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Abstract

Per- and polyfluoroalkyl substances (PFAS) are persistent contaminants of concern in
aquatic environments because of their stability, mobility, and resistance to conventional
degradation. This review examines PFAS remediation technologies in water and wastewa-
ter treatment, with emphasis on membrane filtration, advanced oxidation processes, and
biological approaches. Although many studies have reported high removal efficiencies, the
limitations of these techniques are numerous, including membrane fouling, high energy
consumption, incomplete destruction, formation of short-chain transformation products,
and the management of concentrated residual streams. As a result, PFAS remain bioavail-
able in receiving waters for biological uptake, leading to ecological consequences in aquatic
systems. PFAS can enter organisms through water, diet, sediment contact, and maternal
transfer, and their bioaccumulation is associated with growth inhibition, developmental
toxicity, endocrine disruption, oxidative stress, immunotoxicity, neurobehavioral changes,
and hepatic damage. These effects can persist even when treatment systems achieve re-
ductions in water concentrations. Therefore, PFAS management should be assessed not
only by removal efficiency but also by the capacity of treatment systems to reduce trophic
exposure in food webs.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a broad class of synthetic organofluo-
rine compounds used in many industrial and consumer products for decades. They are
popular for their specific properties, including high thermal stability, resistance to chemical
and biological degradation, and pronounced surfactant behavior [1,2]. A major factor in
their environmental persistence is the strength of the carbon—fluorine (C-F) bond, which
makes PFAS resistant to conventional degradation processes [1,3,4]. Once released into the
environment, PFAS tend to remain highly mobile because of their chemical stability and
low volatility. Many members of this compound class can also interact with organic tissues,
promoting their bioaccumulation in aquatic organisms and generating concerns about
their long-term environmental effect [1,5]. Consequently, the extensive occurrence of PFAS
within aquatic environments has become a growing concern for regulatory authorities and
the scientific community [6,7].
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Beyond the European framework, significant regulatory developments have emerged
across other major jurisdictions, revealing substantial inconsistencies in both approach and
stringency. The United States Environmental Protection Agency (EPA) adopted legally
enforceable Maximum Contaminant Levels (MCLs) for six PFAS in drinking water in
April 2024, including 4 ppt for both PFOA and PFOS and 10 ppt for PFHxS, PFNA, and
HFPO-DA (GenX), supplemented by a Hazard Index-based MCL for mixtures of PFHXS,
PFNA, HFPO-DA, and PFBS [8]. These values are among the most stringent worldwide
and are considerably lower than the EU parametric value of 100 ppt for the sum of 20 PFAS
and 500 ppt for PFAS total under Directive (EU) 2020/2184, which entered into force
across Member States in January 2026 [9]. Several European countries have adopted
even stricter national limits: a 2 ppt threshold in Denmark for the sum of four PFAS,
a 4 ppt recommended limit in Sweden, and a 20 ppt limit in Germany for PFAS-4 to
take effect by 2028 [10]. In Canada, a drinking water objective of 30 ppt for the sum of
25 PFAS was established in 2024, while Australia revised its guideline values in June 2025
to 200 ppt for PFOA, 8 ppt for PFOS, and 30 ppt for PFHxS [11,12]. These disparities reflect
divergent policy choices, differing interpretations of toxicological evidence, and varying
analytical capabilities, creating a fragmented global regulatory landscape that complicates
international trade and the consistent protection of aquatic ecosystems [10,12].

Several key challenges complicate the translation of these regulatory frameworks into
effective risk assessment and management for aquatic environments. First, most current
regulations target individual legacy PFAS (PFOA, PFOS, PFHxS) or a defined subset of
compounds, while thousands of PFAS remain unregulated, and the industrial transition to
short-chain and emerging alternatives (GenX, F-53B, ADONA) is outpacing regulatory up-
dates [10]. This compound-by-compound approach enables regrettable substitution, where
phased-out substances are replaced by structurally similar compounds with comparable or
poorly characterized toxicological profiles. Second, the setting of health-based thresholds
is hampered by fundamental data gaps: chronic toxicity data exist for fewer than 20 of
the approximately 10,000 PFAS identified in commerce, and the mechanisms of mixture
toxicity, particularly at the ng/L concentrations relevant to treated effluents, remain largely
unknown [10,13]. Third, analytical limitations at ultra-trace levels complicate enforcement,
as quantifying individual PFAS at single-digit ppt concentrations approaches the practical
limits of current liquid chromatography-tandem mass spectrometry methods [8]. Fourth, a
significant regulatory gap persists between industrialized and developing nations: many
low- and middle-income countries lack comprehensive chemical management frameworks
and have not ratified the Stockholm Convention amendments listing additional PFAS [10].
Addressing these challenges will require a shift toward class-based regulatory approaches,
expanded international harmonization, and the integration of bioaccumulation metrics and
adverse outcome pathways into regulatory risk assessment.

Current water treatment technologies encompass a range of physical, chemical, and
biological processes designed to remove contaminants from water and wastewater. Con-
ventional treatment methods, including coagulation, flocculation, sedimentation, and sand
filtration, are generally ineffective against persistent trace contaminants such as PFAS. By
contrast, advanced treatment technologies have been developed to address these limita-
tions. Membrane filtration processes, particularly nanofiltration (NF) and reverse osmosis
(RO), operate through size exclusion and electrostatic interactions to retain dissolved con-
taminants [14,15]. Adsorption onto activated carbon and ion-exchange resins is widely
applied for the removal of organic micropollutants [16]. Advanced oxidation processes
(AOPs), including photocatalysis, ozonation, and electrochemical oxidation, generate highly
reactive radical species capable of degrading refractory compounds [17,18]. Biological treat-
ment approaches, such as activated sludge and constructed wetlands, rely on microbial
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metabolism for contaminant transformation [19]. Each of these technologies presents
distinct advantages and limitations regarding removal efficiency, energy consumption,
operational complexity, and waste generation [4].

Municipal and industrial wastewater treatment plants represent the main pathways
through which PFAS are released into rivers, lakes, estuaries, and coastal environments [20,21].
Conventional treatment processes were not designed to target PFAS, so their removal
is limited for many compounds [22]. Even when advanced treatment technologies are
implemented, removal is often incomplete, variable depending on the PFAS compounds,
and in some cases can transform precursor species into more stable terminal PFAS [4,23].
As a result, PFAS are frequently detected in treated effluents, surface water, groundwater,
sediments, and aquatic organisms in urbanized and industrial regions [1,5,24,25].

Within aquatic ecosystems, PFAS have been reported in a broad range of organisms,
including plankton, aquatic invertebrates, fish, amphibians, birds, and mammals [5,6,26].
Their bioaccumulation profiles vary by species and tissue, depending on chain length,
functional groups, protein affinity, and physiological processes [26,27]. Most research on
PFAS-exposed organisms reports multiple biological effects, such as behavioral changes,
reproductive and developmental impairments, immunotoxic responses, endocrine distur-
bances, and disruptions in energy metabolism [5-7].

A bibliometric analysis of PFAS-related aquatic research (2015-2026) is presented in
the Supplementary Materials (Figures S1-S3), illustrating the evolution of research interest
from occurrence and distribution toward treatment efficiency, degradation mechanisms,
and ecological implications.

The connection between water treatment performance for PFAS and ecological out-
comes in receiving waters is an area that requires additional exploration [4]. Existing
research indicates that traditional treatment methods can remove a significant percentage
of PFAS (80-85%) [4], while complete removal, especially of short-chain PFAS, remains
a challenge [4]. Furthermore, standardized bioassays for toxicity assessment are still un-
der development [4]. Despite these outcomes, a systematic analysis linking improved
water treatment efficacy to lower bioaccumulation or reduced biological effects in the
environment is largely missing from the literature.

The objective of this literature review is to integrate current knowledge on PFAS occur-
rence, bioaccumulation, and biological consequences in aquatic systems within the explicit
context of the capabilities and limitations of current water and wastewater treatment tech-
nologies. Specifically, the review aims to: (i) summarize the physicochemical properties that
control PFAS persistence, mobility, and partitioning in aquatic environments; (ii) synthesize
available data on their occurrence in major aquatic compartments and the pathways govern-
ing their distribution; (iii) evaluate the performance and limitations of advanced treatment
technologies for PFAS removal; (iv) examine how residual contamination contributes to
bioaccumulation across aquatic organisms and trophic levels; and (v) compile the main
biological and ecotoxicological responses associated with PFAS exposure.

2. Physicochemical Properties of PFAS

PFAS contain at least one perfluorinated carbon moiety (-CnF(on+1)-) or (-CnF(on)-)
attached to a functional group, such as carboxylate (-COO™) or sulfonate (-SO3 ™) [28,29].
Major structural subclasses include perfluoroalkyl carboxylic acids (PFCAs) (e.g., PFOA)
and perfluoroalkyl sulfonic acids (PFSAs), such as PFOS; together, these fully fluorinated
acids are collectively referred to as perfluoroalkyl acids (PFAAs) [28]. Another major class
comprises fluorotelomers, which transition from a perfluorinated segment to one or more
non-fluorinated carbons and includes subclasses such as fluorotelomer alcohols (FTOHs)
and fluorotelomer sulfonates (FTSAs) [29].
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PFAS alternatives include ether- and chlorinated ether-based compounds (e.g., HFPO-
DA /GenX, 6:2 CI-PFESA), perfluoroalkyl ether carboxylic acids (PFECAs, e.g., ADONA),
perfluoroalkyl ether sulfonates (e.g., Nafion byproducts), and fluorotelomer sulfonates
(e.g., 6:2 FTS, F-53B), which have been introduced as replacements for legacy PFAS in
industrial applications [29,30]. Ultrashort-chain PFAS (C2—C3: trifluoroacetic acid—TFA,
perfluoropropanoic acid—PFPr) represent an additional class of increasing environmental
concern due to their extreme mobility, high resistance to degradation, and potential for
widespread atmospheric transport and deposition [31].

PFAS precursors, including sulfonamides, sulfonamidoethanols, and polyfluoroalkyl
phosphate esters, are environmentally relevant because they can degrade to terminal PFAAs
such as PFOS and PFOA in soils, sediments, and the atmosphere [30].

Despite their growing environmental relevance, the physicochemical properties and
environmental fate of emerging PFAS alternatives and ultrashort-chain compounds re-
main poorly characterized compared to legacy PFAS (PFOA, PFOS). Key knowledge gaps
include: (i) the partitioning behavior of ultrashort-chain PFAS in air-water-soil systems;
(ii) the transformation pathways and terminal degradation products of emerging fluo-
rinated alternatives under realistic environmental conditions; and (iii) the potential for
additive or synergistic effects in PFAS mixtures, which are rarely addressed in current
studies [31]. Carbon-chain length serves as a fundamental organizing principle. Long-chain
PFAS, specifically perfluorocarboxylic acids (PFCAs) with seven or more fully fluorinated
carbons and perfluorosulfonic acids (PFSAs) with six or more, exhibit lower water solubility,
greater sorption, and increased bioaccumulation compared to their short-chain counter-
parts. Structural features such as ether and branched configurations, alternative halogen
substitutions, and mixed perfluoro-/polyfluoro- segments further increase complexity and
can substantially influence environmental behavior [29]. The introduction of ether linkages
increases PFAS mobility by reducing sorption affinity. Branched isomers typically exhibit
lower bioaccumulation than linear forms due to differences in partitioning and enzymatic
recognition. The presence of chlorine or other halogen substitutions may enhance degrada-
tion potential under specific conditions, but these modifications can also alter partitioning
and toxicity. Consequently, such structural variations result in significant differences in
mobility, persistence, and environmental distribution among PFAS compounds [31-33].

