
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0780
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0785
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0785
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0785
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0790
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0790
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0795
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0795
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0795

M. Zeeshan et al.

Wei, Z., Xu, T., Zhao, D., 2019. Treatment of per- and polyfluoroalkyl substances in
landfill leachate: status, chemistry and prospects. Environ. Sci.: Water Res. Technol.
5(11), 1814-1835.

Wilkinson, J., Hooda, P.S., Barker, J., Barton, S., Swinden, J., 2017. Occurrence, fate and
transformation of emerging contaminants in water: an overarching review of the
field. Environ. Pollut. 231, 954-970.

Woodard, S., Berry, J., Newman, B., 2017. Ion exchange resin for PFAS removal and pilot
test comparison to GAC. Remediation 27 (3), 19-27.

Wu, C., Klemes, M.J., Trang, B., Dichtel, W.R., Helbling, D.E., 2020. Exploring the factors
that influence the adsorption of anionic PFAS on conventional and emerging
adsorbents in aquatic matrices. Water Res. 182, 115950.

Xiao, F., Zhang, X., Penn, L., Gulliver, J.S., Simcik, M.F., 2011. Effects of monovalent
cations on the competitive adsorption of perfluoroalkyl acids by kaolinite:
experimental studies and modeling. Environ. Sci. Technol. 45 (23), 10028-10035.

Xiao, F., Davidsavor, K.J., Park, S., Nakayama, M., Phillips, B.R., 2012. Batch and column
study: sorption of perfluorinated surfactants from water and cosolvent systems by
Amberlite XAD resins. J. Colloid Interface Sci. 368 (1), 505-511.

Xiao, K., Abbt-Braun, G., Horn, H., 2020. Changes in the characteristics of dissolved
organic matter during sludge treatment: a critical review. Water Res. 187, 116441.

Xiao, X., Ulrich, B.A., Chen, B., Higgins, C.P., 2017. Sorption of poly- and perfluoroalkyl
substances (PFASs) relevant to aqueous film-forming foam (AFFF)-impacted
groundwater by biochars and activated carbon. Environ. Sci. Technol. 51 (11),
6342-6351.

Xu, B., Liu, S., Zhou, J.L., Zheng, C., Weifeng, J., Chen, B., et al., 2021. PFAS and their
substitutes in groundwater: Occurrence, transformation and remediation. J. Hazard.
Mater. 412, 125159.

Xu, J., Niu, J., Zhang, S., 2013. Sorption of perfluorooctane sulfonate (PFOS) on
electrospun fiber membranes. Procedia Environ. Sci. 18, 472-477.

Yadav, S., Ibrar, 1., Al-Juboori, R.A., Singh, L., Ganbat, N., Kazwini, T., et al., 2022.
Updated review on emerging technologies for PFAS contaminated water treatment.
Chem. Eng. Res. Des. 182, 667-700.

Yi, L., Chai, L., Xie, Y., Peng, Q., Peng, Q., 2016. Isolation, identification, and
degradation performance of a PFOA-degrading strain. Genet. Mol. Res. 15 (2),
235-246.

Yong, Z.Y., Kim, K.Y., Oh, J.-E., 2021. The occurrence and distributions of per- and
polyfluoroalkyl substances (PFAS) in groundwater after a PFAS leakage incident in
2018. Environ. Pollut. 268, 115395.

You, C., Jia, C., Pan, G., 2010. Effect of salinity and sediment characteristics on the
sorption and desorption of perfluorooctane sulfonate at sediment-water interface.
Environ. Pollut. 158 (5), 1343-1347.

Yu, H., Chen, H., Zhang, P., Yao, Y., Zhao, L., Zhu, L., et al., 2023. In situ self-sacrificial
synthesis of polypyrrole/biochar composites for efficiently removing short- and long-

15

Bioresource Technology Reports 29 (2025) 102077

chain perfluoroalkyl acid from contaminated water. J. Environ. Manag. 344,
118745.

Yu, Q., Zhang, R., Deng, S., Huang, J., Yu, G., 2009. Sorption of perfluorooctane
sulfonate and perfluorooctanoate on activated carbons and resin: kinetic and
isotherm study. Water Res. 43 (4), 1150-1158.

Yu, X., Takabe, Y., Yamamoto, K., Matsumura, C., Nishimura, F., 2016. Biodegradation
property of 8: 2 fluorotelomer alcohol (8: 2 FTOH) under aerobic/anoxic/anaerobic
conditions. J. Water Environ. Technol. 14 (3), 177-190.

