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Perfluoroalkyl and polyfluoroalkyl substances (PFAS) have been globally distributed since 1940, resulting in
their widespread existence in natural environments. This is due to the remarkable stability of carbon—fluorine
bonds, which are difficult to degrade chemically in a natural setting. PFASs accumulate in the human body
through daily consumption of water and food, which can lead to potential health effects such as immune,
metabolic, and neurodevelopmental effects. As a result, there is a growing global concern regarding PFAS
remediation, given their toxicity and bio-accumulative properties in recent years. Electrochemical advanced
oxidation processes (EAOPs) have been developed for the remediation of PFASs and have been applied in
wastewater treatment. In these processes, a highly powerful oxidizing agent, hydroxyl radical ((*)OH), is
generated electrochemically in solution, which can oxidize organic contaminants. EAOPs have become an
environmentally friendly and effective treatment process for destroying PFASs. However, their slow reaction
rate, poor performance stability, high energy consumption, and electrode erosion hinder their commercialization
for water treatment. This paper provides a comprehensive overview of state-of-the-art anode materials and their
corresponding degradation efficiency of PFASs through electrochemical remediation, along with future recom-
mendations. A worldwide perspective on the fundamentals and experimental setups is provided, examining, and
discussing different anode electrodes, as well as the challenges of EAOPs for PFAS remediation.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a group of man-
made fluorinated compounds that have multiple fluorine atoms
attached to an alkyl chain. A typical PFAS structure consists of a fluo-
rinated hydrophobic “tail” and a hydrophilic “head,” making them
suitable for use as surfactants. To date, ~15,000 different PFASs have
been developed and are available in the market [1]. PFASs have been
widely used in the manufacturing of extinguishers, surfactants, de-
tergents, lubricants, paper, carpets, cosmetics, and aqueous film-
forming foams (AFFFs) for firefighting since the 1950s. It is estimated
that the total global release of PFASs from various sources (both direct
and indirect) has been approximately 3200 to 7300 tons from 1940 to
2004 [2]. Due to the strong C-F bond and unique structure, PFASs
possess great chemical and thermal stability, as well as superior surface-
tension-lowering properties. Therefore, PFASs are resistant to natural
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chemical and biological degradation [3]. After years of being used in the
market, PFASs have found their way into the ecosystem, and have the
ability to accumulate in the human body.

There has been significant global attention on sulfonate and
carboxylate PFAS forms, such as perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS), due to their potential adverse
human health effects [4]. As a result of their environmental persistence,
bioaccumulation, and toxicity, PFOA and PFOS pose potential risks to
the ecosystem, especially to marine life [5]. PFASs have high mobility
and can travel miles from the original release location, potentially
leading to the formation of large plumes [6]. These compounds have
been detected not only in groundwater but also in landfills worldwide
[7]. The U.S. Centers for Disease Control and Prevention (CDC) has re-
ported that PFASs are present in the blood of 98 % of the American
population [8,9]. Epidemiology studies have linked PFAS exposure to
tumors, cancer, and other adverse effects on public health. In recent
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Fig. 1. Energy Consumption of PFAS destruction a) PFOA; b) PFOS.

Table 1
Potential of Oxygen Evolution Reaction on Different anodes in HSO4 [133].

Anode Class Value vs SHE Concentration of HySO4
RuO, 1 1.47 0.5M

IrO4 1 1.52 0.5 M

Pt 1 1.6 0.5M

Graphite 1 1.7 0.5M

SnO,y 2 1.9 0.05 M

PbO, 2 1.9 1M

BDD 2 2.3 0.5M

Note: Standard Potential for Oxygen Evolution is 1.23 V vs SHE.
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Fig. 2. Pathway of direct and indirect oxidation in anodic condition.

years, the growing concerns related to PFASs have drawn public atten-
tion as these compounds have been regulated in daily drinking water
intake and the U.S. EPA recently issued a new National Primary Drinking
Water Rule (NPDWR) on April 10, 2024, targeting six PFAS compounds.
This rule establishes legally binding Maximum Contaminant Levels for
PFOA, PFOS, PFHxS, PFNA, and HFPO-DA. Additionally, the rule in-
troduces Hazard Indexes for assessing the combined risk of mixtures
containing two or more of the following PFAS: PENA, PFHxS, HFPO-DA,
and PFBS [10]. Both surface water and groundwater are essential
sources of drinking water. Over the past few decades, PFAS concentra-
tions in surface water and groundwater have been found at ppt levels
[11]. It has been widely recognized that dietary intake is the largest
source of PFAS exposure [12-20]. The daily intake of drinking water,
particularly in areas near industrial sites, is a significant source of PFASs
exposure in human populations [21-25]. Daily food intake has also been
identified as a dominant exposure pathway, as well as contact with
PFASs-contaminated air and dust indoors through inhalation (up to 50
% of total PFASs intake) [26]. Populations who consume seafood
frequently have reported elevated PFASs concentrations in their blood
[27]. According to the European Food Safety Authority (EFSA), the
primary chronic exposure to PFOA is through dairy products for babies,

drinking water for infants, and seafood products for the elderly, ac-
counting for up to 86 %, 60 %, and 56 % of total exposure, respectively
[21].

Previous studies have provided strong evidence linking increased
cancer risk with PFAS exposure and shown a positive correlation be-
tween PFOA levels and kidney and testicular cancers [22,28]. While
Eriksen et al. [17] reported that it is not yet clear whether liver, bladder,
pancreatic or prostate cancer are related to PFOA or PFOS concentra-
tions, the International Agency for Research on Cancer (IARC) has
classified PFOA as a possible human carcinogen, while no current
evaluation is available for PFOS [21].

The risks associated with PFASs have highlighted the urgent need for
effective treatment technology. According to a recent report from
Bluefield Research [29], more than $3 billion is expected to be spent
annually on drinking water remediation technologies by 2030, and the
exponential increase of PFAS-related research underscores the growing
interest in PFAS remediation.