The high electronegativity and small atomic radius of fluorine result in the carbon-
fluorine (C-F) (5631.5 kJ/mol) bond being among the strongest single bonds in organic
chemistry [3]. Further substitution of carbon with fluorine atoms shortens the bond length
and increases the bond energy. As a result, perfluoroalkyl acids are highly resistant to
oxidants and elevated temperatures, nearly inert to hydrolysis and direct photolysis under
environmental conditions, and poorly metabolized by most organisms, rendering them
terminal products in many degradation pathways. This intrinsic stability underlines the
designation of PFAS as “forever chemicals” [3,28]. Certain PFAS subclasses, particularly
those containing chlorine substitutions or ether linkages, can be more prone to transforma-
tion under reductive conditions or during photochemically driven processes, depending
on the environmental or treatment context. Additionally, emerging treatment approaches,
such as advanced oxidation and reduction processes, demonstrate potential for the par-
tial or complete degradation of selected PFAS compounds, particularly when driven by
mechanisms involving photocatalysis, hydrated electrons, or high-energy irradiation [34].
Although these processes remain largely confined to laboratory-scale investigations, they
define an active research area with implications for the development of more effective
remediation strategies [35,36].

Most perfluoroalkyl acids (PFAAs), including perfluorocarboxylic acids (PFCAs) and
perfluorosulfonic acids (PFSAs) are strong acids characterized by very low pKa values [37].
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Consequently, they predominantly exist as anions in surface water, groundwater, and
porewater within the typical environmental pH range of 5 to 9. In their anionic form, these
compounds exhibit high aqueous solubility, particularly among short-chain congeners.
Many per- and polyfluoroalkyl substances (PFAS) with polar headgroups demonstrate
solubility exceeding 1000 mg/L [38]. Short-chain PFAs and many ionized PFASs therefore
behave as highly mobile, largely waterborne contaminants. Increasing perfluorinated chain
length reduces solubility and generally increases sorption to organic carbon and mineral
surfaces [28,39]. lonic strength and cation composition can also strongly affect solubility:
PFOS, for example, shows reduced solubility in seawater and CaCl, solutions relative to
pure water, consistent with salting-out and cation bridging effects [40]. Amphiphilicity
drives accumulation at air-water, oil-water, and solid-water interfaces and allows PFAS to
form micelles or hemi-micelles at higher aqueous concentrations [39]. The main physico-
chemical properties that govern PFAS environmental distribution, including persistence,
low volatility, chemical stability, and bioaccumulation potential, are illustrated in Figure 1.

Low vapor pressure
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Figure 1. Physicochemical properties and environmental fate of PFAS.

Sorption coefficients (K4, Koc) increase with the perfluoroalkyl chain length. Per-
fluoroalkyl sulfonic acids (PFSAs) exhibit stronger sorption than perfluoroalkyl car-
boxylic acids (PFCAs) of equivalent chain length [39]. PFAS carboxylates with chain
lengths > C10 are transported predominantly in association with suspended solids,
whereas PFOA and PFHXS occur mainly in the aqueous phase [40,41]. Hydrophobic
sulfonamides, including N-ethyl perfluorooctane sulfonamide (N-EtFOSA) and N-ethyl
perfluorooctane sulfonamidoethanol (N-EtFOSE) are sorbed to particulates at rates ex-
ceeding 90%. Conversely, perfluorooctane sulfonic acid (PFOS), PFOA, and PFHxS
remain largely in the aqueous phase [39]. These distinctions in sorption behavior have
direct environmental implications. Compounds in the dissolved phase demonstrate
increased mobility and may be transported across extensive distances within aquatic
systems, thereby elevating the risk of diffuse contamination.

In contrast, strongly sorbed PFAS exhibit reduced mobility but may accumulate in
sediments, contributing to long-term environmental persistence and posing challenges for
remediation. Understanding these distribution patterns is essential for designing effective
management and remediation strategies at PFAS-impacted sites.

https:/ /doi.org/10.3390/environments13060330



Environments 2026, 13, 330

6 of 34

3. Occurrence and Pathways of PFAS in Aquatic Environments
3.1. Occurrence in Surface Water and Groundwater

PFAS are frequently detected in both surface and groundwater, with concentrations
varying with proximity to contamination sources and hydrological conditions. Global
data show PFAS can be nearly undetectable in pristine groundwater (<0.003 ng/L), yet
reach very high levels in contaminated aquifers (up to 51,000 ng/L) [42]. In river systems,
typical concentrations are in the ng/L range; for example, the Naknong River Basin showed
values between 9.28 and 171.40 ng/L, with the highest concentrations near industrial and
wastewater-affected areas [43]. Moreover, in Romanian surface waters, PFAS concentrations
reached approximately 35 ng/L upstream and 45 ng/L downstream, with PFOS, PFOA,
and PFNuDA among the dominant compounds in downstream samples [25]. These results
show the influence of contamination sources on PFAS levels [25,43].

Similarly, urban river systems in developing areas show consistent PFAS presence,
with total concentrations ranging from 23.96 to 89.35 ng/L in surface waters, where per-
fluorooctanoic acid (PFOA) accounted for 34-59% of total PFAS due to its high solubility
and continued industrial use [44]. In drinking water sources, multi-compound screening
detected up to 32 PFAS, dominated by perfluoroalkyl carboxylic acids (PFCAs) and sulfonic
acids (PFSAs), with spatial variability influenced by riverine inputs and local contamination
sources such as airport runoff [45].

Thus, anthropogenic activities—industrial discharge, urban runoff, and wastewater
effluents—are primary drivers of PFAS distribution in aquatic systems. Hydrological
connectivity further enables PFAS to spread regionally, highlighting the close link between
human actions and environmental PFAS occurrence [25,31-33].

Recent studies have increasingly detected ultrashort-chain PFAS in aquatic environ-
ments. Trifluoroacetic acid (TFA), the shortest perfluoroalkyl carboxylic acid (C2), has been
found in surface waters at concentrations reaching several ug/L, often exceeding those
of legacy PFAS, due to its extreme mobility and resistance to degradation [45]. Similarly,
perfluoropropanoic acid (PFPr, C3) and perfluorobutanoic acid (PFBA, C4) have been
identified as dominant PFAS in groundwater impacted by atmospheric deposition and
industrial sources [39,42]. Despite these findings, monitoring data for ultrashort-chain and
emerging alternative PFAS remain scarce, as most analytical methods are optimized for
C4-C14 PFAS and may not capture these highly polar, low-molecular-weight compounds.
The development of sensitive analytical protocols for ultrashort-chain PFAS is urgently
needed to fully assess their environmental distribution and risks [31,37].

3.2. Occurrence in Wastewater Effluents and Point Sources

Wastewater treatment plants (WWTPs) are key nodes in the environmental cycling of
PFAS because they receive contaminants from industrial production, consumer-product use,
firefighting foams, and related urban sources, yet conventional treatment is not designed to
fully remove these highly persistent compounds [43,45]. PFAS therefore remain detectable
in influents, effluents, sludge, and downstream waters, and treated discharges can continue
to act as a source of contamination for receiving aquatic systems [25,43]. Biosolids and
wastewater residuals may further contribute to environmental dissemination, extending
contamination beyond the treatment plant itself. In 19 Australian wastewater treatment
plants, the 21 PFAS analyzed across four classes were detected in all samples. Mean total
concentrations were 110 ng/L in aqueous matrices and 34 ng/g dw in solids. PFHxA,
PFOA, and PFOS were among the dominant compounds, and PFBA reached 370 ng/L in
the final effluent [46].

At the same time, in a Romanian WWTP study, nine PFAS were measured in five
treatment plants, with PFOA and PFOS consistently dominating across matrices. Influent
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concentrations reached 105 to 316 ng/L, while effluents still contained 14.8 to 31.3 ng/L,
indicating incomplete removal despite reported efficiencies above 80% for total PFAS in
some plants. Sewage sludge also contained substantial burdens, with PFOA up to 35.8 ng/g
dw (dry weight) and PFOS up to 27.8 ng/g dw, and downstream river waters generally
showed higher concentrations than upstream sites, confirming WWTPs as an important
source of PFAS to surface waters. The same study reported PFOA mass loading of up to
237 mg/day /1000 people and highlighted potential human-health concerns for surface
waters used as drinking-water sources, particularly for PFOS and in children [25].

3.3. Occurrence in Sediments

Sediments act as both reservoirs and secondary sources of PFAS, especially for long-
chain types that bind more easily. Reported sediment concentrations usually range from
low to tens of ng/g dw. For example, values ranging from 2.18 to 11.67 ng/g were observed
in urban rivers, with PFOS present largely due to its strong binding and persistence [44].

At larger scales, PFAS were detected in 86% of sediment samples, with concentrations
up to 23 ng/g dw. Unidentified precursor compounds accounted for up to 58% of total
PFAS, underscoring that transformation processes might delay PFAS release into water [47].
Sediment PFAS contamination is most severe near industrial and urban areas and is ad-
ditionally influenced by activities such as airport operations, where fluorotelomer-based
compounds are common [43]. This demonstrates clear patterns associated with human
land use [47].

3.4. Occurrence in Marine Environments

PFAS are widely detected in marine environments, with the Romanian Black Sea
showing a clear compartment-specific pattern: PFOA was dominant in seawater, reach-
ing up to 112 ng/L, while PFOS prevailed in sediments and macroalgae, with maximum
concentrations of 613 ng/g dw and 68.3 ng/g dw, respectively. This distribution indicates
that more mobile short-chain compounds remain mainly in the dissolved phase, whereas
more hydrophobic homologues preferentially partition to sediments and biota [48]. Spa-
tially, the highest concentrations were recorded near the Danube outflow, supporting
riverine discharge as a major pathway for PFAS input into the Black Sea. Overall, the
sediment compartment remains particularly important, as it can act both as a sink and
as a potential secondary source of PFAS, while the Black Sea, as a semi-enclosed basin,
promotes contaminant retention and long-term exposure for benthic organisms and
marine food webs [48].

The occurrence of emerging PFAS alternatives in marine ecosystems is still poorly
documented. While GenX and ADONA have been detected in coastal waters and marine
biota at low ng/L concentrations, data on their bioaccumulation and long-term fate in
marine food webs are virtually nonexistent [49]. The presence of PFAS precursors in marine
sediments adds further complexity, as these compounds may undergo transformation
to terminal PFA As, sustaining long-term contamination even after source reduction [46].
Future studies should include targeted monitoring of emerging PFAS and precursors
in marine compartments to evaluate their contribution to the overall PFAS burden and
potential ecological risks.

3.5. Transportation Pathways and Environmental Distribution

PFAS distribution within aquatic systems depends on direct emissions, environ-
mental transport, and physicochemical partitioning [38]. Main pathways include
wastewater discharge—continuous input from effluents into rivers and lakes, surface
runoff—mobilization from urban areas, agricultural land, and contaminated soils, atmo-
spheric deposition—long-range transport and subsequent deposition into water bodies,
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and groundwater flow—subsurface transport from contaminated sites, including landfills
and industrial areas (Figure 2) [43,44].
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Figure 2. Sources, pathways, and environmental distribution of PFAS in aquatic systems.

These pathways result in widespread PFAS presence across connected water, sediment,
and biota compartments. Notably, PFAS have high water mobility due to their amphiphilic
nature, which allows them to travel long distances from point sources, reaching remote
environments. This finding explains their global distribution [42,49,50].

Interactions with other environmental matrices additionally affect PFAS fate. For
example, micro (nano) plastics can adsorb PFAS, acting as carriers that improve PFAS
mobility in water [50,51]. Additionally, parameters such as pH, salinity, ionic strength, and
temperature play key roles in PFAS occurrence and partitioning. This demonstrates the
complex factors controlling PFAS distribution [49].

