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Abstract

The continuous emission of persistent and bioaccumulative pollutants into aquatic environ-
ments has become a critical global issue. Among these, per- and polyfluoroalkyl substances
(PFASs) are of particular concern due to their exceptional stability, extensive industrial use,
and adverse impacts on ecosystems and human health. Their resistance to conventional
physical, chemical, and biological treatments stems from the strength of the carbon–fluorine
bond, which prevents efficient degradation under standard conditions. This review pro-
vides a concise and updated assessment of emerging advanced oxidation processes (AOPs)
for PFAS remediation, with emphasis on heterogeneous photocatalysis and electrochemical
oxidation. Photocatalytic systems based on In2O3, Bi-based oxyhalides, and Ga2O3 exhibit
high PFAS degradation under UV light, while heterojunctions and MOF-derived catalysts
improve defluorination under solar irradiation. Electrochemical oxidation—particularly us-
ing Ti4O7 reactive electrochemical membranes and BDD anodes—achieves near-complete
mineralization with comparatively low specific energy demand. Energy consumption
(EEO) was calculated from literature data for UV- and simulated-solar-driven photocatalytic
systems, enabling a direct comparison of their energy performance. Although solar-driven
processes offer clear environmental advantages, they generally exhibit higher EEO values,
mainly due to lower apparent quantum yields and less efficient utilization of the incident
solar photons compared to UV-driven systems. Hybrid systems coupling photocatalysis
and electro-oxidation emerge as promising strategies to enhance degradation efficiency
and reduce energy requirements. Overall, the review highlights key advances and future
research directions toward scalable, energy-efficient, and environmentally sustainable
AOP-based technologies for PFAS removal.

Keywords: per- and polyfluoroalkyl substances (PFAS); PFAS degradation; PFAS
mineralization; advanced oxidation processes (AOPs); photocatalysis; electrochemical
oxidation; energy efficiency

1. Introduction
The increasing release of anthropogenic pollutants into natural ecosystems represents

one of the most pressing global environmental challenges of the twenty-first century. Per-
and polyfluoroalkyl substances (PFASs) have recently gained significant global attention
due to mounting environmental and public health concerns. These compounds constitute a
vast and heterogeneous group of synthetic chemicals—comprising more than 4000 partially
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or fully fluorinated structures—that may be linear, branched, or cyclic [1]. Their exceptional
chemical and thermal stability, primarily attributed to the strength of the carbon–fluorine
(C–F) bond (bond dissociation energy 485–582 kJ/mol), renders them highly resistant to
degradation [2].

Since the 1950s, PFASs have been extensively used across numerous industrial and
commercial sectors owing to their hydrophobic and oleophobic properties and their resis-
tance to heat and chemical attack. They have been incorporated into adhesives, coatings,
cosmetics, food packaging materials, pesticides, lubricants, and aqueous film-forming
foams used for firefighting, where they typically represent 1–5% w/w [3,4]. The textile
industry remains the largest consumer of PFASs and their precursors, followed by paper
packaging and aftermarket consumer products [5].

Environmental monitoring has demonstrated the ubiquitous presence of PFASs in
all environmental compartments—air, water, soil, and ice. Their release occurs via both
direct emissions from manufacturing, industrial effluents, and wastewater treatment plants
(WWTPs), which together account for over 80% of total PFAS inputs and indirect pathways
such as long-range atmospheric transport and the degradation of precursor compounds [6].
WWTPs represent particularly critical point sources, as PFASs are not efficiently removed
by conventional treatment methods and may even undergo transformation into shorter,
more mobile derivatives [7]. Their detection in remote regions such as Arctic snow and
Tibetan glaciers further underscores the global scale of PFAS dispersion [8,9].

Concentrations of PFASs in aquatic environments typically range from nanograms per
litre (ng/L) to micrograms per litre (µg/L), although sub-ng/L levels have been reported
in some remote areas [10]. A global survey (2004–2010) detected perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA)—two of the most studied PFASs—in all surface
water samples collected from 41 cities across 15 countries, reaching concentrations of
70.1 ng/L and 1630.2 ng/L, respectively [11]

In Italy, PFOA concentrations as high as 200 ng/L have been recorded in the Po
River [12], while PFOS, PFOA, and related compounds have been found in surface waters
near Milan and Trissino (Vicenza) [13,14]. A national survey conducted by Greenpeace
in 2024 detected at least one PFAS compound in 206 out of 260 municipal drinking water
samples analyzed across all Italian regions [15]. In October 2025, the study was expanded to
bottled waters, identifying trifluoroacetic acid (TFA)—one of the most ubiquitous PFASs—
in six of the eight most consumed brands [16].

The environmental fate and transport of PFASs are governed by molecular chain
length and functional group chemistry. Long-chain PFASs (C > 8) display a strong tendency
to bioaccumulate, especially in aquatic organisms and sediments. In response to strin-
gent regulations limiting their use, industry has progressively shifted toward short-chain
(C4–C6) and ultra-short-chain (C1–C3) substitutes such as PFBS and PFBA [17]. However,
these shorter analogues, though more mobile, exhibit comparable persistence and toxicity,
making them equally challenging to treat [7].

Both long- and short-chain PFASs have been detected in human serum and are as-
sociated with various adverse health outcomes, including elevated cholesterol, thyroid
dysfunction, ulcerative colitis, kidney and testicular cancers, and gestational hypertension.
Their mechanisms of toxicity remain under investigation, but PFASs are strongly suspected
of acting as endocrine disruptors, developmental and reproductive toxicants, and potential
carcinogens. [3]. Regulatory authorities have responded by tightening exposure limits.
In 2024, the U.S. Environmental Protection Agency (EPA) reduced the advisory limits for
PFOA and PFOS to 0.004 ng/L and established maximum contaminant levels (MCLs) of
0.010 ng/L for PFNA, PFHxS, and HFPO-DA (GenX chemicals) [18]. The European Union
subsequently classified PFASs as persistent organic pollutants (POPs) and introduced dual
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limits for drinking water, 0.5 µg/L for total PFASs or 0.1 µg/L for the sum of 20 specified
compounds (EU Directive 2020/2184, https://eur-lex.europa.eu/eli/dir/2020/2184/oj/eng,
accessed on 8 November 2025), with comparable measures now enforced in Canada, the
United Kingdom, Germany, Sweden, Norway, and Australia [3]. Despite substantial analyt-
ical advances enabling detection at picogram-per-litre (pg/L) concentrations, significant
knowledge gaps persist regarding the transformation pathways, degradation intermedi-
ates, and long-term toxicity of novel and replacement PFASs. Detection techniques now
reach picogram-per-litre (pg/L) sensitivity, improving global monitoring capabilities [19].
However, key knowledge gaps persist regarding transformation pathways, degradation
intermediates, and the long-term toxicity of newer PFASs [20]. PFASs are notoriously resis-
tant to removal by conventional physical, chemical, or biological processes. In particular,
adsorption and membrane filtration primarily relocate the contaminants from water to
solid or concentrated phases without achieving mineralisation [21]. To overcome these
limitations, research has focused on advanced oxidation processes (AOPs), with particular
emphasis on heterogeneous photocatalysis and electro-oxidation techniques, which offer
the potential for complete mineralization. This review provides an updated overview of
the environmental and human health implications of PFASs, with particular emphasis on
emerging technologies for their degradation. Special attention is devoted to heterogeneous
photocatalytic and electrochemical oxidation systems, which have shown great potential for
complete PFAS mineralization. By critically comparing their efficiencies and energy require-
ments, this review aims to identify sustainable, energy-efficient, and environmentally benign
approaches for PFASs remediation in aquatic environments.