Current treatment technologies for complete PFAS defluorination
involve two main stages: concentration/separation and destruction.
Most concentration/separation technologies immobilize PFASs into
solid sorbents such as activated carbon [30-47], inorganic sorbents like
resins [32,35,41-43,48-50], and clay or nano materials [44,51-60]
which are then stabilized and stored in secure landfills. However, this
technology has a significant drawback as PFASs are not defluorinated
but merely relocated, leaving the risk of leaching intact. Additionally,
there are other issues such as generating large volumes of waste for
disposal, transferring contaminant risks on public roads and through
populated areas, and requiring long-term maintenance and monitoring.
Thus, a destruction technology is required in the separation step that can
completely defluorinate PFASs into harmless end products.

Destruction technologies can defluorinate PFASs into innocuous end
products using either chemicals, energy, or a combination of both to
break the strong bond between carbon and fluorine. Current technolo-
gies for PFASs destruction include sonolysis [61,62], microwave [7],
ultrasonication [63], photolysis [64-83], electrochemistry advanced
oxidation process [3,5,84-109], boiling [110], high energy E-beam
[111-113], high temperature steam [114], plasma [115,116], hydro-
thermal treatment (HT)[117] and supercritical water oxidation process
(SCWO)[118]. The PFASs destruction technologies are known to
consume significant amounts of energy. Therefore, they are preferably
used to target highly concentrated, low-volume waste by reverse
osmosis, membrane separation [119-124] and foam fractionation
[125-127]. The energy consumption of PFOS and PFOA destruction by
these technologies is summarized and presented in Fig. 1a-b. Among
them, EAOP has not only the advantage in energy efficiency, but also
other ones like less requirement on equipment, operation at ambient
conditions etc. There is not enough data to calculate the energy
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(c) Flow-through Electrode Operation

Fig. 3. Setup of Electrode operations: (a) batch electrode operation; (b) flow-pass electrode operation; (c) flow-through electrode operation.

consumption of PFAS destruction by E-beam [111-113]. Maetal. [111]
found that the degradation of PFOA and PFOS followed pseudo-first-
order kinetics. In a nitrogen atmosphere, at a dose of 500 kGy (0.139
kWh/L) and a pH of 13, PFOA and PFOS degradation rates reached 95.7
% and 85.9 %, respectively. The defluorination rates were 46.8 % and
71.4 %, respectively. These results indicate that electron beam (EB)
irradiation can effectively decompose PFOA and PFOS in anoxic alkaline
solutions. No exact energy consumption was found for PFASs destruc-
tion by SCWO. It is reported that the SCWO system can achieve energy
self-sufficiency when the chemical oxygen demand (COD) concentration
exceeds 60,000 mg/L [118].

Recent review papers on the treatment of PFASs using EAOP have
focused on past research and provided cumulative information on the
topic, as well as the scope for future research [89,90,128-130]. How-
ever, to the best of our knowledge, there has been little research done on
electrode materials and their design in order to improve degradation
rates and stability performance. The objective of this review is to
compare the performance of different anode materials and provide an
overview of the feasibility and profitability of PFAS remediation through
EAOP. While the cathode process is less investigated than the anode
process, it can play an important role in wastewater treatment. In the
EAOP of PFASs, PFASs decompose at the anode electrode, so the details
of the cathode will not be discussed in this review. Thus, this review
aims to: (1) provide an overview of the anode materials and their rele-
vant working conditions; (2) assess the most effective anode materials
and how material properties affect the remediation efficiency of EAOP;
(3) study the reaction pathway of PFASs degradation through EAOP; and
(4) discuss the challenges of EAOP for PFAS remediation.

2. PFAS electrochemical advanced oxidation processes
2.1. Fundamentals of EAOP

The advanced oxidation process (AOP) has gained popularity as a
technology for treating organic or inorganic compounds in contami-
nated water in recent decades. Typically, hydroxyl radicals are utilized
in AOP to attack and degrade the contaminants into non-toxic end
products. Hydroxyl radicals, as one of the most aggressive oxidants, can
be produced by employing ozone (O3), hydrogen peroxide (H203) or UV
light with catalysis. The lifetime of hydroxyl radicals is short, only 2 ~ 4
us, and the possible contamination by the radicals is negligible, making
it a popular option for wastewater treatment [75]. However, AOP usu-
ally requires harsh conditions and consumes a lot of chemicals or energy

to produce hydroxyl radicals.

The electrochemical advanced oxidation process (EAOP) offers a
promising solution for treating industrial wastewater. Unlike traditional
methods that rely on UV or chemicals to produce hydroxyl radicals,
EAORP utilizes electrochemistry to generate them as needed. This makes
it a more environmentally friendly technology than conventional AOPs.
EAOP can effectively eliminate a wide range of contaminants, such as
PFASs [128] and other emerging contaminates [131], from wastewater,
without generating waste that requires special handling. Compared to
other technologies like adsorption, membrane, and anion exchange,
EAOP offers a more sustainable alternative [132]. Pollutants in waste-
water can be destroyed through direct or indirect electrolysis. Direct
electrolysis occurs when the process is operated at low potentials, and
pollutants are degraded on the anode surface without the involvement of
other substances. EAOP of phenol is an example of direct electrolysis
[133]. On the other hand, if the process is operated at high anodic
overpotential, radicals with strong oxidizing and nonselective abilities
are produced, including eOH, O; e,SO, e and CO; e. These radicals can
decompose some persistent pollutants, and we refer to this process as
indirect electrolysis. EAOP of PFASs is an example of indirect electrol-
ysis. It has been reported that the degradation of some PFASs (such as
PFOS) by EAOP involves direct electron transfer and hydroxyl radicals.
It is also believed that hydroxyl radicals alone cannot effectively degrade
PFOS [134,135]. Therefore, the synergistic effect of direct electron
transfer and hydroxyl radicals makes EAOP an effective PFAS degrada-
tion technology.

EAOP that occurs on the surface of electrodes is a surface-controlled
process, mainly happening close to the electrode surface. As such, the
electrode significantly affects the process’s performance. During this
process, highly oxidizing hydroxyl radicals are generated near the anode
surface by electrolyzing water at high anodic potential [136].