3.6. Link Between Occurrence and Bioaccumulation Pathways

The presence of PFAS in water and sediments is directly linked to their bioaccumula-
tion in aquatic organisms through uptake from water, ingestion of contaminated sediments,
and trophic transfer. Field data shows significant bioaccumulation, with fish tissue concen-
trations reaching up to 13,900 ng/g, demonstrating the environmental relevance of aquatic
contamination [42]. In contaminated ecosystems, PFAS are transferred along food webs,
leading to accumulation in higher trophic levels and long-term ecological risks [52].

PFAS presence in aquatic systems is driven by continuous anthropogenic inputs, in-
efficient removal during conventional treatment, and complex transport processes. Their
persistence and mobility result in contamination across water, sediments, and biota, while
precursor transformation complicates their environmental behavior [31,32]. These aspects
point out the need for integrated monitoring approaches that account for both environ-
mental concentrations and exposure pathways [42—44]. In this context, the link between
incomplete removal and bioaccumulation illustrates the limitations of present treatment
systems. Consequently, advanced water treatment technologies have gained increasing
attention, although their effectiveness is assessed not only by removal efficiency but also
limited by their ability to restrict residual concentrations that sustain bioaccumulation in
aquatic ecosystems [33,37].
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A particularly important knowledge gap concerns the bioaccumulation potential
of ultrashort-chain PFAS and emerging alternatives. Due to their low log Kow values,
ultrashort-chain PFAS are not expected to bioaccumulate in lipid-rich tissues; however, they
may accumulate in protein-rich compartments or via specific transport mechanisms that
remain poorly understood [32]. Furthermore, precursor compounds can act as a hidden
source of PFAS exposure, as their biotransformation within organisms may generate more
persistent and toxic terminal PFAS [27]. Investigating these indirect exposure pathways is
critical for accurate risk characterization.

4. Advanced Water Treatment Technologies and Their Limitations
4.1. Membrane Filtration Technologies: Removal Performance and Limitations

Membrane filtration technologies, particularly nanofiltration (NF) and reverse osmosis
(RO), are among the most effective approaches for reducing PFAS concentrations in con-
taminated waters [14]. These pressure-driven processes operate through semi-permeable
membranes with defined molecular weight cut-offs (MWCO), enabling the separation of
dissolved contaminants via steric exclusion and electrostatic interactions [15,34].

Reverse osmosis membranes, characterized by dense polymeric structures and high
selectivity, typically achieve rejection efficiencies over 99% for a wide range of PFAS, in-
cluding both long-chain (e.g., PFOA, PFOS) and short-chain compounds [15]. In contrast,
nanofiltration membranes perform at lower pressures and short-chain compounds [15]. In
contrast, NF membranes operate at lower pressure and exhibit more variable performance,
with removal efficiencies generally ranging from approximately 60% to >99%, depending
on membrane properties and water chemistry [53]. Low-pressure membranes (microfil-
tration and ultrafiltration) are largely ineffective for PFAS removal unless combined with
adsorption processes [34].

Recent developments include modified and mixed-matrix membranes incorporating
nanomaterials or functional polymers, which have displayed augmented PFAS removal
(>99%) at the laboratory scale. However, their long-term reliability and scalability remain
uncertain [15]. In particular, from the perspective of aquatic systems, membrane processes
should be regarded as separation and concentration technologies rather than complete
removal solutions, as PFAS are not degraded but redistributed between the effluent and
membrane concentrate [15,34].

Membrane filtration has been tested for a wide variety of PFAS, covering concentration
ranges from ng/L in drinking water to pg/L in contaminated groundwater. Pilot-scale
studies treating aqueous film-forming foam (AFFF)—contaminated groundwater (total
PFAS ~ 14.3 pg/L) reported rejection efficiencies greater than 99% for RO and 97.9-99.8%
for NF across multiple PFAS classes, including carboxylates and sulfonates [14]. Building
on this evidence, nanofiltration applied to drinking water reduced PFAS concentrations by
approximately 98%, achieving permeate levels of ~1.4 ng/L [54]. Laboratory studies also
indicate that nanofiltration can remove both legacy and emerging PFAS (e.g., perfluoroalkyl
ether acids and fluorotelomer sulfonates) with efficiencies ranging from 66% to >99%,
depending on membrane characteristics [55].

Despite these high removal efficiencies, residual PFAS concentrations in treated water
often remain in the ng/L range [54]. Such levels are environmentally relevant, as they
fall within the domain associated with chronic exposure and bioaccumulation in aquatic
organisms. Moreover, removal efficiency is compound-dependent: long-chain PFAS are
retained, while short-chain, emerging PFAS present lower rejection and higher mobility,
leading to shifts in PFAS composition in treated effluents [15,56].

PFAS rejection by NF and RO membranes is governed by multiple physicochemical
mechanisms. The primary mechanisms are steric obstruction and electrostatic exclusion,
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with additional contributions from hydrophobic interactions and adsorption onto mem-
brane surfaces [15,53,56]. Exploring these mechanisms provides insight into how retention
varies and informs the factors discussed below (Figure 3).

REVERSE OSMOSIS OUTPUTS
(RO)
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Figure 3. Nanofiltration and reverse osmosis processes for PFAS removal and their separation performance.

Retention efficiency is strongly influenced by PFAS molecular properties, including
chain length, molecular weight, and functional group [14,55,56]. Long-chain PFAS and sul-
fonates generally display greater rejection than shorter-chain carboxylates [14]. Membrane
characteristics such as MWCO, pore size distribution, permeability, and surface charge
are equally important, with tighter membranes (RO and tight NF) providing superior
selectivity [53,55,56].

The composition of the water matrix also plays an important role. Dissolved organic
matter can promote fouling and reduce membrane performance, while ionic strength and
divalent cations (e.g., Ca?*, Mg?*) can alter electrostatic interactions and influence PFAS re-
jection [53]. While these matrix effects are acknowledged, their impact is most pronounced
in challenging real-world applications. In landfill leachate, characterized by high dissolved
organic carbon (DOC > 1000 mg/L), elevated ionic strength, and complex contaminant
mixtures, membrane fouling is significantly accelerated, leading to reduced flux, increased
energy demand, and altered rejection characteristics over prolonged operation [53]. The
high organic and inorganic load can cause both reversible and irreversible fouling, with
organic fouling being particularly detrimental to PFAS rejection due to pore blockage and
cake layer formation [53]. In seawater and brackish water, the high salinity and presence
of divalent cations compress the electrical double layer of charged membrane surfaces,
reducing electrostatic repulsion of anionic PFAS and potentially compromising rejection
of short-chain compounds [40,53]. The competitive effects of co-existing anions (e.g., C1~,
SO4%~,HCO3 ™) remain insufficiently characterized. In industrial wastewater, PFAS concen-
trations can span several orders of magnitude (ng/L to mg/L levels), and the presence of
organic solvents, surfactants, and high suspended solids can affect both membrane integrity
and separation performance [23]. Systematic studies evaluating membrane performance
under realistic and variable feedwater conditions are urgently needed to guide technology
selection and process optimization.

Operating parameters, including pressure, pH, and recovery rate, also influence perfor-
mance, with higher recovery conditions leading to reduced rejection due to concentration
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polarization [14]. Although membrane filtration achieves substantial reductions in aque-
ous PFAS concentrations, several limitations constrain its potency in protecting water
ecosystems [34]. A key challenge is the generation of PFAS-enriched concentrate streams,
typically accounting for 10-20% of the treated volume and containing PFAS concentrations
several times higher than those in the influent [54]. Without appropriate management, these
streams act as secondary sources of contamination. The management of these concentrated
streams remains an unresolved challenge. When membrane concentrates are subjected to
further treatment, PFAS can be transferred to the solid phase and associated biosolids. The
subsequent land application of PFAS-laden biosolids can reintroduce these contaminants
into agricultural soils and receiving waters, creating a cycle of contamination that current
technologies fail to fully address [25,46]. Integrated strategies combining membrane sepa-
ration with downstream destructive technologies for concentrate treatment are essential to
prevent secondary pollution and to close the PFAS loop in wastewater management [34,54].

In addition, membrane fouling and high-energy requirements, particularly in RO
systems, increase operating costs and limit large-scale applicability [15]. The reduced
removal efficiency for short-chain PFAS further contributes to their persistence in treated
effluents [53,54].

From an ecological perspective, even though membrane filtration achieves high
apparent removal efficiencies, the persistence of residual PFAS at ng/L levels and the
incomplete removal of mobile compounds continue to allow exposure, trophic transfer,
and bioaccumulation in aquatic organisms [54]. Thus, membrane filtration alone does
not fully mitigate environmental risks [52]. These findings highlight a major gap between
technological performance and ecological protection. Membrane filtration effectively
reduces bulk PFAS concentrations but does not eliminate them, pointing out the need for
integration with downstream destructive technologies to limit long-term accumulation
in aquatic systems [52,54].

At these residual concentrations, long-chain PFAS that permeate the membrane can
still activate peroxisome proliferator-activated receptor alpha (PPARa) in fish hepatocytes,
triggering the lipid metabolism disruption and hepatocellular vacuolation documented at
environmentally relevant internal doses [57,58]. Meanwhile, the preferential permeation of
short-chain PFAS yields effluents enriched in compounds with higher mobility and affinity
for liver fatty-acid-binding protein (LFABP), facilitating their distribution to protein-rich
tissues and sustaining chronic exposure pathways even at ng/L levels [15,56,59].

Regarding the scalability, energy, and cost considerations, RO and NF are commercially
mature technologies, with full-scale installations operational in drinking water treatment
and desalination (TRL 9) [14,15]. Energy consumption typically ranges from 3 to 6 kWh/ m3
for RO and 2-4 kWh/m? for NF, constituting the primary operating cost [15]. Capital
costs remain high relative to adsorption-based alternatives, and membrane replacement
due to fouling can add 10-20% to annual operating expenses [53]. The management of
PFAS-enriched concentrate streams (10-20% of feed volume) represents an additional cost
burden that is often underestimated in economic assessments [54].

The removal of emerging PFAS alternatives and ultrashort-chain PFAS by membrane
processes presents additional challenges. Short-chain PFAS, including PFBA, PFHxA,
and the alternative HFPO-DA (GenX), exhibit lower rejection rates compared to long-
chain compounds due to their smaller molecular dimensions and higher mobility, with
reported removal efficiencies ranging from 20% to 80% for NF and above 90% for RO under
optimized conditions [15,55]. The presence of multiple PFAS classes in real water matrices
further complicates performance prediction, as competitive effects and membrane fouling
can alter rejection behavior. Systematic studies evaluating membrane performance for the
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full spectrum of PFAS, including ultrashort-chain and emerging alternatives, are needed to
guide technology selection and process optimization [56].

4.2. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) operate through the in situ generation of highly
electrophilic species, primarily hydroxyl (-OH) and sulfate (SO4 ™) radicals [42]. While these
radicals possess sufficient redox potential to degrade a wide array of persistent organic
pollutants, the perfluorinated chain of PFAS presents a unique kinetic challenge [60]. The
extreme dissociation energy of the C-F bond generally precludes direct oxidative cleav-
age, necessitating degradation pathways dominated by electron transfer and sequential
defluorination. This stepwise breakdown frequently results in the formation of short-chain
perfluoroalkyl acids, which, due to their heightened water solubility and environmental
mobility, pose sustained risks regarding bioavailability and aquatic bioaccumulation [61,62].