2. Methods for PFASs Removal
2.1. Conventional Wastewater Treatment Methods

Conventional wastewater treatments are primarily designed to remove suspended
solids and reduce total organic load, yet they are largely ineffective in addressing highly
persistent contaminants such as PFASs [22].

The chemical resilience of PFASs, stemming from the exceptional strength of their
carbon–fluorine bonds, prevents significant degradation under the biological and physico-
chemical conditions typical of traditional treatment systems [23].

Among conventional methods, the activated sludge process remains the most widely
employed. This technique relies on aerobic microorganisms to biodegrade organic pollu-
tants. Although efficient for readily biodegradable compounds, its performance is severely
constrained for PFASs due to their low bioavailability, hydrophobic nature, and inability of
microbial enzymes to cleave C–F bonds [23]. As a result, PFASs can pass through treatment
plants virtually unchanged or even form shorter-chain transformation products through
partial defluorination, which are typically more mobile and equally persistent.

Similarly, physical separation processes such as coagulation–flocculation, sedimen-
tation, and filtration can only partially remove these pollutants [10,24]. Adsorption on
activated carbon takes advantage of the high surface area and porosity of carbon materials.
Although this system can effectively reduce the concentration of various micropollutants,
it only transfers contaminants from the aqueous phase to a solid matrix, thus generating
secondary waste requiring further management [25]. In recent decades, membrane-based
technologies, such as nanofiltration (NF) and reverse osmosis (RO), have been increasingly
adopted for advanced wastewater treatment. These systems are capable of removing a
broad spectrum of micropollutants, yet they are associated with high energy consumption
and the problem of concentrate disposal [26].

Thus, while conventional and established advanced methods contribute to the removal
of refractory pollutants, none provide definitive solution.
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2.2. Advanced Oxidation Processes (AOPs)

AOPs have emerged as a promising class of treatment technologies designed to over-
come the limitations of conventional methods in degrading recalcitrant pollutants, like
PFASs. However, the application of AOPs to PFAS remediation poses specific challenges
associated with the exceptional strength of the carbon–fluorine (C–F) bond, which strongly
limits the effectiveness of conventional oxidative pathways [27].

AOPs rely on the in situ generation of highly reactive and non-selective radical species,
most commonly hydroxyl radicals (•OH), which can oxidize a wide range of organic
contaminants. In the case of PFASs, however, •OH radicals alone often show limited
reactivity toward the fluorinated carbon backbone, and purely oxidative mechanisms are
frequently insufficient to achieve complete defluorination, requiring the involvement of
additional reactive species or synergistic oxidation–reduction pathways [20,28]. Under
favourable conditions, AOPs can promote partial transformation of PFAS molecules and,
in some cases, lead to mineralisation into CO2, H2O, and fluoride ions.

According to the activation pathways of oxidants and the underlying degradation
mechanisms, AOPs can be broadly classified into chemical and non-conventional processes.
Chemical AOPs include ozone-based, catalytic, and electrochemical oxidation systems,
while non-conventional AOPs encompass microwave-, ultrasound-, and plasma-assisted
processes [29]. Among chemical AOPs, methods combining oxidants such as hydrogen per-
oxide (H2O2) or ozone (O3) with UV irradiation or suitable catalysts are widely employed.
Hydrogen peroxide is less oxidizing than ozone but is comparatively inexpensive, which
often makes it attractive despite the need for higher oxidant dosages and longer irradiation
times in UV/H2O2 systems [30]. In contrast, ozone exhibits a stronger oxidizing potential
and can enhance PFAS transformation, although its application is frequently constrained
by higher energy demand and operational costs [31].

Moreover, the efficiency of AOPs applied to PFASs is often limited by low apparent
quantum yields and inefficient utilization of generated radicals, particularly under envi-
ronmentally relevant conditions. This has motivated increasing interest in advanced AOP
configurations that promote the generation of reductive species (e.g., hydrated electrons) or
exploit synergistic mechanisms, such as persulfate activation or combined photocatalytic–
electrochemical systems, to improve defluorination efficiency and energy performance [27].

2.2.1. Heterogeneous Photocatalysis

Photocatalysis represents an advantageous and promising approach for treating refrac-
tory pollutants in wastewater, principally because it relies on sustainable energy and mild
conditions, as it directly exploits light energy to drive redox reactions. Unlike conventional
chemical treatments, photocatalytic processes can be powered by sunlight, making them
environmentally friendly, cost-effective, and aligned with the principles of green chemistry.
Photocatalysis exploits the use of semiconductors as catalysts, TiO2 is one of the most common
examples. Two types of photocatalysis can be distinguished: homogeneous photocatalysis,
where the reactants, products, and catalyst are in the same phase; heterogeneous photocataly-
sis, where the reactants are in the liquid or gas phase while the catalyst is in the solid phase. In
particular, heterogeneous photocatalysis approach offers several advantages, mainly because
the photocatalyst, being in the solid state, can be easily recovered and reused. The core
mechanism of heterogeneous photocatalysis can be described in three steps:

1. Light absorption and electron–hole pair generation: When a semiconductor photo-
catalyst is irradiated with photons (hν) of energy equal to or greater than its band gap
(Eg), an electron (e−) is promoted from the valence band (VB) to the conduction band
(CB). This process leaves behind a positively charged “hole” (h+) in the valence band,
creating an electron–hole pair.
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2. Charge carrier separation and migration: The photogenerated electrons and holes
must separate and migrate to the surface of the photocatalyst. The efficiency of this
step is critical, as many electron–hole pairs tend to quickly recombine, releasing their
energy as heat or light and reducing the overall efficiency [32].