H,0-*OH+H' +e” (€]

The oxygen evolution reaction occurs at low anodic potential, and
the generation of hydroxyl radicals occurs simultaneously. Choosing the
right electrode material is crucial to produce hydroxyl radicals while
avoiding side reactions such as oxygen evolution. The nature of elec-
trode materials strongly affects both selectivity and efficiency. Table 1
shows that some active anodes (Class 1), such as RuO,, IrO5, Pt and
Graphite, are good candidates for oxygen evolution reaction due to their
low overpotential. Meanwhile, some anodes (Class 2) with high over-
potential for water splitting have an inert behavior and favor the gen-
eration of hydroxyl radicals. Examples of such anodes are SnOj, PbOs,
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Table 2
Experimental setups and corresponding degradation efficiencies of PFASs remediations through EAOP using boron doped diamond.
Anode Cathode/ Distance Conditions Current Time Kinetics %removal Ref.
Reference (cm) Density (mA/ (min)
Electrode cm?)
Nb-BDD (35 cm?) Nb-BDD (35 cm?) 2 1000 ml 2.3 2880 Pseudo-first-order 45 % PFBS; [149]
2.9 ppm PFBS; kinetics 91 %PFHXS;
11 ppm PFHXS; 98 %PFOS
15 ppm PFOS;
0.1 M NaySO4
300 r/min
Ultra nanocrystalline BDD (42 Tungsten (42 cm?) 0.8 100 ppm PFOA; 20 360 First order kinetics >93 % PFOA [142]
cm?) 5000 ppm NaySOs; 0.09348 min~!
kpros
293 K;
Si/BDD(5 cm x 5 cm) Pt (5cm x 5cm) 0.3 0.4 mM PFOS; 20 28 Pseudo-first-order >95 % PFOS [87]
kinetics
/Hg/HgoS04 10 mM NaClO4; 0.13 min~! kppog
(PAR)
295 K
BDD (70 cm?) Stainless steel (70 0.5 2000 ml 50 600 First order kinetics 99.7 % PFASs [150]
cm?) 293 K;
1.65 ppm PFASs
Si/BDD (2.5 cm x 3.4 cm) Ti(2.5 cm x 3.4 3 40 ml 0.59 120 Pseudo-first-order 97.48 % PFOA [105]
c¢m)/SCE kinetics
0.114 mM PFBA; 0.0332 min " Kpppa
0.114 mM PFHxA; 0.0335 min !
kprrxa
0.114 mM PFOA; 0.0428 min " kppoa
0.114 mM PFDeA; 0.0455 min !
Kprpea
1400 ppm NaClO4;
330 K
BDD (77.4 cm2) Pt deposited Ti 1 300 ml 0.15 480 Pseudo-first-order ~60 % PFOA [140]
kinetics
(77.4 cm?) 8 mM PFOA; 0.000517 min "
kprpa
/Ag/AgCl (BAS) 10 mM NaClO,4
Ti/BDD (5 cm x 5 cm) Ti electrode 1.5 100 mL 10 180 pseudo-first-order 98.7 £ 0.4 % [151]
kinetic PFNA
PFNA or PFDA; 0.25 0.023 min~! Kppna 96.0 £ 1.4 %
mmol/L with 10 mmol/L PFDA
NaClo4
0.012 min ' Kpppa
BDD-type UNCD on a niobium Ti/IrO,-Tas05 0.4 100 ml 30 ~ 50 70 pseudo-first order >99 % [93]
substrate (11 cm x 11 c¢cm) 5 ppm PFOS PFOS oxidation
Niobium coated BDD (35.05 Niobium coated 2 10 ppm PFOA 11.85 ~ 21.4 60 ~ Up to 99.5 % [95]
cm?) BDD (321.57 cm?) 1.5 g/L NaySO, 240
5.2~225V
100 ml higher pseudo-first
order rate constant
130 ppb PFOA 0.0009 min ! PFBA
3 cm? BDD 3 cm? BDD 790 ppb PFHxXA 100 180 0.0129 min ! [148]
PFHxA
2810 ppb PFBS 0.072 min~! PFOA
3210 ppb PFBA
15 mM Na,SO4 at pH 7
4600 cm® BDD 4600 cm? Stainless 12 L min ' 231A 550 Mean 77 % for ~ [147]
steel long-chain
150 L Mean 22 % for
short-chain
2.2 ~ 2.8 ppb PFAS
Ti4O; and BDD, making them ideal anode electrodes for PFAS The mass transfer rate of pollutants is shown in Eq. (2) [137].
degradatlon. T'prASs = kmS (Cbulk - Celectrode) (2)

As illustrated in Fig. 2, due to the short lifetime of hydroxyl radicals,
EAOP only occurs in the vicinity of the electrode surface. Thus, it is
crucial for contaminants to transfer from the bulk solution to the elec-
trode surface. In this type of electrode, three stages must be completed:
(1) The pollutants must transfer from the bulk solution to the electrode
surface. (2) The pollutants react with hydroxyl radicals. (3) The result-
ing end products must transfer from the electrode surface back to the
bulk solution.

where rp is the mass transfer rate of pollutants, g/s, k;, is the mass co-
efficient (m/s), S is the electrode surface, Cp,x denotes the pollutants
concentration in the bulk concentration (g/mg) and Ceecyroge denotes the
PFASs concentration in the electrode (g/m3). If there are mass transfer
limitations of PFASs, the concentration of pollutants at the anode surface
can be neglected. Thus, the rate of the process can be simplified to Eq.
3.
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degradation with BDD electrodes [148]; (d) Surface contact angle of PFOA, PFHxXA and PFBA. and .

Reproduced with permission from [95][148]

p = kmSCbulk 3

If there are no mass transfer limitations, the rate of the electro-
chemical oxidation of pollutants could be written as

“.’cS
=12 “@

where j denotes the effective current density for contaminates destruc-
tion, S denotes electrode area, n is the charge number of the electrode
reaction and F is the Faraday constant.

The electrochemical oxidation of contaminants in the bulk solution
requires the electrochemical generation of a mediator, which can occur
at either the anode or cathode electrode surface. These mediators then
transfer to the bulk solution and react with PFASs. For example, the
presence of SO~ can generate S,03", the presence of CI~ can produce
Cl,, HCIO, HClO,, HCIO5 and HCIO,. Fe*™/3* is a media that activates
the Fenton reaction.