Zaggia, A., Conte, L., Falletti, L., Fant, M., Chiorboli, A., 2016. Use of strong anion
exchange resins for the removal of perfluoroalkylated substances from contaminated
drinking water in batch and continuous pilot plants. Water Res. 91, 137-146.

Zeeshan, M., Ali, O., Tabraiz, S., Ruhl, A.S., 2023a. Seasonal variations in dissolved
organic matter concentration and composition in an outdoor system for bank
filtration simulation. J. Environ. Sci. 135, 252-261.

Zeeshan, M., Pabst, S., Sandyk, E., Ruhl, A.S., 2023b. Fates of selected pharmaceuticals in
a large recirculated mesocosm with a pond and bank filtration. Sci. Total Environ.
892, 164575.

Zeeshan, M., Scheurer, M., Forster, C., Kuebeck, C., Ruhl, A.S., Klitzke, S., 2023c. The
fate of nitrification and urease inhibitors in simulated bank filtration. J. Environ.
Manage. 335, 117485.

Zeeshan, M., Schumann, P., Pabst, S., Ruhl, A.S., 2023d. Transformation of potentially
persistent and mobile organic micropollutants in column experiments. Heliyon 9 (5),
el5822.

Zeng, C., Atkinson, A., Sharma, N., Ashani, H., Hjelmstad, A., Venkatesh, K., et al., 2020.
Removing per- and polyfluoroalkyl substances from groundwaters using activated
carbon and ion exchange resin packed columns. AWWA Water Sci. 2 (1), e1172.

Zenobio, J.E., Salawu, O.A., Han, Z., Adeleye, A.S., 2022. Adsorption of per- and
polyfluoroalkyl substances (PFAS) to containers. J. Hazard. Mater. Adv. 7, 100130.

Zhang, C., Yan, H., Li, F., Hu, X., Zhou, Q., 2013. Sorption of short- and long-chain
perfluoroalkyl surfactants on sewage sludges. J. Hazard. Mater. 260, 689-699.

Zhang, D., Zhang, W., Liang, Y., 2019. Adsorption of perfluoroalkyl and polyfluoroalkyl
substances (PFASs) from aqueous solution-a review. Sci. Total Environ. 694, 133606.

Zhang, L., Lee, L.S., Niu, J., Liu, J., 2017. Kinetic analysis of aerobic biotransformation
pathways of a perfluorooctane sulfonate (PFOS) precursor in distinctly different
soils. Environ. Pollut. 229, 159-167.

Zhang, S., Shao, T., Bekaroglu, S.S.K., Karanfil, T., 2009. The impacts of aggregation and
surface chemistry of carbon nanotubes on the adsorption of synthetic organic
compounds. Environ. Sci. Technol. 43 (15), 5719-5725.

Zhang, S., Lu, X., Wang, N., Buck, R.C., 2016. Biotransformation potential of 6: 2
fluorotelomer sulfonate (6: 2 FTSA) in aerobic and anaerobic sediment.
Chemosphere 154, 224-230.

Zhang, Z., Sarkar, D., Biswas, J.K., Datta, R., 2022. Biodegradation of per- and
polyfluoroalkyl substances (PFAS): a review. Bioresour. Technol. 344, 126223.


http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0800
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0800
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0800
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0805
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0805
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0805
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0810
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0810
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0815
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0815
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0815
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0820
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0820
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0820
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0825
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0825
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0825
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0830
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0830
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0835
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0835
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0835
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0835
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0840
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0840
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0840
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0845
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0845
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0850
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0850
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0850
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0855
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0855
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0855
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0860
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0860
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0860
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0865
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0865
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0865
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0870
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0870
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0870
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0870
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0875
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0875
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0875
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0880
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0880
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0880
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0885
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0885
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0885
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0890
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0890
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0890
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0895
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0895
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0895
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0900
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0900
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0900
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0905
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0905
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0905
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0910
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0910
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0910
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0915
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0915
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0920
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0920
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0925
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0925
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0930
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0930
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0930
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0935
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0935
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0935
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0940
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0940
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0940
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0945
http://refhub.elsevier.com/S2589-014X(25)00059-3/rf0945

	A comprehensive overview on the occurrence and removal of per- and polyfluoroalkyl substances through adsorption and biodeg ...
	1 Introduction
	2 Bibliographic analysis
	3 Occurrence of PFAS in the aquatic environment
	4 Biodegradation of PFAS
	4.1 Factors affecting PFAS biodegradation

	5 PFAS removal through adsorption
	5.1 Carbonaceous materials
	5.2 Ion exchange resins
	5.3 Factors affecting PFAS adsorption

	6 Conclusion and future work
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