3. Surface Reactions: Once the charge carriers reach the surface, they drive redox
reactions: holes act as strong oxidants, either directly attacking adsorbed molecules
or reacting with water generating hydroxyl radicals (•OH) (Equation (1)), while
electrons typically reduce molecular oxygen to form superoxide radicals (•O2

−) or
other reactive species (Equation (2)).

h+ + H2O → •OH + H+ (1)

e− + O2 → •O2
− (2)

To enhance photocatalytic performance, several strategies can be adopted during
catalyst design. Among these, deliberate morphological and structural modifications are
particularly effective. Morphological features govern surface atomic arrangements, thereby
tuning the density and coordination of active sites as well as the specific surface area [33].
Such modifications can shorten charge-carrier transport pathways and effectively suppress
electron–hole recombination, ultimately enhancing overall photocatalytic efficiency [6,34].
In addition, structural modifications, such as the creation of oxygen or halogen vacancies,
can generate active sites, promote reactive oxygen species formation, and facilitate pollu-
tant adsorption [35]. Another approach is the doping of semiconductor materials, which
involves the introduction of foreign atoms—metallic or non-metallic—into their crystal
lattice, causing the modification of the electronic structure of the photocatalyst, for instance
by narrowing the band gap to extend light absorption into the visible range [36]. Further-
more, coupling different semiconductors to construct photocatalytic heterostructures is
a widely adopted approach. In such systems, the photocatalyst combines materials with
distinct band structures, and the resulting band alignment at the interface generates an
internal electric field. This interfacial field enhances charge separation and promotes the
directional migration of photogenerated electrons and holes, thereby improving overall
photocatalytic efficiency [6]. Finally, the combination of semiconductors with carbonaceous
materials, such as carbon nanotubes or reduced graphene oxide, has also proven effective.
These materials act as electron acceptors and transporters, thereby prolonging the lifetime
of photogenerated e−–h+ pairs [18].

The performances of different photocatalytic systems for PFAS degradation are sum-
marized in Table 1.

Table 1. Performances of various photocatalytic systems for the degradation of PFASs. C0 ,
initial PFAS concentration; sp., spontaneous; Deg. eff., degradation efficiency; Defl. eff.,
defluorination efficiency.

Photocatalyst Light PFAS
C0

Catalyst
Dosage pH Time Deg. eff. Defl. eff. Ref.

Zn2+-Bi2WO6 Visible 150 W PFHxA 5 mg/L 0.4 g/L - 45 min 57% - [37]

Bi3O(OH)(PO4)2 UV PFOA 54 mg/L 1.8 g/L ~4.0 1 h >99% - [38]

BiOCl UV PFOA 20 mg/L 1 g/L sp. 0.5 h 99.99% - [39]

FeO/CS (1:1) Solar PFOA (pre-adsorbed)
0.2 mg/L 1 g/L 7.0 4 h 95.2% 57.2% [40]

BiOI0.95Br0.05 UV 300 W PFOA 20 mg/L 0.4 g/L - 2 h 100% 65% in 3 h [41]

In2O3 microspheres UV 15 W PFOA 30 mg/L 0.5 g/L ~3.9 20 min 100% [42]
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Table 1. Cont.

Photocatalyst Light PFAS
C0

Catalyst
Dosage pH Time Deg. eff. Defl. eff. Ref.

Fe/TNTs@AC Solar PFOA 0.2 mg/L 1 g/L ~7.0 4 h 90.1% 62% in 4 h [43]

Bare Fe0 NPs UVC 4.24
mW/cm2

PFOA
0.5 mg/L

PFOS
0.5 mg/L

PFNA
0.5 mg/L

(mix in real wastewater)

0.1 g/L 3.0 2 h

46%

88%

90%

- [44]

Fe3O4@SiO2-BiOBr UV and Visible
(DBD) PFOA 20 mg/L 0.1 g/L 4.28 1 h 92.9% 32.8% [45]

20% In-MOF/BiOF UV 500 W PFOA 15 mg/L 0.5 g/L - 2.5 h 100% 34%
(in 3 h) [46]

3% Pt/In2O3
nanorods UV500 W PFOA 200 mg/L 0.4 g/L - 1 h 98% - [47]

In-Ga2O3
hierarchical nanosheets UV 200 W PFOA 20 mg/L 0.5 g/L 4.5 1 h 100% 57%

(in 4 h) [43]

(4%) MnOx/In2O3-Ov-rich
sub-micro rods

Solar 500
WUV500 W PFOA 50 mg/L 0.5 g/L -

3 h

10 min

99.8%

98%

17.4%

95.7%
in 4 h

[48]

(2%) Pb-TiO2 UV 400 W PFOA 50 mg/L 0.5 g/L 53 2 h
15 min

100%
100%

40.7%
- [49]

ZnO/rGO Solar PFOA 100 mg/L 1 g/L 7 1 h 90.9% - [50]

Bi4O5I2 + Bi5O7I Solar 700 W PFOA 1 mg/L 0.5 g/L ~6.8 2 h 94% 65% [51]

Needle-like β-Ga2O3 UV 14 W PFOA 0.5 mg/L 0.5 g/L ~4.8 1 h 100% - [52]

2% rGO/BiOCl UV 125 W
PFOA
PFOS

10 mg/L
1 g/L - 1 h 90.1%

66.2% - [32]

BiOCl@PMoV (0.9 g/L
persulfate) UV 300 W PFOA 100 mg/L 1.5 g/L 3 6 h 95.0% 44.4% [53]

Bi/TiO2 UV 400 W PFOA 50 mg/L 0.1 g/L 3 0.5 h 99.3% 55.3%
(in 2 h) [54]

MXene/TiO2 UV PFOA 20 mg/L 0.13 g/L 5.2 9 h 94.6% 58.4% [55]

Palm kernel shell activated
carbon- Fe2O3/SnO2

Visible 250 W PFOA 20 mg/L 10 mg/L 5 6 h 92.4% 51.2% [56]

2% ReS2-TiO2 UV PFOA 2 mg/L - 3 2 h 98% 75% [35]

BN/BiOI-2:1 UV

PFOA
PFOS

C7
Gen-X
F-53B

6:2 FTS
F-53

1.5 g/L 3

2 h
2 h
6 h
6 h
6 h
6 h
6 h

100%
100%
77%
7.3%
100%
100%
67.6%

45.4% in
6 h (PFOS) [57]

BiOI/ZnO 4:1

ZnO/BiOI 4:1
Solar 500 W PFOA 10 mg/L - -

1 h

3 h

100%

100%

100%
(in 5 h)
100%

(in 5 h)

[58]

Magnetic
modified clay + Na2SO3 + KI

(Photoreductive system)
UV PFOA 1 mg/L

2.5 g/L MMC,
50 mM

Na2SO3,
10 mM KI

12 48 h 100% 66.5 ± 1.1% [59]

Fe-BTC/BiOCl BTC:
iron-based metal–organic

framework (MOF)
Visible 5 W PFOA 10 mg/L 0.2 g/L - 0.5 h 98.7% 31.1% [60]

30% In2O3/
BiOCl UV 500 W PFOA 20 mg/L 0.2 g/L 5 2 h - 84% [61]

Perfluorooctanoic acid (PFOA) is most often used as a model pollutant. Currently,
the most promising photocatalytic systems achieve treatment times as short as 30 min,
under UV irradiation, whereas the use of simulated solar light generally requires longer
exposure times. Among the semiconductor materials investigated, indium oxide (In2O3),
bismuth oxyhalides (e.g., BiOCl, BiOI), and gallium oxide (Ga2O3) have emerged as the
most effective photocatalysts for PFOA degradation. These materials exhibit distinct
optical properties that largely determine their activation regime: UV-driven photocatalysts
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such as In2O3 and Ga2O3 typically possess wide band gaps in the range of ~3.0–4.9 eV,
limiting their excitation to high-energy photons. In contrast, bismuth-based oxyhalides and
related heterojunction or composite systems designed for solar activation display narrower
band gaps, generally between ~1.8 and 2.8 eV, enabling more efficient absorption in the
visible region.