2.2. Electrochemical oxidation of PFASs

Due to the strong C-F band, synergistic effects of direct electron
transfer and hydroxyl radicals decompose PFAS at high anodic over-
potentials, where radicals with strong oxidizing and nonselective abili-
ties are produced including eOH, O e,SO, e and CO3e. They could be
divided into two groups depending on where the predominant reactions
take place: the surface of the electrodes or the bulk solutions.

During the electrochemical oxidation of PFAS on the surface of the
electrodes, the PFAS molecules are attracted to the anode surface and
undergo degradation through an electron transfer reaction [138]. The
hydroxyl radicals produced by electrochemistry only exist on the surface
of the anode because they have a very short lifetime of only 2 ~ 4 ps.
Therefore, the direct electrochemical oxidation of PFASs only occurs on
the surface of the anode. In contrast, indirect oxidation occurs in the
solution through the oxidants produced by cathodic reactions [138].
The remediation of PFASs by direct oxidation on the anode surface is
suitable for concentrated and low-volume streams.
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Reproduced with permission from [155,153][134].

2.3. Configuration of electrochemical oxidation advanced oxidation
process

The EAOP oxidation rates of contaminants are limited by either
chemical or mass transport processes and are driven by the current flow.
Thus, to maximize the system efficiency, it is important to minimize the
resistance in chemical or mass transport processes, as well as minimize
the ohmic resistance and use the main voltage to overcome the over-
potential of the electrodes. Therefore, the configuration of the EAOP cell
is important. As shown in Fig. 3a, it contains two electrodes with a
distance of less than 1 cm in a batch electrode operation. The diffusion
resistance in the chemical or mass transport processes can be minimized
by stirring the solution. In addition, flow-through and flow-through
designs ensure a continuous supply of reactants to the electrode sur-
face and efficient removal of reaction products. Therefore, either a flow-
through (Fig. 3b) or flow-through (Fig. 3c) setup can be used to mini-
mize resistance.

3. Anode electrode materials

In recent years, various novel EAOP technologies have been studied
and applied in wastewater treatment and remediation of industrial
contaminants [139]. Pollutants remediation by EAOPs have shown
promising results at the lab scale. However, the practical applications of
these technologies are still rare. Novel electrode materials with higher
electrochemical activity and material stability, along with optimization
of reactor geometry and fluid dynamics have been introduced. Recently,
the EAOPs technology has been upscaled to pilot plants, making prog-
ress towards commercialization [139].

The choice of anode materials of EAOPs is critical for efficient
pollutant remediation. Anode materials are typically categorized as: (i)

metal-oxide, including Tin-, lead- and Titanium based materials, and (ii)
non-metal oxide, including boron-doped diamond (BDD) material
(shown in Table 2). Tin and lead based electrodes have been found to be
less effective and may pose issues due to the leaching of toxic metals,
while the BDD electrode has shown high efficiency and stability in
degrading PFASs [85,88,105,140-142]. The BDD electrodes are made of
boron-doped microcrystalline diamond with a relatively large grain size
ranging from 0.5 to 10 pm, resulting in pinholes and defects [143]. The
problem is overcome by using ultra-nanocrystalline boron-doped dia-
mond with small grain sizes of 2-5 um, which provides better perfor-
mance than standard BDD material [6]. Silicon is the most compatible
substrate for BDD electrodes due to its ability to form a self-limiting
oxide and its inert electrochemical activity. However, the silicon sub-
strate is very brittle, which limits its use in many applications [143].
Despite these challenges, the development of novel electrode materials
with higher electrochemical activity and stability remains a crucial area
of research to further enhance the performance of EAOPs in practical
applications.

3.1. Boron-doped diamond electrode

Pure diamond is not suitable for electrode material due to its
extremely high inherent electrical resistivity. However, after doped with
boron, Boron-doped diamond (BDD) contains an inert electrochemical
activity matrix consisting of crystalline (sp®) (diamond) and amorphous
(spz) (non-diamond) carbon phases [144]. As a result, BDD becomes
conductive and corrosion-resistant with the increasing boron doping
level. This property has made BDD an excellent electrode material with
superior material characteristics.

Due to the large amount of non-active matrix of crystalline (sp>), the
BDD electrode is electrocatalytically inert. It has the largest
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Experimental setups and corresponding degradation efficiencies of PFASs remediations through EAOP using metal-oxide anodes.