Comparative analysis of experimental data underscores the influence of matrix compo-
sition and molecular architecture on AOPs’ efficacy. Experimental evaluations reveal that
standalone thermal or irradiation-based methods, such as microwave (MW) systems, lead
to limited mineralization; for instance, PFOA degradation efficiencies remain restricted to
a 3.1-5.2% range even under high-temperature conditions [63]. Similarly, sulfate radical-
based oxidation without exogenous activation demonstrates poor performance in complex
matrices, yielding only 12.7% degradation in landfill leachate [64]. These findings highlight
that single-activation approaches are insufficient to effectively overcome the kinetic stability
of the perfluorinated carbon structure. Similarly, despite the localized pyrolytic conditions
(~5000 K) and high pressures (~500 atm) generated in ultrasonic systems, PFOS removal
remains modest, with efficiencies of about 28% [65,66]. These outcomes suggest that single-
mechanism oxidative approaches are clearly insufficient for the complete mineralization of
perfluorinated structures.

In contrast, photocatalytic and electrochemical configurations show higher remedia-
tion efficiency. Systems utilizing UV /TiO; have achieved up to 95% removal of long-chain
PFAS; however, the reaction kinetics often favor partial oxidation over complete mineral-
ization, leaving stable polyfluorinated intermediates in the effluent [17,67]. Electrochemical
oxidation (EO), particularly when utilizing boron-doped diamond (BDD) electrodes, repre-
sents a superior technological alternative [18]. Removal efficiencies for PFOA in municipal
wastewater range from 44% to 70%, while in more challenging matrices like landfill leachate,
values reach 78-80% [68,69]. The combination of complementary mechanisms, such as
EO-Fenton systems, further elevates performance to 97% [70]. Nevertheless, the transition
to industrial scales is frequently hindered by the nature of these processes and the high
cost of BDD materials [70].

Despite these promising results for legacy PFAS, the degradation of ultrashort-chain
PFAS and emerging alternatives by AOPs is particularly challenging due to their high C-F
bond strength and resistance to radical attack. While photocatalysis and electrochemical
oxidation have shown promising results for PFOA and PFOS, their efficiency decreases
substantially for shorter-chain compounds and fluorinated alternatives containing ether
linkages [17,70]. Research on the degradation mechanisms and kinetics of ultrashort-chain
PFAS (C2-C3) and emerging alternatives (e.g., GenX, ADONA, F-53B) under various
AOP configurations remains limited, representing a critical barrier to the development of
effective treatment strategies for these increasingly prevalent contaminants [61].

The performance of AOPs is strongly matrix-dependent, a factor often overlooked
in studies using ideal aqueous solutions. In landfill leachate, high organic matter (DOC
often >1000 mg/L) acts as a radical scavenger, competing with PFAS for reactive species
and substantially reducing degradation efficiency. Electrochemical oxidation with BDD
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electrodes achieves 78-80% PFOA removal in leachate [68,69], but energy consumption
and electrode fouling remain barriers to full-scale implementation. In industrial wastew-
ater, co-contaminants (heavy metals, organic solvents, surfactants) interfere with radical
production and PFAS degradation kinetics. The variability of industrial effluents precludes
generalized treatment protocols, yet most published studies rely on synthetic wastewater
formulations [71]. In seawater, high chloride concentration leads to competing radical
reactions and potential formation of chlorinated by-products. The scavenging of hydroxyl
radicals by CI~ redirects the oxidation pathway from PFAS degradation toward less re-
active chlorine radicals, reducing overall efficiency [42]. For biosolids and sludge, PFAS
partitioning between solid and aqueous phases limits treatment efficiency. Ultrasonic and
electrochemical processes show low degradation in sludge due to organic matrix protection
and limited mass transfer [46]. Short-chain PFAS formation as degradation products is
poorly documented. Future research should prioritize: (i) systematic AOP comparison
across real matrices under standardized conditions; (ii) matrix-specific pretreatment to
mitigate scavenging; (iii) investigation of transformation products in complex matrices;
and (iv) pilot-scale energy and cost assessment for challenging matrices [71].

The most robust remediation outcomes are consistently associated with hybrid AOP
configurations. Hybrid systems—including UV /persulfate, MW /persulfate, and UV /O3~
demonstrate removal efficiencies between 76% and 100%. Specifically, the UV /S,0g%~
system has been documented to achieve 100% degradation of PFOA, while MW-assisted
persulfate activation reaches 99.3% [64,72]. Further experimental details and a comparative
overview of AOP performance are provided in Table 1.

The apparent reduction in PFAS concentrations in water does not automatically imply
a decrease in ecological risk. A critical limitation of AOPs is their inability to influence the
distribution of PFAS between water matrices and benthic organisms [42]. Furthermore, the
emergence of mobile, short-chain transformation products—characterized by an affinity for
hepatic and vascular compartments—supports chronic exposure pathways that are often
overlooked by conventional elimination indicators [61].

Given their variable performance across different water matrices, AOPs are most
effective when integrated into multi-stage treatment systems together with separation
processes such as adsorption or membrane filtration. These approaches help limit
the release of persistent fluorinated compounds, which may accumulate in aquatic
organisms, induce biological effects, and contribute to long-term ecological risks in the
receiving environment.

This is particularly important because the incomplete mineralization characteristic
of AOPs generates short-chain perfluoroalkyl acids that, while more water-soluble, retain
the ability to bind to transthyretin and liver fatty-acid-binding protein (LFABP), thereby
interfering with thyroid hormone transport and hepatic fatty-acid homeostasis in exposed
organisms [58,59,61]. Moreover, the formation of polyfluorinated intermediates during
partial oxidation may introduce compounds with altered aryl hydrocarbon receptor (AhR)
agonist activity, as demonstrated for PFOSA and PFHxS in zebrafish cardiac toxicity
models, leading to arrhythmia and structural abnormalities [73]. Consequently, AOP-based
treatment trains must be designed not only to maximize percentage removal but also
to ensure that transformation products do not introduce new mechanisms of endocrine
disruption or developmental toxicity in receiving waters [42,73].

Scalability, energy, and cost considerations. Most AOPs remain at laboratory to pilot
scale for PFAS treatment (TRL 4-7), with electrochemical oxidation being closest to full-
scale implementation for landfill leachate [63,64]. Energy demand varies widely: UV-based
systems require approximately 0.5-2 kWh/m3, electrochemical oxidation 20-50 kWh/m?,
and ultrasonic systems up to 100 kWh/m?3 [66]. The high energy consumption, together
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with chemical reagents (persulfate, catalysts) and electrode replacement (BDD anodes),
translates into operating costs substantially higher than membrane processes [70]. These
factors currently constrain AOP deployment to niche applications such as concentrate
treatment, leachate polishing, or final polishing of short-chain PFAS.

Table 1. Performance of advanced oxidation processes (AOPs) for PFAS removal under different
experimental conditions.

AOP/System F{f;igt Efﬁ((:;e)ncy Process Type Experlm;{r;tlfllaﬁ?sndltlons/ Water Matrix ~ Reference
. o Landfill
Microwave PFOA 5.2 Degradation 90W,130°C,12h leachate [64]
(MW) PFOA 3.1 Degradation 140 W, 130 °C, 8 h Aqueous [63]
solutions
Ultrasound PFOS 28 Degradation 200 kHz Aquepus [66]
solution
PFAS 16 Degradation uv Aquepus [17]
. solution
Photocatalysis Adueous
PFAS 95 Degradation UV/TiO,, 48 h queou [67]
solution
PFOA 85 Degradation Alkaline conditions Aquepus [74]
Ozonation solution
PFOA 33 Degradation 4h, without. pretreat.n.\ent, Aquepus [74]
PFOS 43 under alkaline conditions solution
Ele.ctro.chemlcal PFOA 44-70 Degradation BDD electrodes, 2.3-21.4 mA cm 2 Wastewater [68]
oxidation (EO)
Electrochemical =~ PFOA 80 . L Landfill [69]
oxidation (EO)  PFOS 78 Degradation  BDD electrodes, 75 mA em leachate [69]
Hybrid P o Landfill
(MW /S,052°) PFOA 99.3 Removal 50 mM S,0g~, 70 W, 90 °C leachate [64]
Hybrid - Aqueous
(MW /S,0527) PFOA 74.3 Defluorination 45-140 W solution [64]
Hybrid PFOA 97 Degradation =~ BDD anode, Fe;oMnC cathode, 4 h Aqueous [70]
(EO-Fenton) 710 ! solution
Hybrid . 50 mM S$,0g2~, 25 °C, 0.48 MPa, Aqueous
(8,082 /UV) PFOA 100 Degradation h solution [59]
Hybrid . Aqueous
(UV-Fenton) PFOA 87.9 Degradation 1h solution [63,75]

4.3. Biological Treatment Methods

Biological strategies complement conventional physicochemical PFAS remediation
because they require modest energy inputs and can be deployed in situ. The principal
categories applied to aquatic systems are microbial degradation, fungal transformation,
algal and microalgal uptake, phytoremediation, and vermiremediation.

Microbial bioremediation of PFAS has been investigated using both aerobic and anaer-
obic bacterial systems. Aerobic mixed consortia of Pseudomonas spp. have demonstrated
the capacity to degrade a broad spectrum of per- and polyfluoroalkyl acids, with mixed
cultures performing greater than isolated strains [19,76]. Under anaerobic conditions, the
Acidimicrobiaceae member Acidimicrobium sp. strain A6, employed in microbial electrolysis
cells, achieves an average 77% reduction in PFOA; the process generates free fluoride
ions and shorter-chain perfluoroalkyl acids while proceeding under iron-reducing condi-
tions with ammonium or hydrogen serving as electron donors [77]. Regardless of these
advances, the overall reaction kinetics remain slow, as PFAS bioremediation is character-
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ized by prolonged reaction times and low degradation rates [71]. Moreover, to date, no
single microorganism has been identified that can completely mineralize persistent PFAS
compounds, underscoring the necessity of the integrated treatment strategies [78].

White-rot fungi, particularly Phanerochaete chrysosporium, produce extracellular ligni-
nolytic enzymes that can oxidatively attack fluorotelomer alcohols. In aerobic incubations,
6:2 flurotelomer alcohol (6:2 FTOH) exposed to this fungus exhibited a ~45% decrease in
concentration over 35 days, yielding shorter-chain perfluoroalkyl acids such as perfluorobu-
tyric acid (PFBA) and perfluoropentanoic acid (PFPeA) [67]. Other white-rot species (e.g.,
Pseudeurotium sp., Geomyces sp.) have shown similar capacity for transforming PFOS and
PFOA, though overall degradation efficiencies remain modest and additional optimization
of fungal strains and reaction conditions is required [19].

Algal and microalgal degradation of PFAS is an emerging but still limited approach.
Microalgae can transform PFAS either by direct metabolic degradation, in which the con-
taminant serves as a carbon source or an electron donor/acceptor, or by co-metabolism,
where enzymes induced for other substrates also act on PFAS. Algae are more commonly
employed as biosorbents rather than degraders—algal biomass has shown a 15.3% higher
overall PFAS uptake compared with other biomasses and an 84.6% advantage over micro-
bial biosorbents, highlighting its utility for sorptive removal [79,80]. Moreover, microalgae
are capable of enhancing bacterial PFAS biodegradation within coupled systems such as
high-rate algal ponds, where algal photosynthesis supplies oxygen for aerobic bacteria
while bacterial CO, production supports algal growth, as a result improving overall con-
taminant attenuation [81]. Collectively, these results indicate that although microalgae
possess enzymatic capacities for PFAS transformation, their standalone biodegradation
performance is limited, and their greatest practical contribution may lie in synergistic
configurations with bacteria or as high-efficiency biosorbents [79].