In addition to band gap considerations, photocatalytic performance is strongly in-
fluenced by the effective photon flux reaching the reaction medium, which depends not
only on the nominal power of the light source but also on reactor configuration, optical
path length, catalyst loading, and solution properties. As a result, systems operated under
simulated solar irradiation often require longer treatment times despite favourable band
gap alignment, highlighting the critical role of irradiation conditions in determining overall
photocatalytic efficiency.

Most of the studies report a general mechanistic pathway for the photocatalytic
degradation of PFOA. The process often begins with hole-mediated decarboxylation. In
fact, in most cases, •OH are not the primary reactive species responsible for initiating
the cleavage of PFAS C–F bonds [38,43]. Although •O2

− are frequently identified as key
reactive species during PFAS degradation, their role is not associated with direct oxidative
decarboxylation, as their redox potential is insufficient to oxidize perfluorinated carboxylic
acids. Instead, •O2

− is believed to participate in secondary reaction pathways, including
radical propagation steps and the transformation of intermediate species [32,37,46,47].
Subsequent oxidative reactions drive stepwise chain shortening through the elimination of
HF and the formation of shorter-chain perfluorocarboxylic acids. This cycle repeats until
complete mineralization into fluoride ions (F−) and CO2 is achieved.

A critical prerequisite for efficient heterogeneous photocatalysis is the adsorption of
PFAS onto the catalyst surface, which concentrates the pollutant in proximity to photo-
generated reactive species. The mode of adsorption strongly influences the efficiency of
degradation. For example, In2O3 catalysts enable tight bidentate or bridging coordina-
tion (Figure 1) between PFOA’s carboxylate head group and the catalyst surface, which
facilitates direct hole-driven decomposition [48].

Figure 1. Schematic representation of the PFOA adsorption configurations on In2O3. Reprinted with
permission from [62]. Copyright 2012 American Chemical Society.
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Zhang et al. (2012) [62] synthesized In2O3 with controlled morphology, identifying
porous microspheres as the optimal structure. This catalyst achieved complete decompo-
sition of PFOA within 20 min under UV light, with a kinetic constant of 7.94 h−1, nearly
75 times higher than TiO2 (P25). Similarly, BiOCl achieved 99.99% PFOA degradation
within 30 min UV irradiation. The efficacy of bismuth oxyhalides is often linked to their-
wider band gap, producing a more positive valence band potential and stronger oxidation
ability of photogenerated holes. Furthermore, BiOX crystal structure (Figure 2), consisting
in alternating [Bi2O2]2+ layers interleaved with two sheets of halide ions generates an
internal static electric field oriented perpendicular to the [Bi2O2]2+ and [X]− layers [63].
Such built-in fields efficiently drive the separation of photogenerated charge carriers [39].

Figure 2. Crystal structure of bismuth oxyhalide (BiOX, X = Cl, Br, and I) [63]. Reprinted from
Frontiers. Copyright © 2022 Castillo-Cabrera, Espinoza-Montero, Alulema-Pullupaxi, Mora and
Villacís-García [63] under the terms of the Creative Commons Attribution License (CC BY).

Composite systems can also offer synergistic effects. A p–n heterojunction of 30%
In2O3/BiOCl achieved a defluorination rate of 84% within 2 h under UV light, accompanied
by a total organic carbon (TOC) removal efficiency of 82.9% [61]. The built-in electric field
at the heterojunction interface promoted efficient charge separation, with holes transferred
to BiOCl and electrons to In2O3, thereby facilitating both oxidative and reductive pathways.
Mechanistic analysis revealed •OH is not the main oxidizing species, and •O2

− and h+

play a major role. According to Hu et al. (2025) [61], the degradation pathway is divided
into three routes (Figure 3). In route 1, photogenerated holes (h+) at the photocatalyst
surface oxidize the carboxylate group of PFOA, leading to the formation of a carboxyl
radical (C7F15COO•), which undergoes a Photo–Kolbe decarboxylation to generate the
perfluoroheptyl radical (C7F15•). This radical subsequently reacts with molecular oxygen
through a sequence of oxidative transformation steps, forming oxygenated perfluorinated
intermediates that ultimately yield perfluoroheptanoic acid (PFHpA). In route 2, ROS
generated in the system are proposed to facilitate α-C–F bond cleavage, leading to the
formation of oxygenated fluorinated carboxylate intermediates. Rather than a direct nucle-
ophilic attack by a single well-defined radical species, these steps are better described as
ROS-assisted transformations, consistent with the experimentally observed faster degra-
dation under acidic conditions. Subsequently, route 2 give rise to two distinct pathways:
In route 2a, decarboxylation produces highly unstable fluorinated alcohol-type interme-
diates, which readily eliminate HF to form fluorinated aldehydes (e.g., C6F13CHO). In
route 2b, oxygenated fluorinated intermediates undergo direct HF elimination, generating
carbonyl-containing species such as perfluoro-2-oxohexanoic acid. These intermediates
subsequently decarboxylate to form the same fluorinated aldehydes obtained via route 2a.
These aldehydes are further transformed through oxidative reactions involving •OH and
•O2

−, ultimately yielding PFHpA. Overall, all the routes result in the loss of one CF2 unit
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relative to the parent PFOA molecule. The proposed degradation mechanism therefore
involves a stepwise chain-shortening process, in which successive cycles progressively
reduce the perfluorinated carbon chain until complete mineralisation is achieved.

 
Figure 3. Possible pathways of PFOA degradation by p–n type In2O3/BiOCl heterojunction [61].

2.2.2. Electrochemical Oxidation (EO)

Electrochemical oxidation has gained increasing attention as a versatile and efficient
process for the treatment of persistent pollutants. This treatment is carried out by applying
an electrical potential to an electrochemical cell equipped with one or more electrode
pairs. The generation of oxidizing species occurs directly at the surface of the anode when
an electric current is applied [64]. Two main mechanisms are typically distinguished in
electrochemical oxidation: direct oxidation and indirect oxidation. In direct oxidation,
pollutants are adsorbed onto the anode surface and undergo electron transfer reactions,
leading to their degradation or mineralization. In indirect oxidation, reactive species are
electrochemically generated and subsequently attack pollutants in the bulk solution [65].
The choice of electrode material is crucial for EO efficiency. Research on electrocatalytic
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materials mainly focuses on the development of anodic materials that are efficient, stable,
and cost-effective.

Key strategies to improve anode performance include:

• Surface doping with functional species, aimed at optimizing the crystalline phase and
increasing particle compactness, which enhances the ability of the anode to generate
surface-adsorbed reactive oxygen species.