Metal-Oxide

Anode Cathode/ Distance Conditions Current Time Chemicals Kinetics Y%removal Reference
Reference (cm) Density (min)
Electrode (mA/cm?)
Magneli phase Ti4O7(TisO7) Stainless Steel 1.5 200 ml, 5 180 98 % PFOA; Pseudo-first- 99.9 % [157]
(10 cm x 5 cm) Sheet (10 cm x order kinetics, PFOA,
5 cm)/SCE 0.5 mM PFOA, 98 % PFOS 0.034 min~? 93.4 % +
kproa 3.4 PFOS
0.1 mM PFOS, 0.013 min~*
20 mM NaClO4, kpros
Magneli phase Ti4O5(TisO7) Stainless Steel 2.5 100 ml 10 180 High purity PFOA  Pseudo-first- 98.9 % [158]
(10 cm x 5 cm) Sheet (10 cm x and PFOS (Sigma order kinetics PFOS
5 cm)/NA 10 ppm PFOS; Aldrich Co.) 0.0491 min ' 96 % PFOA
Kpros
10 ppm PFOA; 0.0226 min ™!
100 mM Kproa
Na,ySO4
Titanium mesh coated with Ti/IrO,-Tas05 0.4 100 ml 30 ~ 50 70 98 % PFOS pseudo-first >99 % [93]
Magnéli-phase titanium (11 cm x 11 cm) 5 ppm PFOS order PFOS
suboxides Ti Oopn.1 (11 cm oxidation
x 11 cm)
Ti/SnO5-Sb/Ce-PbO, (Ce- Stainless Steel 1.5 200 ml, 5 180 98 % PFOA; Pseudo-first- 99.5 % + [157]
Pb0O,) (10 cm x 5 cm) Sheet (10 cm x order kinetics, 0.9PFOA,
5 cm)/SCE 0.5 mM PFOA, 98 % PFOS 0.02 min~! N/A PFOS
Kproa
0.1 mM PFOS, N/A Kpros
20 mM NaClO4,
Ti/Sn02-Sb (12 cm x 5 c¢cm) Ti (12cm x 5 1 100 ml 10 90 98 %PFOA Pseudo-first- HH#HH#HH [88]
cm)/SCE 100 ppm PFOA, order kinetics
10 mmol/L
NacClO4,
pPH=5
Ti/Sn05-Sb/PbO, (12 cm x Ti (12cm x 5 1 100 ppm PFOA, 10 90 98 %PFOA Pseudo-first- #HH#EH##HH [88]
5 cm) c¢m)/SCE 10 mmol/L order kinetics
NaClO4,
pH=5
Ti/Sn05-Sb/MnO, Ti (12cm x 5 1 100 ppm PFOA, 10 90 98 %PFOA Pseudo-first- #HH#H#HH [88]
c¢m)/SCE 10 mmol/L order kinetics
NaClO4,
(12 cm x 5 cm) pPH=5
Ti/BDD (BDD) (10 cm x 5 Stainless Steel 1.5 200 ml 5 180 98 % PFOA; Pseudo-first- 98.8 % =+ [157]
cm) Sheet (10 order kinetics 1.9 PFOA
cm*5cm)/SCE 0.5 mM PFOA, 98 % PFOS 0.027 min~! NA PFOS
0.1 mM PFOS, kproa
20 mM NaClO4 N/A Kpros
Ti/Sn02-Sb205/Pb02-1.0 Ti (42 mm x 42 1 200 ml 40 180 95 % PFOA Pseudo-first- 92.1 % [85]
wt%PVDF mm)/NA order kinetics PFOA
(42 mm x 42 mm) 100 ppm PFOA; (Sigma-Aldrich 0.01384
Co.) min~! Kppoa
1400 ppm
NaClO4;
1300r/min;
pH=3
Ti/Sn02-Sb/Yb-PbO2 (5 cm Ti(5 cm x 2 0.5 200 ml 20 150 95 % PFOA Pseudo-first- 95.11 % + [159]
X 2 cm) cm)/NA (Wong jiang) order kinetics 3.9%
100 ppm PFOA; 0.0193 min !
Kproa
0.1 M NaySOy;
298 K;
pH=5
Ti/Sn02-Sb-PbO2(5 cm x 2 Ti(5 cm x 2 0.5 200 ml 20 150 95 % PFOA Pseudo-first- 83.94 % + [159]
cm) cm)/NA (Wong jiang) order kinetics 1.6 %
100 ppm PFOA; 0.012 min~!
kproa
0.1 M NaySOy;
298 K;
pH=5
Ti/Sn02-Sb-Yb(5 cm x 2 Ti(5 cm x 2 0.5 200 ml 20 150 95 % PFOA Pseudo-first- 80.14 % + [159]
cm) cm)/NA (Wong jiang) order kinetics 3.8%

100 ppm PFOA;

0.1 M Na,SO4;
298 K;
pPH=5

0.011 min~!
kPFOA
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electrochemical potential solvent window (3.7 V) and poor oxygen
reduction reaction (ORR) activity compared to glassy carbon (GC),
which is more catalytically active due to a significant amount of sp?
carbon with a smaller solvent window (1.0 V) [145,146]. These prop-
erties enable BDD anodes to promote the generation of hydroxyl radi-
cals, which unselectively degrade organic pollutants with a high current
efficiency:

BDD + H,0—BDD(-OH) +H' + e 5)

BDD(-OH) + R—BDD + CO, + H,0 (6)

Table 2 summarizes the experimental setups and the corresponding
PFASs degradation efficiencies through EAOP using boron-doped dia-
mond as the anode. Different dopes, including Nb, Si, Ti and nano BDD,
were used. Anode sizes vary from 8.5 cm? [105] in laboratory size to
4600 cm? in pilot scale [147]. The highest removal efficiency reached up
to 99.7 % with pure BDD. Jean et al. [95] investigated Niobium coated
BDD as both the anode and cathode for EAOP of 10 ppm PFOA. They
achieved up to 99.5 % destruction of PFOA while the defluorination was
only up to 50 %, indicating the formation of some short-chain PFAS
during the process, (e.g. PFBA, PFPeA, PFHxA) (Fig. 4a). Recently,
Nienhauser [148] employed BDD plates as both the anode and cathode
electrodes to treat PFAS-contaminated industrial wastewaters (Fig. 4b).
The significant difference in the rate of PFAS degradation may be
attributed to the interaction between PFAS and the electrode surface
(Fig. 4c), which is also confirmed by surface contact angle experiments
(Fig. 4d). These findings validate the hypothesis that an increase in the
length of the surfactant chain promotes the interaction between PFAS
and the electrode, leading to better removal of longer PFAS chains.

Recently, Smith et al. [147] conducted a pilot study demonstrating a

practical treatment approach for PFAS in groundwater and landfill
leachate. Their method combines foam fractionation to concentrate
PFAS, followed by electrochemical oxidation (EO) to degrade them.
They used a 20-liter flow cell with 23 boron-doped diamond (BDD)
plates (5 x 20 cm) as anodes and 24 stainless steel plates (5 x 20 cm) as
cathodes, with a 3 mm spacing between them. The total active area of
each electrode was 4600 cm?. A constant current of 231A was applied on
this cell for 540 min. The average total PFAS degradation achieved by
the designed treatment process was 50 %. Long-chain PFAS were
degraded by up to 86 %, while short-chain PFAS saw a degradation of up
to 31 %. They found that energy consumption depends mainly on the
amount of treatment. After 540 min of treatment, the energy con-
sumption of the 50-liter experiment was about 270 kWh/m?, while the
energy consumption of the 150-liter experiment was about 93 kWh,/m?,
about one-third.