PFAS phytoremediation exploits plant uptake, translocation, and in-plant transfor-
mation, with short-chain PFAS absorbed more readily while long-chain PFAS tend to
remain adsorbed to roots due to their greater hydrophobicity [82]. Reported accumulation
includes 3.8% PFOS in Festuca rubra, 42% PFPeA in Schedonorus arundinaceus, and 14.3 pg
PFAS per hemp plant [83]. The primary mechanisms are phytofiltration (root uptake),
phytovolatilization, and phytodegradation mediated by root exudates and rhizosphere mi-
crobes [79]. Advantages are low capital cost and sustainability, but the process is slow, may
generate secondary toxicity, and poses food-chain risks when edible crops are used [84].
Hybrid systems, such as biochar combined with phytoremediation or constructed wetlands,
can raise total PFAS removal to 40.7-99.6% [85].

Vermiremediation uses earthworms, whose gut microbial consortium degrades
organic matter and can enhance PFAS attenuation in soils [16]. Meta-analyses report
an average 128.5% increase in organic-pollutant degradation when earthworms are
present, especially in soils abundant in organic matter or clay [86]. In a 21-day exposure
experiment, earthworms survived PFAS-spiked soils except at extremely high levels
(100 mg/kg) [87]. Adding modified clays or bentonite reduced PFAS bioaccumulation
in Eisenia fetida by >95% and limited leaching [87]. Limitations include PFAS toxicity at
high concentrations, sensitivity to soil texture, and the need for adsorbent amendments
to protect worm health [86].

From a mechanistic perspective, the key limitation of biological treatment is that no
single microbial or plant-based system achieves complete mineralization of PFAS [78].
Instead, these processes predominantly transform precursor and long-chain PFAS into
shorter-chain perfluoroalkyl acids that retain the ability to bind to LFABP and to undergo
entero-hepatic recirculation, facilitating maternal transfer to developing oocytes via yolk
loading in fish [59,88,89]. The redistribution of PFAS into biosolids during anaerobic di-
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gestion creates a secondary exposure pathway: when PFAS-laden biosolids are applied to
agricultural land, the accumulated compounds can enter terrestrial food webs through plant
uptake and soil organisms, perpetuating the cycle of PPARa-mediated metabolic disruption
and thyroid hormone interference documented in terrestrial vertebrates [57,84]. Addition-
ally, the slow kinetics and partial transformation inherent to biological treatment mean
that residual PFAS concentrations in effluent remain within ranges that sustain chronic
oxidative stress (Nrf2 pathway activation) and immunotoxicity (AhR-mediated cytokine
modulation) in downstream aquatic receptors [71,73,90]. Therefore, biological treatment
should be viewed as a complementary polishing step within multi-barrier treatment trains
rather than a standalone solution for ecological risk mitigation.

Beyond these soil-focused applications, biological treatment is particularly sensitive to
aqueous matrix characteristics that are rarely captured in laboratory studies [71]. In landfill
leachate bioreactors, high ammonia, inhibitory co-contaminants, and variable organic
loading can suppress microbial activity, reducing PFAS biodegradation below laboratory-
optimized rates [71]. For biosolids, anaerobic digestion does not achieve significant PFAS
removal; instead, PFAS are redistributed between liquid and solid fractions, remaining
primarily in the biosolid phase. The subsequent land application of PFAS-laden biosolids
introduces a major knowledge gap, as the long-term fate, downward leaching, and plant
uptake from amended soils are not yet well characterized [84].

From a scalability and operational perspective, biological treatment benefits from low
energy requirements (aeration costs only, typically <1 kWh/m?) and the potential for in situ
application but suffers from slow reaction kinetics and incomplete mineralization [71,78].
Constructed wetlands and vermiremediation are scalable at low capital cost but require
large land areas and extended retention times [86]. Microbial electrolysis cells and fungal
reactors remain at laboratory scale (TRL 3—4) [77,79]. The primary economic advantage of
biological methods lies in their low operational expenditure, though this is offset by their
inability to meet stringent discharge limits for PFAS as a standalone technology [71]. An
overview of biological PFAS removal strategies, including their performance and associated
challenges, is provided in Table 2.

Table 2. Biological approaches for PFAS removal and their main performance characteristics.

Process Type Target PFAS Efficiency/ Key Mechanism Main Limitations References
Removal
. . . . Slow kinetics; incomplete
dlg/hrjgg:ia(ln PFOA, PFAAs up to ~77% Agggl; /rz;rcllieﬁr(c))rk:lc mineralization; formation [19,77]
& & of shorter-chain PFAS
Low efficiency; long
Fungal FTOH, PFOS, o D A
transformation PFOA up to ~45% Enzymatic oxidation treatment time; .partlal [19,79]
transformation
Biosorption: No complete degradation;
Algal systems PFAS (general) Not quantified phon; risk of biomass [80,81]
co-metabolism ..
contamination
Slow process; food-chain
Phytoremediation PFOS, PFPeA, 3.8-42% uptake Plant uptakg and transfer risk; [82,83]
PFAS translocation .
incomplete removal
Hybrid plant-based PFAS (general) 40.7-99 6% Combined sorption B1om.ass manfagement; [85]
systems and uptake variable efficiency
. . . Toxicity at high
Vermiremediation = PFAS (general) >95% M1croh1a1—a551ste§ concentrations; requires [86,87]
degradation + sorption
amendments
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Research priorities specific to biological treatment include: (a) long-term monitoring
of full-scale biological treatment systems treating PFAS-impacted industrial and landfill
leachate; (b) development of biosolid treatment technologies capable of PFAS destruc-
tion or permanent immobilization; and (c) isolation or engineering of matrix-specific
microbial consortia that can sustain PFAS transformation activity under challenging
field conditions [19,71].

4.4. Integrated Strategies for Complex Matrices

As Sections 4.1-4.3 demonstrate, no single technology can fully address PFAS contam-
ination across all environmental matrices; therefore, integrated multi-barrier approaches
tailored to specific matrix characteristics are increasingly necessary [71].

For landfill leachate, pretreatment (coagulation, filtration) to reduce organic load
prior to membrane filtration or AOPs can significantly improve PFAS removal and reduce
operational costs [71]. The effectiveness of such coupled systems has been demonstrated
for leachate matrices under both electrochemical and thermal oxidation configurations,
where upstream pretreatment enhances overall process performance [68,69].

For industrial wastewater, source segregation of high-PFAS streams combined with tar-
geted pretreatment such as foam fractionation before biological treatment offers a promising
strategy [22]. Although ion exchange is recognized in the broader literature as a comple-
mentary polishing step, dedicated studies on its integration within treatment trains for
complex industrial effluents remain limited.

In seawater desalination, nanofiltration applied as a pretreatment for reverse osmosis
can reduce PFAS loading and mitigate membrane fouling, while concentrate management
through foam fractionation or electrochemical oxidation can address residual PFAS in the
brine stream [14,15,54].

For biosolids, thermal treatment (pyrolysis, incineration) combined with wet air oxida-
tion of sludge liquors is emerging as a potential PFAS destruction pathway, although cost,
energy demand, and the potential release of volatile PFAS compounds during combustion
require further investigation. Dedicated full-scale studies on biosolid destruction across
the existing reference set remain scarce, highlighting this as a critical research gap.

Moving from laboratory demonstrations to robust, field-validated treatment trains
tailored to specific matrix characteristics represents one of the most critical challenges in
PFAS remediation research. Closing this gap is essential for reducing the residual PFAS
loads that sustain bioaccumulation and ecological risks in receiving aquatic systems.

From a mechanistic standpoint, the design of these integrated multi-barrier strategies
must also consider the pathways through which residual PFAS exert biological effects. An
effective approach should pair a separation process (membrane filtration or adsorption)
that removes long-chain PFAS and reduces the bulk protein-binding load with a destructive
process (electrochemical oxidation or advanced reduction) targeting the short-chain and
emerging PFAS that would otherwise evade steric exclusion and remain bioavailable for
LFABP-mediated hepatic accumulation [15,54,59]. This sequential combination addresses
the two dominant molecular initiating events of PFAS toxicity: PPARa activation (driven
predominantly by long-chain PFAS) and thyroid hormone transport disruption (driven
by both long- and short-chain compounds that compete for transthyretin binding) [57,73].
For matrix-specific challenges such as DOC scavenging in landfill leachate or chloride
interference in seawater, pretreatment should preserve radical oxidation efficiency for
PFAS destruction [42,71], while biosolid management requires thermal destruction to
eliminate PFAS that would otherwise perpetuate transgenerational exposure through
maternal transfer pathways [84,88]. Ultimately, the success of integrated treatment should
be evaluated not by percentage removal alone but by the reduction in mechanistically
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defined adverse outcome pathways—specifically, the suppression of PPARa-mediated
hepatotoxicity, LFABP-driven bioaccumulation, and AhR-related immunotoxicity in aquatic
receptor organisms exposed to treated effluents.

5. Ecotoxicological Consequences of PFAS Bioaccumulation

The toxicological effects of PFAS in aquatic organisms arise from several well-
characterized molecular mechanisms that operate across tissue types and taxonomic groups.
The primary pathway involves activation of peroxisome proliferator-activated receptor al-
pha (PPAR«), which disrupts lipid and energy metabolism and is considered a key initiating
event for hepatotoxicity, growth impairment, and developmental effects [57]. Additional
pathways include competitive binding to liver fatty-acid-binding protein (LFABP), disrup-
tion of thyroid hormone transport, induction of oxidative stress through mitochondrial
dysfunction and Nrf2 pathway activation, and interference with aryl hydrocarbon receptor
(AhR) signaling [73,78]. These mechanisms are not mutually exclusive and may act addi-
tively or synergistically depending on PFAS chain length, functional group, and internal
dose. Where possible, the subsections below link the observed effects to these molecular
pathways to move beyond descriptive reporting toward a mechanistic understanding of
PFAS toxicity.

5.1. Uptake Mechanisms

In aquatic organisms, PFAS enter the body through three main uptake pathways:
branchial (gill) absorption from water, thropic ingestion of contaminated prey and particles,
and maternal transfer to developing offspring. Bioaccumulation via gill uptake is classically
described by the bioconcentration factor (BCF), which isolates respiratory uptake from
water under controlled conditions and explicitly excludes dietary exposure, whereas the
bioaccumulation factor (BAF) integrates all routes of exposure, including ingestion of food
and water, and thus better reflects field conditions [32].

In water-breathing taxa, the large surface area and thin epithelia of gills make them a
dominant interface for PFAS flux; after aqueous exposure, PFAS rapidly appear in blood,
liver, kidney and intestine, and experimental work with PFOA has shown that branchial
uptake is closely coupled to gill ventilation and followed by enterohepatic circulation
between liver, bile and gut [59,88-90]. At the same time, gills are also a primary route
of elimination, and efficient respiratory excretion in fish is thought to contribute to the
relatively weak and inconsistent biomagnification patterns reported for many PFAS in
gill-breathing food webs, compared with air-breathing predators [91].

In natural ecosystems, however, trophic ingestion frequently dominates the PFAS
body burden: by definition, BAF and the biomagnification factor (BMF) incorporate di-
etary uptake, and field studies using carbon and nitrogen stable isotopes have shown
that both trophic position and carbon source (e.g., pelagic vs. benthic prey, biofilm graz-
ers vs. piscivores) are major determinants of PFAS concentrations in fish [47]. Benthic
feeders and higher-trophic predators tend to accumulate higher PFAS levels where they
consume contaminated invertebrates, biofilms or sediment-associated prey, highlighting
the importance of sediment-biota transfer (captured by the biota—sediment accumulation
factor, BSAF) alongside waterborne exposure [59]. A third, critical pathway is maternal
transfer: in zebrafish exposed to radiolabeled PFOA, autoradiography revealed intense
labeling not only in bile and intestine but also in vitellogenic oocytes, demonstrating that
PFAS taken up by adults are redistributed to developing eggs via enterohepatic circulation
and yolk loading [59,88]. Consistent with this, in carp, PFOA shows enterohepatic recir-
culation and binds to egg proteins, facilitating transfer from females to embryos, which
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provides a mechanistic basis for the developmental and early-life toxicity of PFAS observed

in fish [88,89].