• Metal doping, which can improve electron transfer kinetics.
• Construction of three-dimensional nanostructures, capable of increasing the number

of active sites and thereby improving mass transfer and adsorption efficiency.
• Introduction of functional interlayers, which strengthen the adhesion between the

active layer and the substrate, resulting in improved anode stability [66].

Non-active anodes, which tends to promote indirect oxidation, implying the genera-
tion of •OH strongly adsorbed on the electrode surface, usually demonstrate the highest
potential for complete mineralization [64]. This category include:

• Boron-doped diamond (BDD) electrodes are among the most widely studied materials.
They possess a wide potential window, high oxidation potential (around 2.7 V vs. SHE),
excellent chemical stability, rapid charge-transfer kinetics, and minimal adsorption
of intermediates. These features allow BDD to achieve high mineralization rates.
However, the high cost of fabrication and the challenges of scaling up production
hinder large-scale applications [67].

• Among metal oxides-based electrodes, SnO2-based ones are semiconductors with a
wide bandgap, whose conductivity and performance can be significantly improved
through doping. Nevertheless, SnO2 electrodes may suffer from short operational
lifetimes if not properly modified, and the presence of sulfate ions in the electrolyte can
block active sites, lowering hydroxyl radical generation [66]. PbO2-based electrodes
are low-cost and simple to fabricate, with high conductivity. Their main drawback
lies in the risk of Pb2+ leaching. Also in this case, doping can improve electrode
stability, increase electroactive surface area, and mitigate Pb release, but concerns
remain regarding their safe long-term application [66].

• Magnéli-phase Ti oxides are sub-stoichiometric titanium oxides that combine high
electrical conductivity, good chemical stability, and relatively low production cost,
since TiO2 is a cheap precursor. Materials such as Ti4O7 exhibit excellent stability in
aggressive electrolytes, and large electroactive surface area. However, long-term sta-
bility issues may arise due to the presence of Ti3+ species, and conductivity decreases
for higher values of n in TinO2n−1 [68].

Examples of active anodes, on the other hand, are platinum, iridium oxide (IrO2),
ruthenium oxide (RuO2), and carbon-based electrodes.

Electrochemical oxidation offers several advantages over conventional methods. It
does not require the addition of chemical reagents, operates at ambient temperature and
pressure, and can be easily controlled by adjusting the applied current. However, certain
limitations still hinder large-scale implementation. These include high energy consumption,
electrode cost, and the potential formation of harmful by-products, such as chlorinated
organics when chloride-containing electrolytes are used [64].

Although research on electrochemical PFAS degradation has traditionally focused
on anodic materials, cathodic processes can also contribute to PFAS transformation and
defluorination, particularly through reductive pathways. At the cathode, the generation
of hydrated electrons and other reducing species may promote C–F bond cleavage via
reductive mechanisms, complementing anodic oxidation processes. Recent studies have
shown that cathodic reactions can enhance overall PFAS degradation efficiency, especially in
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paired or integrated electrochemical systems where oxidation and reduction processes occur
simultaneously. These findings highlight the importance of considering the synergistic roles
of both anode and cathode when evaluating electrochemical remediation strategies [69].

Recent research has focused on improving EO sustainability and efficiency. Hybrid
systems that combine EO with other processes, such as photocatalysis, Fenton-based
methods, or biological post-treatments, have shown promising results in reducing energy
requirements and enhancing mineralization rates. Advances in electrode engineering are
also contributing to more efficient and stable EO systems.

Table 2 reports the performances of various electrocatalytic systems investigated for
the degradation of PFASs and information on electrolysis chamber configuration (e.g.,
divided or undivided cells).

Table 2. Performances of various electrocatalytic systems for the degradation of PFASs. C0, initial
PFAS concentration; TOC, Total Organic Carbon; Defl., defluorination efficiency.

Anode Cathode Cell type PFAS C0 Time Deg
eff. Mineralization Ref.

Graphite
Intercalated
Compound
(Ads.+ EO)

Stainless Steel Divided cells
PFOS
PFOA
PFBS

100 µg/L
45 µg/L
10 µg/L

5 cycles
3 cycles
5 cycles
(1 cycle:

20 min ads +
10 min

reaction)

100%
98%
17%

By-products below
100 ng/L (PFOS) [70]

BDD Stainless Steel Single cell

PFOA

PFBA

GenX

6:2FTCA

20 mg/L 2 h

97.9%

65.6%

84.9%

99.4%

68.6% (Defl.)
60.8% (Defl.)
71.2% (Defl.)
63.1% (Defl.)

[71]

BDD/SnO2-F Pt sheet Single cell F-53B 100 mg/L 0.5 h 95.6% 61.4% (Defl.) [72]

Ti/Sn-Sb/SnO2-F-Sb
multilayer Ti plate Single cell PFOS 100 mg/L 2 h >99% 87.1% (TOC) [73]

Ti/SnO2-F Ti plate Single cell PFOA 100 mg/L 0.5 h 99.6% 98.3% (TOC) [74]

Porous Ti4O7 (REM) Stainless Steel Single cell PFOS 2.0 µM 100 min 99.1% - [75]

Porous Ti4O7 Stainless Steel Single cell PFOA
PFOS

0.5 mM
0.1 mM 3 h

>99.9%

93.1%

>95% (TOC)
90.3% (TOC) [76]

Ti4O7 doped with
amorphous Pd Ti plate Single cell PFOA 0.12 mM 1 h >90% 99.7% (TOC) [77]

Si/BDD Si/BDD Single cell

Short-chain
(C3–C6) and
long-chain
(C7–C18)
PFCAs

200 mg/L 1 h

C10-C18: 95%
C6: 70%
C5: 66%
C4: 41%
C3: 39%

PFOA 37% (Defl.)
Short chain PFCAs:

45% (Defl.)
Long chain PFCAs:

92% (Defl.)

[78]

Ti/SnO2-Sb/PbO2 Ti plate Single cell PFOA 100 mg/L 1.5 h 91.1% 77.4% (Defl.) [79]

Ti4O7 (REM) Stainless Steel Single flow-
through cell

PFOA
PFOS

4.14 mg/L
5 mg/L ~11 s

PFOA/PFOS:
~5-log removal

>99.9%
- [80]

CeO2 AC Single flow-
through cell PFOA 1 mg/L 12 h 94% 73.0% (Defl.) [81]

Ti4O7 Carbon felt Single cell PFOA
PFOS 2 mg/L 5 h 92%

100% - [82]

BDD (for persulfate
activation) Ti plate Single cell

PFOA

PFOS
50 µM 2 h

100%

100%

60.4% (Defl.)
33.1% (Defl.) [83]

Non-active anodes are generally preferred for PFAS degradation, as they promote
complete mineralization rather than partial transformations [46]. PFASs degradation
on BDD electrodes occurs mainly through direct electron transfer (DET) at low current
densities, rather than via •OH-mediated oxidation at higher current densities. Barisci et al.
(2020) [78] reported that Si/BDD electrodes, consisting of thin film of boron-doped diamond
(BDD) deposited on a silicon (Si) substrate, under optimized conditions (applied current
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density of 25 mA/cm2, pH 5 and 400 mg/L of Na2SO4) achieved 74% TOC removal and
37% defluorination for PFOA (10 mg L−1) after a treatment time of 1 h. Ti is most commonly
used as a substrate, but Ti/BDD electrodes suffer from relatively short lifetimes [79]. The
mechanism was proposed as direct electron transfer, then followed by radical-mediated
pathways (Figure 4). In particular, in the first step, PFOA, in its dissociated form, donates
an electron to the anode surface, denoted by letter M (1).