3.2. Magnéli-phase TisO7 electrode

Titanium dioxide (TiO) is a common semiconductor photocatalyst.
Interestingly, the electronic conductivity of TiO, can be completely
altered by adjusting its oxygen deficiencies to Magnéli phase titanium
sub-oxides, TinO2,-1 (3 < n < 10). Its electrical conductivity varies from
tens to several thousand S cm ™! depending on its oxygen deficiencies
[152]. Magnéli-phase titanium oxides are usually a mixture of stoichi-
ometries. These materials have a unique crystal structure with each
layer containing a different ratio of titanium to oxygen leading to the
creation of shear planes where 2D chains of octahedra become face-
sharing to compensate for local deficiencies of oxygen (Fig. 5a). This
unique structure results in a high electrical conductivity similar to that
of metals and a great corrosion resistance close to that of ceramic
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materials. For example, the electrical conductivity of Ti4O is ~1000 S/
cm. The projected half-life of Ebonex® is 50 years in 4 mol/L HySO4 at
room temperature [152]. Additionally, Ti4O7 also has a higher over-
potential for oxygen evolution potential (+2.6 V vs standard hydrogen
electrode, SHE) than BDD. These properties make Ti4O7 a suitable
candidate for wastewater treatment, cathodic protection, bipolar bat-
tery, as well as water splitting. Based on the thermodynamics analysis,
the reduction of well-crystallized TiO, does require harsh reaction
conditions. Fig. 5b shows a typical method to prepare black Magnéli
phase Ti4O7 [153]. A mixture of Ti4O; and KClO4 was heated at 600 °C
for 2 h and the amount of oxygen was controlled by the decomposition of
KClO4. Thus, an appropriate amount of oxygen in Ti4Oy is controlled.
The other method is high temperature sintering followed by hydrogen
reduction at high temperature [134,154].

Table 3 shows the experimental setups and corresponding degrada-
tion efficiencies of PFASs remediations by EAOP using metal-oxide an-
odes. Titanium suboxide (Ti4O7) has been reported as an effective and
cost-efficient electrode material in PFAS treatment due to its potentially
low cost in commercial production, good conductivity, high stability
and robustness [156]. Promising results have been obtained in early
research on the remediation of PFOA and PFOS using the titanium-based
electrodes with a potential by-product formation of less than 1 % [157].
However, further studies are required for the commercial application of
this novel material in the degradation of PFASs, and the formation of by-
products needs to be further assessed. Liang et al. [158] investigated

EPOA of PFOA and PFOS with a Magnéli phase Ti4O7 electrode. After 3
hr of electrolysis in a 100 ml of 100 mM NaySO4 solution containing 10
ppm of PFOA or PFOS, the removal efficiency of PFOA and PFOS was 96
% and 98.9 %, respectively. Furthermore, the EAOP was also applied to
the removal of high concentrations of PFOA (100.5 ppm) and PFOS
(68.6 ppm) [158]. The electrolysis process resulted in the removal of up
to 77.2 % of PFOA and 96.5 % of PFOS after 17 h. They also claimed that
the concentration of PFOA and PFOS was below the limits of quantifi-
cation after treatment. Wang et al. [134] investigated the degradation of
(PFOS) in an electrochemical system using Magnéli phase Ti4O7 elec-
trode as the anode (Fig. 5¢). The effect of chlorides on the treatment
process was examined and compared to that of a boron-doped diamond
(BDD) electrode (Fig. 5d). The degradation of PFOS was found to occur
through a combination of direct electron transfer (DET) and attack by
anodic surface-absorbed hydroxyl radicals formed by anodic oxidation
of water. The presence of Cl™ inhibited the degradation of PFOS on the
Ti4O7 electrode by inhibiting the oxidation of water but accelerated the
degradation of PFOS on the BDD electrode, where the oxidation of C1™
by DET occurred. The advantage of the Ti4Oy electrode is that the for-
mation of chloride and perchlorate is slower on Ti4O; than on the BDD
anode. Later, Wang et al. [154] investigated the effect of different
porous structures on the degradation of PFOS. The electrooxidation of
PFOS was evaluated in batch and REM systems using three different
anodes, including commercial Ebonex, nano-Ti4O7 and micro-Ti4O;. As
shown in Fig. 6a, almost complete defluorination was achieved. In both
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batch and REM operations, the nano-Ti4O; anode outperformed the
micro-Ti4O; anode in terms of PFOS degradation rate and energy effi-
ciency, mainly due to its favorable pore size distribution (Fig. 6b). The
performance of PFOS degradation largely depends on the composition of
the anode. Compared with the Ebonex (TigO17) anode, the Ti4O; anode
exhibited higher PFOS degradation rate and energy efficiency (Fig. 6¢).
DFT calculations revealed that a larger proportion of Ti** ions in Ti4Oy
facilitates the uptake of PFOS and lowers its activation barrier for direct
electron transfer in Fig. 6d.

3.3. Lead dioxide electrode

Lead dioxide is one of the n-type metal oxides which show high
electron mobilities. The conductivity of a-PbOy is close to 103 Q! cm™!
while one of the rutile (8-PbOy) is close to 104 Q! em™! [160]. Lead
dioxide has drawn tremendous attention as a potential electrode due to
its widespread use as the positive plate in lead-acid batteries. Metal
oxides are normally non-conductors or semiconductors while some
metal oxides have high electrical conductivity close to metals. Lead di-
oxide is one of them, and has an electrical double layer formed in the
interphase between the lead dioxide electrode and an electrolyte solu-
tion. Lead dioxide is polymorphic, including orthorhombic a-PbO, and
tetragonal f-PbO2 [161]. A mechanism of high electrical conductivity is
proposed, that is, lead dioxide is not a precise stoichiometric composi-
tion, but contains an excess of lead, which is decomposed into tetrava-
lent lead ions and free electrons. The latter leads to such a high electrical
conductivity [162]. All lead (iv) ions are localized in the centre of a
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distorted octahedron and the essential difference between them lies in
the pacing method. The adjacent octahedra of «-PbO, share non-
opposite edge so that zig-zag chains are formed. Through shared cor-
ners, each chain is also connected to the next one. For tetragonal Rutile
(B-PbO2), neighbouring octahedra share opposite edges, resulting in the
formation of linear chains of octahedra. Each chain is connected with
the next one through shared corners [163,164].