Figure 4 illustrates the integrated pathways of PFAS uptake, internal distribution,

and trophic transfer across aquatic systems, highlighting the connectivity between benthic

and pelagic food webs and the corresponding increase in concentrations with trophic

level. Complementary to this conceptual framework, Table 3 summarizes the principal

bioaccumulation and ecotoxicological metrics reported for PFAS in aquatic organisms,

providing quantitative support for the observed patterns.
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Figure 4. Integrated pathways of PFAS uptake, internal distribution, and trophic transfer in aquatic

systems: coupling pelagic and benthic food web.

Table 3. Indicators of accumulation dynamics and toxicological responses in aquatic biota.

Metric Category Definition/Equation Interpretation References
BCF (Bioconcentration . . o Direct uptake from water; lab-based;
factor) Bioaccumulation BCF = Cpjiota/ Cwater excludes diet [32]
BAF (Bioaccumulation . . o Uptake from all routes,
factor) Bioaccumulation BAF = Cpiota/Can water + diet; field-based [32]
BSAF (Biota-Sediment Bioaccumulation BSAF = Biota-to-sediment accumulation; [32]
Accumulation Factor) Chiota/ (Csediment/FOC)  relevant for benthic species
BMF (Biomagnification . _ Biomagnification between
Factor) Trophic Transfer BMF = Cpredator/ Cprey contiguous trophic levels [32]
. Regression slope of concentration vs.
TMF (Trophlc Trophic Transfer TMF = 10P trophic level; TMF > 1 indicates [32]
Magnification Factor) . e
biomagnification
EC50 (Effective - . Concentration causing a specific
Concentration 50%) Toxicity Observed effect endpoint effect in 50% of organisms 591
LC50 (Lethal - . . Concentration causing
Concentration 50%) Toxicity Mortality endpoint 50% mortality [59]
IC50 (Inhibitory - - . Concentration inhibiting a biological
Concentration 50%) Toxicity Inhibition endpoint process by 50% [59]
NOEC (Non-Observed Toxicity Safety threshold Highest tested concentration with no [59]

Effect Concentration)

statistically significant adverse effect

Note: In the context of PFAS, log10BCF of BAF values > 3.0 are generally considered bioaccumulative, while
values > 3.7 indicate high bioaccumulation potential [32,59].
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Bioaccumulation of PFAS in aquatic organisms links environmental contamination to
a cascade of biological effects, from molecular and cellular disruption to altered growth
and reproduction. The following section compiles and discusses quantitative data on
effect thresholds, internal concentrations, and bioaccumulation metrics derived from both
experimental and field studies.

Available evidence on the bioaccumulation of emerging PFAS alternatives in aquatic
organisms is limited. Studies on GenX (HFPO-DA) report bioconcentration factors (BCFs)
in fish that are generally one to two orders of magnitude lower than those of PFOA,
consistent with its shorter chain length and greater water solubility [32,73]. However, some
alternatives such as 6:2 CI-PFESA (F-53B) exhibit bioaccumulation potentials comparable
to or exceeding those of PFOS, raising concerns about their use as replacements for legacy
PFAS [16,33]. For ultrashort-chain PFAS (C2-C3), bioaccumulation data are virtually absent,
and the mechanisms governing their uptake, distribution, and elimination in aquatic
organisms remain unknown. Given the increasing detection of these compounds in water
resources, there is an urgent need for bioaccumulation studies covering the full molecular
diversity of PFAS currently in use and their transformation products [50,57].

5.2. Internal Concentrations and Bioaccumulation Metrics

Across global freshwater and marine systems, PFAS burdens in biota span several
orders of magnitude, reflecting both contamination level and trophic position. In a
global review, log BAF values for plankton, fish and benthos ranged approximately from
0.64 to 5.90, 0.29 to 6.38 and 0.15 to 4.00, respectively, while benthic log BSAF values
spanned 0.003—4.10. Mammalian BMF values ranged from 0.25 to 99, with TMF values
for aquatic food webs between 0.03 and 11.7, underscoring substantial bioaccumulation
and, for some PFAS, biomagnification potential [32].

In coastal and marine systems, PFOS and long-chain PFCAs are often dominant in
higher trophic levels. For example, PFOS concentrations in fish from the Belgian North Sea
reached up to 107 ng/g ww in the liver and 24 ng/g ww in muscle, while in an Arctic food
web study from Svalbard, total PFAS in fish liver was 5.4 + 0.87 nug/kg ww [91,92]. In ma-
rine mammals, PFAS burdens are markedly higher: bottlenose dolphins from the Adriatic
Sea accumulated up to 62 973 ng/g ww total PFAS in liver [93], while finless porpoises
and humpback dolphins from Chinese coastal waters contained 2.63-3.23 x 103 ng/g dw
total PFAS [94].

Freshwater systems show similarly elevated internal concentrations where local inputs
are high. In Swedish lakes, Cy—Cy4 PFCAs in fish were measured at 1.00-31.3 pg/kg ww,
and PFOS in five of 36 German fish filets exceeded the EU environmental quality standard
for PFOS in biota, indicating potential risk from consumption [95]. In benthic invertebrates,
Swedish insect larvae contained 160-9200 ng/g dw of 24 PFAS, and Canadian benthic
invertebrates had 12466 ng/g total PFAS, confirming that primary consumers can achieve
high body burdens [95].

At the organ level, PFAS are typically concentrated in the blood and liver. In crucian
carp, blood, gonads and muscle together accounted for >90% of total PFAS, with long-chain
PFAS showing the highest BAFs, and log BAF increasing with carbon chain length [95]. In an
intensively sampled PFAS-impacted pond in the USA, mean surface-water concentrations
of PFOS and PFHxS were 386 and 122 ng/L, respectively, while mean PFOS concentrations
in fish tissues reached 557-1518 ng/g ww in muscle and 2952-4367 ng/g ww in liver [96].
Only PFOS met the common bioaccumulation criterion of log BAF > 3, with field-based
log BAFs between 3.15 and 4.05 depending on species and tissue, while other PFSA and
PFCA showed log BAFs up to ~2-3 [96]. Moreover, in the experimental study conducted
on Cyprinus carpio, PFOA demonstrated a pronounced tissue-specific bioconcentration
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capacity, with bioconcentration factors (BCFs) exceeding 1 in all analyzed organs. Overall
BCF values ranged from 5.97 to 158 L/ kg, with the highest levels observed in the gallbladder
and kidneys, indicating preferential accumulation in organs associated with excretion
processes and enterohepatic circulation [88].

5.3. Growth and Development

A systematic review and meta-analysis of 61 studies (53 laboratory trials, eight field
studies) found that PFAS exposures up to 13.5 ug/L caused a statistically significant overall
reduction in body size metrics (length, weight), with an aggregated standardized mean
difference (SMD) of —0.321 (95% CI: —0.511 to —0.132), particularly in secondary consumers
such as fish and macroinvertebrates [7].

Experimental data confirm strong developmental toxicity at higher concentrations.
In algae and higher plants, PFAS reduce growth and root elongation in a chain-length-
dependent manner. In Lactuca sativa, ECsg values for root elongation under exposure to
PFBA, PFHxA, PFOA, PENA and PFDA ranged from 0.14 to 4.19 mM, while photosynthesis
inhibition in Pseudokirchneriella subcapitata occurred with ECsg values of 0.39-4.85 mM,
with toxicity generally increasing with fluorinated chain length [97]. Similar trends were
observed for Baltic Sea algae (Chlorella vulgaris, Skeletonema marinoi, Geitlerinema amphibium),
where 72 h ECs values for growth inhibition by PFHxA, PFHpA, PFOA, and PFNA ranged
from 0.28 to 12.84 mM [98].

In fish, early-life stages are particularly sensitive. In Psetta maxima embryos, acute 96 h
ECsq for PFOS was 0.11 mg/L to 11.9 mg/L for PFOA, indicating two orders of magnitude
higher developmental toxicity for PFOS [99]. In zebrafish embryos and larvae exposed
to PFOS, PFNA, and PFOA, sublethal concentrations caused decreased total body length,
pericardial edema, spinal deformities and hyperactive locomotor responses, together with
altered expression of muscle-development gene TFC3A and reduced expression of protein-
transport gene AP1S; behavioral alterations persisted into adulthood [100].

Amphibians exhibit rapid uptake and growth effects at relatively low aqueous concen-
trations. In northern leopard frog (Rana pipiens) tadpoles, BCFs ranged from 19.6 to 119.3 for
PFOS but <1 for other PFAS; PFOS half-lives were on the order of 1.2-3.3 days, yet repeated
exposure yielded significant bioaccumulation, growth impairment and morphological
changes [59].

Mechanistically, these developmental alterations are consistent with PPARx-mediated
disruption of lipid metabolism, which restricts the energy supply available for embryonic
growth and organogenesis [57]. In addition, the pericardial edema and spinal deformities
observed in zebrafish suggest interference with retinoic acid signaling pathways that
govern axial patterning and cardiac development [73,100].

5.4. Reproductive and Endocrine Effects

Reproductive outcomes are variably affected by PFAS, with clear effects at higher
experimental concentrations and more subtle changes at environmental levels. In marine
echinoderms, PFOS and its precursor POSF disrupted embryogenesis of Paracentrotus
lividus: ECs0/72 h values of 1.795 mg/L~! (PFOS) and 1.074 mg L~! (POSF) were associ-
ated with skeletal malformations, retarded pluteus formation and blocked gastrulation,
with POSF more toxic than PFOS [96,101]. In Mytilus galloprovincialis, PFOS induced
malformations in developing embryos with an EC5¢/96 h of 1.1 mg/L and an LCs(/48 h of
1.07 mg/L, whereas PFOA was an order of magnitude less toxic (EC5y/96 h =12 mg/L;
LCs0/48h =998 mg/L) [59].

In freshwater invertebrates, Daphnia carinata exposed to PFOS and PFOA showed
acute LCs/48 h values of 8.8 and 78.2 mg/L, respectively; chronic 21-day exposure to as
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low as 0.001 mg/L PFOS caused increased mortality and reproductive defects (reduced
offspring number and delayed reproduction) [102]. In rotifers, reproductive bioassays
showed that PFOS and PFOA inhibited population growth, egg production and hatching,
again with PFOS exhibiting greater potency [103].

In fish, chronic PFOS and PFOA exposure is associated with altered gonad histology,
reduced gonadosomatic indices and disrupted steroidogenesis, although quantitative
thresholds vary among species and exposure designs. In rainbow trout, PFAS binding
affinities to liver fatty-acid-binding protein (LFABP) are similar to those in humans, indi-
cating that PFAS may interact with conserved endocrine and lipid-regulation pathways
across vertebrates [104].

The meta-analysis by Banyoi et al. found no statistically robust effect of environmen-
tally relevant PFAS concentrations (<13.5 ug/L) on fecundity indices across evaluated
studies, suggesting that growth and developmental endpoints may be more sensitive at
low-to-moderate exposure and that reproduction may be affected only beyond certain
internal-dose thresholds or under multi-stress conditions [7].

At the molecular level, PFAS can interfere with reproductive function through
several pathways. Competitive binding to LFABP and transthyretin may disrupt the
transport and homeostasis of thyroid hormones and fatty acids that are critical for
gonadal development and steroidogenesis [57]. In fish, PFAS exposure has been associ-
ated with altered expression of steroidogenic enzymes such as CYP11A1 and CYP19A1,
providing a mechanistic basis for the reduced gonadosomatic indices and disrupted
hormone levels reported in chronic studies [32,59].