M + C7F15COO− → M + C7F15COO•, (3)

Figure 4. Possible pathways for the degradation of PFOA by Si/BDD electrode [78].

Then, the decarboxylation leads to the perfluoroheptyl radical C7F15• (2)., which
then can follow two different pathways. The first one involves the hydroxylation of this
intermediate by the formed OH• (3a) and the subsequent elimination of HF (4a). The
hydrolysis of the formed C6F13COF generated C6F13COO− (5a). Afterwards, the cycle
is initiated again by one electron transfer from the anode surface until the formation of
CF3COO−. This pathway was observed multiple times by other researchers [74,79]. In
the second pathway proposed, perfluoroheptyl radical C7F15• reacts with O2 to form
perfluoroheptylperoxy radical C7F15OO• (3b), which combines with another C7F15OO• to
generate C7F15O• (4b). Afterwards, the releasing of COF2 leads to C6F13• (5b). Carbonyl
fluoride (COF2) is included in the mechanistic scheme as a plausible transient intermediate
during PFAS defluorination. However, its direct detection in aqueous electrochemical
degradation experiments has not been widely reported in the literature. COF2 undergoes
rapid hydrolysis in the presence of water, a reaction that has been explored through ab initio
studies demonstrating the importance of water coordination in facilitating the breakdown
of COF2 into HF and carbonyl-containing species [84]. This rapid hydrolysis is consistent
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with general observations that acyl fluorides are highly susceptible to nucleophilic attack by
water, leading to fast conversion to fluoride-containing products [84]. As a result, COF2 is
typically considered a short-lived intermediate, inferred indirectly through fluoride release
and CO2 evolution rather than observed experimentally under aqueous conditions.

As mentioned, high cost and difficulties in producing BDD electrodes with complex
geometries limit large-scale deployment. Moreover, it has been reported that the surface
fluorination of BDD due to bonding with F− ions in the solution can hinder electrocatalytic
activity [46].

Metal oxide anodes, particularly SnO2 and PbO2, have been investigated as lower-cost
alternatives to BDD for PFASs degradation, often requiring doping to enhance conductivity
and stability [74,85]. Sb-doped and F-doped SnO2 are among the most studied modifica-
tions: Sb improves conductivity but raises concerns of toxicity, while F-doping increases
stability and durability. For instance, Ti/SnO2–F electrodes achieved >99% PFOA removal
in 30 min at 20 mA/cm2. Fluoride is considered an ideal dopant because its ionic radius
(0.133 nm) closely matches that of O2− (0.132 nm), favouring coherent crystal growth [74].
Ti/SnO2–Sb electrodes also demonstrated high efficiency, with 90.3% PFOA removal in
90 min [79]. Additionally, Ti4O7 electrodes loaded with amorphous Pd clusters (Ti4O7/Pd-
A) effectively degraded PFOA, outperforming bare or crystalline Pd-loaded Ti4O7. In this
case, surface fluorination was found to inhibit •OH formation [77]. Therefore, an oxidation
mechanism totally electrocatalytically driven was proposed (Figure 5). According to Huang
et al. (2020) [77], after the usual formation of C7F15•, this radical is anodically oxidized to
C6F13C(+)F2 (2), which is unstable for the high electronegativity of F, and so rapidly binds to
H2O to form perfluoroheptyl alcohol C7F15OH (3). The –OH group reacts with the anode,
transferring an electron to it for the formation of C6F13COF (4).

 

Figure 5. Possible pathway for the degradation of PFOA by Pd-loaded Ti4O7 electrode. Reprinted
with permission from [77] Copyright @ 2020 American Chemical Society.

Again, the intermediate C6F13C+FO• participates in an electron-transfer step: the
strong polarization of the carbonyl makes the carbon centre strongly electrophilic (5),
promoting nucleophilic attack by H2O, which donates electron density and forms a short-
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lived C–O–bound intermediate (6). At the same time, the hydrogen atom transfers its
electron to the oxygen bearing the unpaired electron (7). This negatively charged oxygen
subsequently restores the C=O bond, while the C–F bond electrons shift to fluorine, which
is released as F− (8). A final deprotonation step yields the short-chain perfluorinated
carboxyl radical C6F13COO• (9).

3. Evaluation of Energy Efficiency Across Photocatalytic and
Electrochemical Treatments

To enable a consistent comparison of the energetic performance of the different systems
reported in the literature, the electric energy consumption associated with the photodegra-
dation of PFOA was evaluated. Specifically, the energy demand (EEO) required to achieve
90% removal of the contaminant in a unit volume m3 of water was estimated using the
correlation proposed by Bolton et al. [86], which allows normalization of experimental data
obtained under diverse operational conditions. This parameter provides a useful metric for
assessing the efficiency of electric energy-driven degradation processes, facilitating a more
objective evaluation of their practical feasibility and sustainability. The following section
applies this approach to analyze and compare the energetic requirements reported across
selected studies.

EEO =
Pt90%·1000

V·60·ln c(t0)
c(t)

, (4)

In this equation, P indicates the nominal power applied by the system (kW), t90%

corresponds to the irradiation time necessary to reach 90% degradation of the contaminant
(min), V refers to the total volume of solution treated (L), C(t0) is the initial concentration
of the pollutant (ppm), and C(t) represents the concentration measured after irradiation
time t.

The calculated EEO values for UV-irradiated systems are summarized in Table 3. It
should be noted that, although some studies report irradiance values (e.g., mW·cm−2), the
effective radiation reaching the reaction medium strongly depends on reactor configuration,
optical path length, lamp positioning, and solution properties. Therefore, in order to
ensure consistency and comparability across different studies, the calculation of energy
consumption in this review is based on the nominal electrical power of the light source,
following the standard EEO methodology.

Table 3. Energy efficiency of various UV-light-driven photocatalytic systems for PFOA degradation.