Niu et al. [165] electrodeposited the Ce-doped PbO; film electrode
for electrochemical oxidation of PFAS, including PFBA, PFPeA, PFHxA,
PFHpA, and PFOA in an aqueous solution (100 mL of 100 mg/L). The
electrochemical oxidation of PFAS follows the pseudo-first order ki-
netics and after 90 min of electrolysis, the removals of these PFAS spe-
cies are 31.8 % + 4.6, 41.4 % + 4.1, 78.2 % + 3.2, 97.9 % + 4.6, and
96.7 % + 3.0, respectively. The primary end product of this process is F~
as well as small amounts of intermediates in an aqueous solution. They
also proposed a possible pathway of the electrochemical oxidation of
PFAS (See Fig. 7a).

Lin et al. [151] prepared Ti/Ce-PbO; (PbO3) electrodes by electro-
deposition and investigated the electrochemical oxidation of PFAS,
including 0.25 mmol/L of perfluorononanoic acid(PFNA) and 0.25
mmol/L of perfluorodecanoic acid (PFDA) at room temperature. After
180 min electrolysis, the removals of PFNA and PFDA are 97.1 % and
92.2 %, respectively. In the aqueous solution after electrolysis, the main
end product of this process is F~, as well as some trace amounts of in-
termediates. For the secondary contamination, the part of the electrode
(Pb) was dissolved and the content of Pb ions was detected to be only
0.004 and 0.005 mg/L for PFDA and PFNA solutions, respectively. The
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concentrations of lead ions are lower than the drinking water regula-
tions (0.01 mg/L) of the U.S. Environmental Protection Agency
(USEPA). No Ce ions were detected in all samples. Therefore, it is safe to
employ the PbO, anode for wastewater treatment based on their results.
They also propose three potential routes as a degradation mechanism,
including (1) Removal of CFy to form short-chain PFAS; (2) Direct
oxidation to HF and COy; (3) Formation of volatile fluorinated organic
compounds. Their results demonstrated that the electrochemical
oxidation method with PbO; as electrode could be a high efficiency in
oxidising PFNA and PFDA for wastewater treatment. They also prepared
Ti/SnO2-Sb-Ce (Sn0O3), Ti/SnO,-Sb/Ce-PbO, (PbO;), and Ti/BDD
(BDD) anodes under galvanostatic control at room temperature for
PFDA treatment. As shown in Fig. 7b, they compared the PFDA
destruction performance on three electrodes, indicating an apparent
pseudo-first-order reaction (diffusion-controlled). At 180 min, the
removal rate of PFDA by the SnO,, PbO, and BDD electrode is 88.7 %,
92.2 % and 96.0 %, respectively. It is obvious that the BDD shows the
best performance.

Xu et al. [166] prepared Zr-doped nanocrystalline PbO (Zr-PbO3)
film electrodes at different bath temperatures (Fig. 7c). A continuous
setup for PFOA treatment was established (Fig. 7d) to study the long-
term stability performance of PFOA wastewater treated by 75-Zr-PbO,
(doped at 75 °C) electrolysis. The concentrations of PFOA, TOC, and F~
in the outlet water of the discharge system were monitored. After elec-
trolysis for 5 h, the concentration of PFOA decreased rapidly, and the
removal efficiency of PFOA reached more than 60 %. The F- concen-
tration increased from 0 ppm to 26.8 ppm while the TOC concentration
also decreased significantly.

Cheng et al. [167] employed lead peroxide (PbO3) plates from car
battery as an electrode from a lead-acid battery to decompose PFOA, 6:2
FTS, and PFOS. Fig. 8a shows the schematic of the experimental setup
while Fig. 8b presents the morphology of the anode electrode surface
before and after activation as well as the cathode surface morphology.
They also investigated the effect of the different activation electrolyte,
PFAS removal electrolyte, current and PFAS species on the
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defluorination of PFAS (Fig. 8c and d). After optimisation, they suc-
cessfully removed >99 % PFAS whilst mineralising ~59 % PFOA. The
high PFAS removal is arising from the strong adsorption and oxidation
due to the high specific surface area. However, leaching of HF and Pb%*
may lead to secondary contaminants.

Lou et al. [168] recently fabricated Ti/SnO,-Sb/PbO2 and ceramic/
PbO,-PTFE anodes for efficient ppm-level PFOA destruction (Fig. 9a and
b). Doping PTFE into the PbO, coating increases its adhesion to elec-
trodes and reduces its surface tension. Thus, doping PTFE into the PbO,
coating not only increases the PFOA destruction rate but also boosts the
defluorination ratio of PFOA. Later, they found that not only the
ceramic/PbO,-PTFE surface has a strong affinity for PFOA but also
Ceramic/PbO,-PTFE with PTFE dopant has a hydrophobic surface with a
large water contact angle (135.4°), while the Ti/SnO»-Sb/PbO, surface
is hydrophilic (72.3°) (Fig. 9c). The stability performance of the
ceramic/PbO,-PTFE anode shows the better performance than the Ti/
Sn0,-Sb/PbO, anode (Fig. 9d).

3.4. Tin dioxide electrode

Pure SnO; belongs to an n-type semiconductor with low conductivity
and a band gap of 3.5 eV at room temperature; therefore, it is not
directly suitable for an electrode material. But doping with other ele-
ments (such as Sb, Bi, F etc.) can improve the electrical conductivity
[133]. Antimony-doped SnOs electrode has a high conductivity and a
high overpotential for oxygen evolution of about 1.9 V relative to SHE
(600 mV higher than Pt), which makes it suitable for anodizing organic
pollutants including PFOA as attractive electrode materials.