5.5. Hepatic, Metabolic and Digestive Toxicity

Because of their proteinophilic nature, PFAS accumulate preferentially in the liver and
blood rather than adipose tissue. Field biomonitoring in European chub (Leuciscus cephalus)
from a contaminated French river showed PFAS in plasma > liver > gills > gonads > muscle,
with log BAF for PFDoA in plasma reaching 6.7 and in liver 5.7; a similar hierarchy has been
observed in Alpine lake fish and Chinese crucian carp [59].

In zebrafish and other models, PFAS exposure causes pronounced hepatotoxicity.
Sub-chronic exposure to PFOS, PFDA and FOSA in Chinook salmon disrupted liver mito-
chondrial function and energy metabolism [58]. In golden tilefish from the Gulf of Mexico,
total PFAS in the liver averaged 10.4 ng/g ww, dominated by PFUnDA, and histopathol-
ogy revealed hepatocellular vacuolation and degeneration consistent with PFAS-induced
metabolic stress [104].

Bivalves and clams, which are often used as bioindicators, show clear digestive-
gland effects. In blue mussels and freshwater clams, exposure to PFOS and PFOA at
environmentally realistic ug/L levels led to the expansion of digestive tubule lumina,
epithelial atrophy, necrosis, mild fibrosis and shifts in gut microbiota, alongside reduced
filtration and altered nutrient assimilation [97].

The hepatic effects are primarily mediated by PPAR«x activation, which upregulates
genes involved in peroxisomal and mitochondrial fatty acid (3-oxidation, ultimately leading
to peroxisome proliferation, hepatocellular vacuolation, and steatosis [57,58]. Mitochon-
drial dysfunction, characterized by impaired oxidative phosphorylation and increased
reactive oxygen species (ROS) production represents a secondary mechanism that amplifies
metabolic stress and contributes to the energy deficits underlying growth impairment [58].
The preferential accumulation of PFAS in protein-rich tissues such as liver and blood re-
flects their binding affinity for serum albumin and LFABP, which governs both internal
distribution and tissue-specific toxicity [59].
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5.6. Oxidative Stress, Immunotoxicity and Neurobehavioral Effects

Oxidative stress is a common response to PFAS exposure. In green mussel (Perna
viridis), PFOS, PFOA, PFNA and PFDA induced DNA strand breaks and apoptosis, along
with changes in antioxidant enzyme activities and gene expression related to lipid, amino-
acid and carbohydrate metabolism; PFOS showed the strongest genotoxic and oxidative
effects among the compounds tested [98]. Similar oxidative and biochemical alterations
were reported in blue mussel (Mytilus galloprovincialis) exposed to PFOA alone and in
combination with BDE-47 [105]. In crustaceans such as Siriella armata and Americamysis
bahia, PFOS was more acutely toxic than PFOA (EC50/96 h = 6.9 vs. 15.5 mg L~! and
LCs0/96 h =5 vs. 24 mg L1, respectively) and induced oxidative-stress biomarkers [59].

In zebrafish larvae, PFHxS and PFOSA impaired lipid homeostasis and induced
cardiotoxicity through disruption of aryl-hydrocarbon-receptor (AhR) signaling, leading
to arrhythmia, reduced stroke volume and cardiac output, and structural abnormalities
such as pericardial edema [73]. PFOS, PFOA and PFHXS also caused hyperactivity,
altered startle responses and persistent changes in swimming behavior, indicating neu-
rodevelopmental toxicity [102].

Immunotoxicity has been documented in several species. In zebrafish, PFAS mix-
tures reduced pathogen resistance by lowering lysozyme activity and immunoglobulin
levels [103]. In fathead minnow (Pimephales promelas), PFOS exposure modulated inter-
leukin expression and immune-cell distribution, while in common carp, PFOA and PFNA
altered the pattern and function of rod cells in immune organs and induced immunosup-
pression [32]. Neurotoxicity is reflected in altered neurotransmitter levels and impaired
synaptic function. In zebrafish exposed to PFNA (0.01-100 pg/L), synaptogenesis signaling
was disrupted, and locomotor activity patterns were significantly altered, with potential
consequences for predator—prey interactions and energy budgets [32].

Oxidative stress arises from PFAS-induced mitochondrial dysfunction, which gener-
ates excess ROS that overwhelms antioxidant defenses [58]. The resulting activation of the
Nrf2/Keap1 pathway leads to upregulation of detoxifying enzymes, but sustained oxidative
damage ultimately triggers apoptosis through the intrinsic mitochondrial pathway involv-
ing cytochrome c release and caspase activation [98]. The immunotoxic effects are linked
to PPAR«- and AhR-mediated modulation of cytokine expression and immune cell differ-
entiation, which reduces pathogen resistance and alters inflammatory responses [73,90].
Neurobehavioral changes, including hyperactivity and altered locomotor patterns, likely
involve disruption of thyroid hormone signaling during critical developmental windows,
as thyroid hormones are essential for synaptogenesis and myelination [32,57].

5.7. Genotoxicity and Transgenerational Effects

PFAS genotoxicity has been observed in several taxa. In Perna viridis, PEOS, PFOA,
PFNA and PFDA caused DNA strand breaks, fragmentation and apoptosis in gill and
hepatopancreas cells, with PFOS again being the most potent [98]. In Daphnia and ro-
tifers, PFOS exposure increased mutation rates and induced chromosomal abnormalities,
potentially affecting long-term population genetic structure [93].

Although transgenerational studies remain scarce, early-life exposure to PFOS, PFOA
and GenX in fish and invertebrates has been shown to result in persistent changes in gene
expression (including epigenetic regulators) and developmental pathways in offspring,
suggesting potential multi-generation effects that are not fully captured by standard single-
generation tests [32,87].

Genotoxicity is largely attributed to oxidative DNA damage, including 8-oxo-dG
formation, resulting from PFAS-induced ROS production rather than direct DNA intercala-
tion [106]. The persistence of epigenetic alterations, including changes in DNA methylation
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and histone modification patterns following early-life exposure, suggests that PFAS may
reprogram gene expression profiles across generations, although transgenerational studies
remain limited [100,107]. Such epigenetic changes could explain the long-term fitness
consequences observed in offspring of exposed organisms even in the absence of direct
contaminant transfer.

The ecotoxicological effects of emerging PFAS alternatives are even less character-
ized than their legacy counterparts. Preliminary studies indicate that GenX can induce
oxidative stress, developmental abnormalities, and alterations in lipid metabolism in
zebrafish at concentrations in the mg/L range, though species-specific and endpoint-
specific differences exist [73]. For F-53B, hepatotoxicity and disruption of thyroid hor-
mone homeostasis have been reported in fish models, suggesting mechanisms of action
partially distinct from legacy PFAS [16,33]. Data on the chronic toxicity, reproductive
effects, and transgenerational impacts of these emerging compounds are largely lacking.
Furthermore, the ecotoxicological effects of PFAS mixtures, including combinations of
legacy, emerging, and ultrashort-chain PFAS, have not been systematically investigated,
despite being the most environmentally realistic exposure scenario [7,32]. Comprehen-
sive ecotoxicological assessments covering a broader range of PFAS classes, exposure
durations, and biological endpoints are urgently needed to support evidence-based reg-
ulation. An overview of PFAS bioaccumulation metrics alongside key ecotoxicological
responses across aquatic organisms is provided in Table 4.

Table 4. Synthesis of PFAS bioaccumulation patterns and associated biological effects in aquatic organisms.

Section Main Models Key Findings Synthesis References
Plankton, fish, Log BAF up to 6.38 (fish) and 31oaccumglat}on and
. . . 4.10 (benthos); BMF up to 99; biomagnification vary
Bioaccumulation benthos, marine ) . . [32]
mammals TMF up to 11.7; very high widely across taxa and
burdens in fish and dolphins trophic levels.
Reduced body smei inhibition of Growth and early
root elongation and .
Growth and Plants, algae, . development are sensitive
. photosynthesis; developmental . [7,59]
development fish larvae C T . endpoints, often
toxicity in fish; PFOS more toxic dependent on chain leneth
than PFOA P &
Amphibian Rana pipiens PFOS BCEF: 19.6-119.3; half-life: PFOS—higher retention [59]
bioaccumulation tadpoles 1.2-3.3 days; other PFAS BCF < 1 compared to other PFAS
Embryotoxicity (sea urchin); Early life and reproductive
. Paracentrotus . . . .
Reproductive and lividus, Muytilus malformations and higher toxicity are pronounced, [59]
endocrine effects allo r;)vi nyc ialis lethality for PFOS vs. PFOA especially for
satop in mussels PFOS-related compounds
. . Reduced survival, reproduction,  Invertebrates show strong
Freshwater Daphnia carinata, . - c
invertebrates rotifers egg production and hatching; sensitivity to PFOS under [103]
PFOS more potent than PFOA acute and chronic exposure
. Preferential accumulation in Liver and blood represent
Hepatic and European chub, 1 liver: . ¢ . lati
digestive toxicity golden tilefish plasma and liver; dominance o primary accumulation [59,104]
& long-chain PFAS (e.g., PFUnDA) compartments
L Siriella armata, PFOS more toxic than PFOA; Odea.h.V e stress and
Oxidative stress and . . . neurotoxicity occur even at
. Americamysis PENA alters synaptogenesis and . [59,100]
neurobehavior . I . relatively low
bahia, Danio rerio locomotion at low ug/L levels
exposure levels
Genotoxicity and Perna viridis, DNA damage, apoptosis, PFAS can compromise
. . . chromosomal abnormalities and . . .
transgenerational Daphnia, rotifers, altered gene expression after genome integrity and induce [59,100,103]
effects fish & P multigenerational effects

early-life exposure
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5.8. Link to Human Exposure and Risk

The ecotoxicological impacts described above are directly relevant to human health
because of the dietary and drinking-water pathways that connect aquatic contamination
to PFAS internal doses in people. In Tanzanian aquatic systems, PFAS in fish and shrimp
were sufficiently high that preliminary risk assessment indicated both ecological and
human-health concerns, especially for communities with high seafood consumption [95].

In European seafood, PFOS concentrations in sea bass and other species from Italy
and the Netherlands were high enough that regular consumption could exceed EFSA
tolerable intake values, particularly for children and high-consumption groups [59]. In
Germany, PFOS in some freshwater fish filets exceeded the EU environmental quality
standard, confirming that trophic transfer can elevate PFAS levels in edible tissues above
regulatory thresholds [95].

Drinking-water exposure can be similarly important. In a Romanian case study,
PFAS in surface waters used as drinking-water sources yielded estimated daily intake
(EDI)/tolerable daily intake (TDI) ratios > 1 (risk index > 1) for PFOA, PFOS and PFNA
across all age categories, with children showing the highest risk because of greater water
consumption relative to body weight [13].

Given that conventional wastewater and drinking-water treatments do not fully re-
move PFAS, and that even advanced oxidation processes and membranes often only
transform them or concentrate them into waste streams, the ecotoxicological consequences
of PFAS bioaccumulation are likely to persist even as some legacy PFAS are phased out [42].
Integrating bioaccumulation and effect data into both ecological and human health risk as-
sessment frameworks and regulating PFAS as a class rather than compound-by-compound
are therefore critical steps to mitigate long-term impacts.