Photocatalyst Electrical Power [W] Volume [L] t90% [min] EEO [kWh m−3]

BiOCl 32 0.05 24.8 114.7

In2O3
microspheres 15 0.1 17.4 18.9

Indium-
modified Ga2O3

200 0.03 55.7 2688.2

MnOx-
modified

In2O3

500 0.05 5.9 426.0

(2%)Pb-TiO2 400 1.1 40 105.3

needle-like
Ga2O3

14 0.15 60.6 40.9

In2O3 microspheres exhibit the lowest EEO (18.9 kWh m−3), confirming the excellent
energy efficiency of indium oxide–based photocatalysts for PFOA degradation under UV
irradiation. In the related study, this high photocatalytic activity was achieved using
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a low-pressure mercury lamp (15 W) emitting at 254 nm, positioned at the centre of
a tubular quartz reactor [42]. Similarly, needle-like Ga2O3, tested with a 14 W lamp,
showed a competitive EEO of 40.9 kWh m−3. The authors compared two lamps with
identical electrical power: one emitting only 254 nm UV light and the other combining
254 nm UV and 185 nm vacuum UV (VUV) irradiation. The system exposed to VUV
light achieved a higher decomposition rate, attributed to the enhanced generation of
reactive species from direct water photolysis [52]. The Pb–TiO2 system, employing a
400 W UV lamp (254 nm), treats the largest volume (1.1 L) while retaining a satisfactory EEO

(105.3 kWh m−3). However, the presence of Pb element in the catalyst composition raises
environmental concerns regarding its potential secondary toxicity [49]. The MnOx-In2O3

composite achieved the shortest irradiation time reported in the literature (at pH 3), but,
given the small treated volume and high lamp power (500 W), its EEO is comparatively
higher (426.0 kWh m−3) [48]. However, the application of solar irradiation represents a
key step toward more sustainable photocatalytic processes. The lower photon flux and
broader spectral distribution of sunlight typically lead to higher EEO values compared to
UV-driven systems.

The calculated EEO values for solar systems are summarized in Table 4.

Table 4. Energy efficiency of various simulated solar light-driven photocatalytic systems for
PFOA degradation.

Photocatalyst Electrical Power [W] Volume [L] t90% [min] EEO [kWh m−3]

MnOx-
Modified In2O3

500 0.05 97.4 7052.2

Bismuth
oxyiodide 700 0.01 81.3 41,176.5

BiOI/ZnO 4:1 500 0.1 20 723.8

Fe-BTC/BiOCl 5 0.05 15.9 11.5

The data in Table 4 reveal that Bi-based photocatalysts perform particularly well under
solar irradiation, with respect to other photocatalysts, due to their suitable bandgap align-
ment with the visible range. In particular, Fe-BTC/BiOCl, a bifunctional heterogeneous
photocatalyst combining an iron-based metal–organic framework (MOF) with bismuth oxy-
chloride, demonstrates a noteworthy energy efficiency value (EEO = 11.5 kWh m−3). This
material is designed to integrate reductive and oxidative mechanisms: Fe-BTC enhances
electron transfer and pollutant adsorption, while BiOCl facilitates visible-light absorption
and charge carrier separation. Upon irradiation, CB electrons from BiOCl generate hy-
drated electrons (eaq

−) and hydrogen atoms (H•), both strong reducing species capable
of initiating defluorination by C–F bond scission. Simultaneously, VB holes and reduced
oxygen species (•O2

−, •OH) promote oxidation and mineralization of the degradation
intermediates [60]. Moreover, MnOx–In2O3 catalyst previously tested under UV was also
evaluated under simulated sunlight using a lamp of the same nominal power (500 W). In
this case, the EEO increased from 426.0 to 7052.2 kWh m−3, corresponding to a 16.6-fold
rise in energy demand. This result highlights how differences in spectral distribution and
photon flux density can dramatically influence energetic efficiency, even when electrical
power remains constant [48].

The energy efficiency of electro-oxidation processes strongly depends on the anodic
material and the reactor configuration. Most of the studies reported electric current density
or potential as the main parameter related to energy consumption; therefore, the most
promising systems are compared on this basis in Table 5. Moreover, charge demand per
degraded mole of PFAS amount (F mol−1 PFAS) was included as an additional comparative
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parameter. Estimated values were derived from reported current density, electrode area,
treatment time and degradation efficiencies, when sufficient information was available.

Table 5. Electric current density of various electrochemical systems for PFASs degradation.

Anode Pollutant
Current Density

or Applied
Potential

Time Deg. Eff. Charge
[F mol−1 PFAS] Ref.

Graphite
Intercalated Compound

(Ads. + EO)

PFOS PFOA
PFBS

28 mA/cm2

25 mA/cm2

43 mA/cm2

100%
98%
17%

- [70]

BDD

PFOA
PFBA
GenX

6:2 FTCA

10 mA·cm−2 2 h

97.9%
65.6%
84.9%
99.4%

1042
803.5
1007
1061

[71]

BDD/SnO2-F F-53B 30 mA/cm2 95.6% 150.3 [72]

Ti/Sn-Sb/SnO2-F-Sb
multilayer PFOS 20 mA/cm2 >99% 37.40 [73]

Ti/SnO2-F PFOA 20 mA·cm−2 0.5 h 99.6% 7.760 [74]

Porous tubularTi4O7 (REM) PFOS 4 mA·cm−2 100 min 99.1% 31,790 [75]

Porous Ti4O7 PFOAPFOS 5 mA·cm−2 3 h >99.9%
93.1%

280.2
1503 [76]

Ti4O7 doped with
amorphous Pd PFOA 10 mA/cm2 >90% 2861 [77]

Si/BDD

Short-chain
(C3-C6) and
long-chain

(C7-C18) PFCAs

25 mA·cm−2 1 h

Long-chain
(C10–C18): 95%

C3: 39%
C4: 41%
C5: 66%
C6: 70%

- [78]

Ti/SnO2-Sb/PbO2 PFOA 10 mA·cm−2 1.5 h 91.1% 1526 [79]

Ti4O7 (REM) PFOA
PFOS

3.3 V
3.6 V

PFOA/PFOS:
~5-log removal

>99.9%
- [80]

CeO2 PFOA 1.4 V 94% - [81]

Ti4O7
PFOA
PFOS 13 mA·cm−2 92%

100%
81,865
90,970 [82]

BDD (for persulfate activation) PFOA
PFOS 40 mA·cm−2 100%

100%
7165
7166 [83]

However, several studies reported the EEO parameter across different electrochemical
oxidation systems. Among the systems, reactive electrochemical membranes (REMs)
based on Magnéli-phase titanium suboxides consistently demonstrate the lowest specific
energy consumption. For instance, the Ti4O7 REM anode achieved EEO values of 5.1 and
6.7 kWh m−3 for the removal of PFOA and PFOS, respectively [80]. Moreover, Zeidabadi
et al. (2024) [71] reported an EEO of 20.1 kWh m−3 for degradation of PFOA by using a
commercial boron-doped diamond (BDD) anode [71], while in pilot-scale BDD systems
treating real contaminated matrices exhibited energy consumptions of 160 kWh m−3 in
groundwater and 240 kWh m−3 in landfill leachate [87]. The difference in energy efficiency
can be attributed to the simplified composition of most laboratory-scale solutions, where
the absence of competing species often leads to an overestimation of treatment efficiency.
In contrast, natural organic matter, scavenging compounds, and inorganic salts contained
in real matrices can quench reactive species. As a consequence, achieving comparable
degradation levels in such complex systems requires a higher total energy density, obtained
by increasing either current intensity or treatment duration. These results still demonstrate
the practical robustness of BDD in complex matrices [87].
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When different anodic materials were compared in simulating slow-flow aquifer sys-
tems, the Magnéli-phase TinO2n−1 anode again showed superior energetic performance,
with an EEO of 4000 kWh m−3, compared to 4500 kWh m−3 for mixed IrO2–Ta2O5 oxides
and 9600 kWh m−3 for ultrananocrystalline BDD. These values, two orders of magni-
tude higher than those obtained in high-flow electrochemical reactors, underscore the
strong influence of mass-transfer kinetics [88]. Other electrode materials, such as PbO2