5.9. Quantitative Link Between Treatment Residuals and Ecotoxicological Thresholds

The residual PFAS concentrations documented in treated effluents (Section 4) can
be evaluated against the effect thresholds and bioaccumulation metrics compiled in this
section. Nanofiltration permeate levels of approximately 1.4 ng/L total PFAS [54] fall three
orders of magnitude below the lowest observed effect concentration for growth reduction
in fish (13.5 ug/L) reported in the meta-analysis by Banyoi et al. [7], suggesting that
membrane treatment alone may reduce aqueous exposure below acute effect thresholds
for single compounds. However, chronic exposure at ng/L levels remains relevant: the
same meta-analysis found significant reductions in body size at concentrations as low
as 0.001 mg/L PFOS in Daphnia carinata, corresponding to reproductive impairment
and increased mortality after 21-day exposure [92]. Moreover, at a PFAS-impacted pond
where surface-water PFOS reached 386 ng/L, fish tissue concentrations accumulated to
557-1518 ng /g ww in muscle and 2952-4367 ng/g ww in liver, with log BAF values of
3.15-4.05 [96]. These field data demonstrate that aqueous concentrations in the low ng/L
range, comparable to those in treated effluents, sustain biomagnification through protein-
mediated pathways (LFABP, serum albumin) that are not captured by percentage removal
efficiency alone [57,59].

For advanced oxidation processes, the 78-80% PFOA removal achieved by electro-
chemical oxidation in landfill leachate [68,69] still leaves residual concentrations that exceed
the bioconcentration factor (BCF) thresholds for protein-mediated accumulation in carp
tissues, where PFOA BCF exceeded 1 in all analyzed organs [88]. Similarly, the formation
of short-chain transformation products during AOP treatment, which retain the ability to
bind to transthyretin and LFABP [57,61], introduces compounds whose chronic toxicity
at ng/L levels remains poorly characterized, particularly for emerging alternatives such
as GenX and F-53B [73]. The gap between treatment performance indicators (percentage
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removal) and mechanistically defined safety thresholds underscores the need for risk-based
evaluation criteria that incorporate bioaccumulation metrics (BAF, BCF, TMF) and adverse
outcome pathways rather than removal efficiency alone.

6. Conclusions

PFAS constitute a chemically diverse class of persistent contaminants whose en-
vironmental behavior is governed by chain length, functional group, and partitioning
properties. Their widespread occurrence in surface waters, groundwater, seawater,
wastewater effluents, and sediments—with total PFAS concentrations frequently rang-
ing from <1 ng/L in remote areas to >100 ng/L in urban-influenced systems—reflects
continuous anthropogenic inputs, limited removal by conventional treatment, and ongo-
ing transport across connected aquatic compartments. These characteristics collectively
explain why PFAS remain environmentally mobile, difficult to remediate, and highly
relevant for long-term aquatic risk assessment.

The persistent regulatory fragmentation and the challenges of class-based risk assess-
ment underscore the need for internationally harmonized PFAS management frameworks
that integrate treatment performance data with bioaccumulation metrics and adverse
outcome pathways.

PFAS distribution is not uniform across aquatic systems, but varies with source
proximity, hydrology, salinity, and sediment interactions. Long-chain PFAS generally
exhibit stronger sorption and greater accumulation potential, whereas short-chain com-
pounds are more mobile and can disperse more readily through water columns and
groundwater. As a result, aquatic contamination should be understood as a dynamic
process in which emissions, transport, partitioning, and precursor transformation jointly
determine exposure patterns.

Advanced water treatment technologies can substantially reduce PFAS concentrations,
but they do not yet provide a complete barrier for environmental protection. Membrane
processes stch as nanofiltration (NF) and reverse osmosis (RO) achieve >99% rejection for
long-chain PFAS, while NF permeate levels of approximately 1.4 ng/L remain within the
range of chronic ecotoxicological concern [50]. Short-chain and emerging compounds show
more variable removal, with reported rejection rates of 60-99% for NF and >90% for RO
under optimized conditions, and energy consumption of 3-6 kWh/m? for pressure-driven
membrane processes represents a significant operational constraint [15,55]. Advanced
oxidation and hybrid systems can achieve 78-80% degradation of PFOA under optimized
conditions, but the formation of short-chain transformation products that retain biological
activity—including the capacity to bind transthyretin and liver fatty-acid-binding protein—
perpetuates exposure pathways even as bulk concentrations are reduced [57,68,69]. From a
mechanistic perspective, the persistent ecological risk of PFAS in receiving waters stems
from the specific molecular pathways through which residual concentrations, even at ng/L
levels, initiate toxicity. Unlike classical lipophilic contaminants, PFAS exert their effects
through protein-mediated mechanisms: PPAR«x activation disrupts lipid metabolism at
internal doses achievable through continuous dietary exposure at ng/L water concentra-
tions; LFABP binding facilitates hepatic accumulation and maternal transfer to developing
oocytes via yolk loading; and transthyretin competition interferes with thyroid hormone
transport during critical developmental windows [57-59,73]. These pathways operate at
exposure levels well below acute toxicity thresholds and are sustained by the incomplete
removal of short-chain and emerging PFAS during treatment. Furthermore, the partial
transformation of precursor and long-chain PFAS during AOPs and biological treatment
generates shorter-chain compounds that retain or alter their affinity for these protein
targets, perpetuating chronic exposure pathways even as bulk PFAS concentrations are

https:/ /doi.org/10.3390/environments13060330



Environments 2026, 13, 330

27 of 34

reduced [61,73]. Therefore, future remediation strategies should be designed and eval-
uated not only by their removal efficiency but also by their capacity to interrupt these
mechanistically defined adverse outcome pathways: specifically, PPARx-mediated hep-
atotoxicity, LFABP-driven bioaccumulation, and AhR-related immunotoxicity in aquatic
receptor organisms.

Accordingly, treatment performance should not be interpreted solely in terms of
percentage removal but also in relation to its capacity to reduce persistent exposure
pressure in receiving waters. Even when influent concentrations are lowered, residual
PFAS in treated effluents and concentrate streams can sustain ecologically relevant
exposure pathways and downstream contamination. Therefore, future remediation
strategies should integrate separation, destruction, and waste-stream management rather
than rely on a single treatment barrier.

Bioaccumulation represents the central mechanism linking PFAS contamination in
aquatic media to biological and ecological effects. Across organisms and trophic levels,
PFAS can accumulate through direct uptake, dietary exposure, sediment contact, and
maternal transfer, with long-chain compounds such as PFOS often showing the strongest
internal retention and biomagnification potential. Internal burdens are commonly highest
in protein-rich tissues such as liver and blood, underscoring that PFAS behave differently
from classical lipophilic contaminants and require bioaccumulation metrics such as BCF,
BAF, BSAF, BME and TMF for proper interpretation.

The toxicological evidence further indicates that PFAS bioaccumulation is associated
with growth impairment, developmental toxicity, reproductive disruption, immune dys-
function, neurobehavioral changes, oxidative stress, and hepatic injury in a wide range of
aquatic taxa. These effects are not limited to single species but can propagate across food
webs, thereby affecting ecosystem stability and potentially increasing human exposure
through seafood consumption and drinking-water pathways. Consequently, bioaccumula-
tion should be viewed not merely as a descriptive endpoint but as a mechanistic bridge
between environmental contamination, organism-level toxicity, and broader ecological risk.

An important limitation of the current PFAS literature, which is reflected in the present
review, is the predominant focus on legacy PFAS compounds (PFOA, PFOS) relative to
emerging alternatives, ultrashort-chain PFAS, and precursor compounds. While data on
legacy PFAS are relatively abundant, significant knowledge gaps persist regarding the
environmental occurrence, fate, bioaccumulation, and toxicity of their replacements and
transformation products. Given the ongoing regulatory phase-out of legacy PFAS and
the rapid industrial transition to alternative chemistries, future research should prioritize:
(i) comprehensive monitoring of emerging and ultrashort-chain PFAS across all aquatic
compartments; (ii) systematic assessment of their bioaccumulation potential and toxico-
logical profiles; (iii) investigation of PFAS precursor transformation in both environmental
and treatment contexts; and (iv) development of analytical methods capable of detecting
and quantifying the full spectrum of PFAS, including ultrashort-chain and highly polar
compounds. These efforts are essential to prevent regrettable substitution and to ensure
that emerging PFAS do not pose unforeseen risks to aquatic ecosystems and human health.

Future research should increasingly focus on integrated remediation strategies capable
of addressing both legacy and emerging short-chain PFAS compounds under realistic
environmental conditions. Greater attention is also needed for scalable treatment technolo-
gies that combine high removal efficiency with reduced energy consumption, minimal
secondary waste generation, and long-term operational stability.

At the same time, environmental protection efforts should prioritize continuous moni-
toring of aquatic systems, improved regulation of industrial emissions, and the develop-
ment of standardized methodologies for PFAS detection, toxicity evaluation, and treatment
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assessment. Importance should be given to the identification of transformation products
formed during remediation processes, since these compounds may also contribute to
long-term ecological risks.

From a practical perspective, the implementation of combined treatment approaches,
together with stricter discharge control and source-reduction strategies, may represent one
of the most effective pathways for limiting PFAS dissemination in aquatic environments.
In parallel, interdisciplinary collaboration between environmental scientists, engineers,
toxicologists, and regulatory authorities will be essential for developing sustainable and
scientifically grounded management solutions for PFAS contamination.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments13060330/s1, Figure S1: Annual distribution of
publications related to PFAS in aquatic systems retrieved from the WoS Core Collection for the
2015-2026 period; Figure S2: Keyword co-occurrence network of PFAS-related research in aquatic
systems generated using VOSviewer 1.6.20 based on Web of Science records dating between 2015 and
2026; Figure S3: Overlay visualization of keyword co-occurrence in PFAS-related aquatic research
based on Web of Science records published between 2015 and 2026.
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Abbreviations

The following abbreviations are used in this manuscript:

PFAS Per- and polyfluoroalkyl substances
POPs Persistent Organic Pollutants

PFOS Perfluorooctanesulfonic acid

PFOA Perfluorooctanoic acid

PFSAs Perfluoroalkyl sulfonic acids
PFAAs Perfluoroalkyl acids

FTOHs Fluorotelomer alcohols

FTSAs Fluorotelomer sulfonates

HFPO-DA Perfluoro-2-propoxypropanoic acid, hexafluoropropylene oxide dimer acid
6:2 CI-PFESA  6:2 chlorinated polyfluotoethersulfonic acid

PFCAs Perfluorocarboxylic acids

Kd Partition coefficient

Koc Organic carbon/water distribution coefficient
PFHXxS Perfluorohexanesulfonic acid

N-EtFOSA N-ethyl perfluorooctane sulfonamide
N-EtFOSE N-ethyl perfluorooctane sulfonamidoethanol
PFNuDA Perfluoroundecanoic acid
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WWTPs Wastewater treatment plants
PFHxA Perfluorohexanoic acid

PFBA Perfluorobutanoic acid

dw Dry weight

NF Nanofiltration

RO Reverse osmosis

MWCO Molecular weight cut-offs

AFFF Aqueous film-forming foam
AOPs Advanced oxidation processes
MW Microwave

EO Electrochemical oxidation

BDD Boron-doped diamond

6:2 FTOH 6:2 flurotelomer alcohol

PFPeA Perfluoropentanoic acid

BCF Bioconcentration factor

BAF Bioaccumulation factor

BMF Biomagnification factor

BSAF Biota-Sediment Accumulation Factor
TMF Trophic Magnification Factor
ECsyg (Effective Concentration 50%)
LCsg (Lethal Concentration 50%)
1Csp Inhibitory Concentration 50%
NOEC Non-Observed Effect Concentration
WW Wet weight

SMD Standardized mean difference
PENA Perfluorononanoic acid

PFDA Perfluorodecanoic acid

PFHpA Perfluoroheptanoic acid

POSF Perfluorooctane sulfonyl fluoride
LFABP Liver fatty-acid-binding protein
PFDoA Perfluorododecanoic acid
PFOSA Perfluorooctanesulfonamide
AhR Aryl-hydrocarbon-receptor

EDI Estimated daily intake

TDI Tolerable daily intake
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