or SnO2-based anodes, exhibited moderate energy requirements: 53.6 kWh m−3 and
71.6 kWh m−3, respectively, when tested for the degradation of perfluorononanoic acid
(PFNA); 76.6 kWh m−3and 105.5 kWh m−3 when tested for perfluorodecanoic acid (PFDA).
Moreover, to assess the safety of the treated effluents after 3 h of electrolysis, the concen-
tration of potentially toxic metal ions released from the electrodes was compared with
drinking water quality standards. For the PbO2 anode, the dissolved Pb concentrations
after the treatment of PFNA and PFDA were 0.005 and 0.004 mg L−1, respectively (below
the U.S. EPA drinking water limit of 0.01 mg L−1). In the case of the SnO2 electrode, the
concentrations of dissolved Sn ions were 0.59 and 0.43 mg L−1, levels considered non-toxic
due to the low inherent toxicity of inorganic tin. However, the release of Sb ions (0.09 and
0.07 mg L−1 for PFNA and PFDA) suggests potential concerns, as antimony is more toxic
and may pose a risk to water quality if leaching is not controlled [89].

4. Concluding Remarks
The persistence, bioaccumulation, and toxicity of per- and polyfluoroalkyl substances

(PFASs) make their removal from aquatic environments one of the most critical envi-
ronmental issues of contemporary water research. Conventional physical and biological
treatments remain largely ineffective in achieving full mineralisation of these compounds,
highlighting the need for advanced, energy-efficient, and environmentally sustainable
degradation strategies.

Among these, advanced oxidation processes (AOPs) have shown the greatest promise,
particularly those based on heterogeneous photocatalysis and electrochemical oxidation,
which represent the most actively explored technologies for PFAS destruction. Photo-
catalytic systems based on In2O3, Bi-based oxyhalides, and Ga2O3 achieve outstanding
degradation efficiencies under UV irradiation while maintaining relatively low energy
demand in optimized systems. Nevertheless, their photocatalytic activity under solar irra-
diation remains limited due to the lower photon flux and inadequate bandgap alignment
with visible light, which lead to increased energy consumption. Recent developments
in heterojunction and metal–organic framework (MOF)-based photocatalysts, such as Fe-
BTC/BiOCl, demonstrate that integrating oxidative and reductive reaction pathways can
significantly improve both defluorination and mineralisation, paving the way for efficient
solar-driven systems.

Electrochemical oxidation has also emerged as a powerful and comparatively energy-
efficient process, with Ti4O7-based reactive electrochemical membranes exhibiting remark-
ably low specific energy consumption (EEO values as low as 5–7 kWh·m−3). Boron-doped
diamond (BDD) anodes, while offering excellent stability and strong mineralisation ca-
pabilities, are still constrained by their high manufacturing cost and increased energy
demand when treating complex real-world matrices. The overall energy efficiency of
electrochemical systems is style strongly dependent on reactor configuration and key
operational parameters, including current density, electrolyte composition, and pH. Opti-
mal performance for both photocatalytic and electrochemical processes is often achieved
under mildly acidic conditions, which enhance radical generation and pollutant adsorp-
tion. However, most laboratory-scale investigations employ simplified synthetic matrices
containing PFOA at concentrations far higher than those encountered in real waters. In
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natural systems, the presence of dissolved organic matter and inorganic ions can act as
radical scavengers, hinder PFAS adsorption onto catalyst surfaces, and thereby reduce
overall degradation efficiency. Consequently, future research should expand towards
more representative studies involving complex environmental matrices and different PFAS
subclasses, including short- and ultra-short-chain compounds such as PFBA, which are
more persistent and widespread. Moreover, the identification and toxicity assessment of
degradation intermediates, particularly fluoride ions, must be prioritized to ensure safe and
complete remediation.

Future efforts should focus on the design of photocatalysts with enhanced durabil-
ity, recoverability, and scalability; for example, through immobilization on macroscopic
supports that facilitate reuse and integration into continuous-flow systems. In parallel,
advances in anode engineering are essential to maximize the generation of reactive oxy-
gen species (ROS) and improve charge and mass transfer efficiency. The integration of
photocatalysis with electrochemical oxidation, or their coupling with adsorption-based pre-
concentration steps, can further lower energy consumption and enhance process selectivity.

Ultimately, systematic assessments on real wastewater samples are required to evaluate
the true sustainability and scalability of PFAS degradation technologies. Comprehensive
analyses of energy balance, electrode and catalyst stability, and the potential formation
of toxic by-products are essential to guide the transition from laboratory-scale studies to
full-scale, field-applicable remediation systems.

In this context, despite the significant progress achieved in PFAS degradation, a sub-
stantial number of studies still focus primarily on pollutant conversion, without fully
elucidating the final fate of fluorine atoms. This represents a critical knowledge gap,
as conversion alone does not necessarily imply detoxification. A thorough characteriza-
tion of degradation products is therefore crucial to properly assess environmental risks,
particularly with respect to transient but potentially hazardous intermediates.

Although fluoride release is widely used as an indicator of defluorination, it provides
only partial information on transformation pathways and intermediate species. In this
regard, advanced analytical techniques such as 19F nuclear magnetic resonance (19F NMR)
have recently demonstrated strong potential for tracking fluorine-containing intermediates
and end products in complex systems, as highlighted by recent high-impact studies [90,91].
The broader application of such techniques to catalytic PFAS degradation systems would
substantially enhance mechanistic understanding and enable a more reliable evaluation of
process safety and long-term sustainability.
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Abbreviations
The following abbreviations are used in this manuscript:

PFAS Per and polyalkyl substances
WWTP Wastewater treatment plants
PFOS Perfluorooctanesulfonic acid
PFOA Perfluorooctanoic acid
TFA Trifluoroacetic acid
PFBS Perfluorobutanesulfonic acid
EPA Environmental Protection Agency
MCL Maximum Contaminants Levels
PFNA Perfluoroonanoic acid
PFHxS Perfluorohexane sulfonic acid
PFHxA Perfluorohexanoic acid
HFPO-DA Hexafluoropropylene Oxide Dimer Acid
POP Persistent Organic Pollutants
AOP Advanced Oxidation Processes
NF Nanofiltration
RO Reverse Osmosis
VB Valence band
CB Conduction band
rGO Reduced Graphene Oxide
TNT Titanium Nanotubes
MOF Metal–Organic Framework
TOC Total Organic Carbon
EO Electro-Oxidation
BDD Boron-Doped Diamond
FTCA Fluorotelomer Carboxylic Acids
REM Reactive Electrochemical Membrane
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