Zhuo et al. [169] used a Ti/Sn0,-Sb-Bi electrode to investigate the
electrochemical oxidation of PFOA (Fig. 10a and b). Over 99 % of 50
mg/L PFOA solution was decomposed with the first-order kinetic con-
stant of 1.93 h™! after 2 h of electrolysis (Fig. 10c). Intermediate prod-
ucts were detected in the aqueous solution, such as short-chain
perfluorocarboxyl anions including CgF13COO~, CsF1;CO07,
C4F9CO0O~, C3F7CO0 ™, CoFsCOO ™, and CF3COO ™. The concentration of
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intermediates increases with time (Fig. 10d). They also proposed an
electrochemical oxidation mechanism of the PFOA decomposition. At a
potential of 3.37 V (relative to the saturated calomel electrode, SCE), the
carboxyl group of PFOA firstly transfers to the anode. Thereafter, the
perfluoroheptyl radical is produced by the decarboxylation of the PFOA
radical and it could react with hydroxyl radicals. It was found that the
oxidation of PFOA on the Ti/SnO,-Sb-Bi electrode starts from the
carboxyl group in PFOA rather than C-C cleavage, followed by the CF,
unzipping cycle. Lin et al. [151] prepared Ti/SnO2-Sb-Ce electrode
using a sol-gel technique and investigated the electrochemical oxidation
of PFAS, i.e., 0.25 mmol/L of PFNA and PFDA solutions at room tem-
perature. This SnO; electrode yielded a removal of 95.8 % PFNA and a
removal of 88.7 % PFDA, the secondary pollution of Sb ions was spotted.
In the aqueous solution, the primary end product is F~, as well as some
trace amounts of intermediates, after electrolysis.

3.5. Other anode materials

Recently, Nick and Jelena [94] developed a graphene sponge elec-
trode (Fig. 11a) for electrochemically defluorination of C4-C8 PFAS.
They found that the removal of the target PFAS increased with the anode
current, while the performance deteriorated significantly at higher flow
rates indicating that the electrochemical removal of PFAS was limited by
mass transfer. The electrochemical degradation of long- and short-chain
PFAS (PFOS, PFHxS and PFBS) was achieved through 74 %-87 % re-
covery of fluoride (Fig. 11d) at the highest applied current density (i.e.
23 mA cm %) with only estimated energy consumption of 9.4 ~ 10.8
kWh m 3. For different PFAS, the percentages of electrosorption and
electrooxidation decreased in the order of PFOS > PFOA > PFHxS >
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PFBA, and the defluorination and desulfonation present the similar
trend as shown in Fig. 11b and c.

Jae-Hoon et al. [92] developed a nanoparticles (NPs)-embedded
hydrogel nanofiber electrodes for PFAS destruction, include Ag NPs
loaded poly acrylic acid (PAA)/(poly allylamine hydrochloride (PAH)-
(carbon cloth) CC, Au NPs loaded PAA/PAH-CC, and Ag/Au NPs loaded
PAA/PAH-CC (Fig. 12a). These nano metal particles led to a better
electron transfer, and Ag/Au-PAA/PAH electrodes showed the lowest
resistance and highest PFOA and PFOS oxidation rate. In Fig. 12b(i) and
b(ii), compared with Ag-CNM, the Ag-coated hydrogel electrode (Ag-
PAA/PAH) showed higher removal efficiency of PFOA and PFOS.
Therefore, the PAA/PAH electrode was selected to be further investi-
gated for electrochemical removal of PFAS. The electrochemical
removal of PFOA and PFOS by Ag, Au and Ag/Au coated PAA/PAH
coated electrodes were studied (Fig. 12b(iii) and b(iv)). Its energy
consumption was estimated to be only 90 kWh m~3 for 91 % PFOS
removal, and 164.9 kWh m 2 for 72 % PFOA removal, the initial con-
centration was only 1 ppb (Fig. 12c).

4. Electrolyte materials

Aqueous electrolytes are important components of Electrochemical
Advanced Oxidation Processes. They could be wastewater, or usually a
solution of a salt or salt mixture that provides the appropriate envi-
ronment for ion conduction and promotes the production of oxidants.

Aqueous electrolytes make EAOPs more attractive for industrial-
scale wastewater treatment because they have many advantages,
including low cost, high stability, and inherent safety. To achieve the
desired conductivity, sodium sulfate or sodium chloride is usually
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Reproduced with permission from [94]

chosen as the electrolyte. If chloride is used, Cl-mediated oxidation may
occur, while when sulfate is used, persulfate may form at the inert anode
[170]. As shown in Tables 2 and 3, NasSO4 and NaClO4 are the most
common electrolytes for PFAS electrooxidation due to their low cost and
high conductivity [171].

5. Mechanism of electrochemical oxidations of PFASs

The reaction pathway of the PFOS oxidation was first investigated at
boron-doped diamond (BDD) electrodes [87]. The density functional
theory (DFT) model was used to investigate the activation barrier. The
remediation of PFAS takes place through anodic oxidation (AO), in
which hydroxyl radicals are generated at the surface of the anode during
the EAOPs including regular electrochemical oxidation (EO), electro-
fenton oxidation (EF), photoelectron-fenton oxidation (PEF), and
sonoeletrochemistry (SE) [139]. These processes have been applied in
the degradation of multiple man-made pollutants in wastewater and the
remediation of industrial pollutants. The electrochemical decomposition
mechanism for perfluorinated organic compounds (PFCs) by BDD elec-
trode can be proposed by summarizing the experimental results from the
previous literature [105] and further reproduced from the work of Brian
P.Chaplin [3]. The degradation of PFOS is initiated by a direct electron
transfer to the anode surface at a potential > 2.7 V/SHE [87]. The rate
limiting step of PFASs oxidation is direct electron transfer concluded
through a comparison of experimental and DET modelling analysis
[3,87]. The reaction pathway shown in Fig. 13 incorporates both per-
fluorinated carboxylic acids and perfluorinated sulfonic acids. The PFC
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radicals formed by losing an electron to the anode then are converted to
perfluoro radicals (CyFan+1°). In Cycle I, CyFo,.1° reacts with OH* to
produce C,Fapn 110 and H0, which then produce a CF,0 and Cp_1Fop1°.
The cycle is repeated by the continuous generation of OH* radicals,
while significant short-chain by-products are produced. Cycle I has been
identified from DFT model simulations with a total activation energy <
35 kJ that is the most energetically favorable reaction pathway [172].
Other reaction mechanisms are proposed due to the detection of the low
level of short-chained intermediates during the electrochemical oxida-
tion of PFCs [87,88,140,141,150,173]. Cycle II is proposed in which
CpFany1° reacts with dissolved oxygen other than OH* radicals and PFCs
radicals to form CyFo,410° and then yields COFy and Cp.1F2p.1°. The
COF;, produced is further converted to CO5 and HF with the participa-
tion of H0 through hydrolysis. The cycle repeated producing progres-
sively short-chained PFCs until complete mineralization occurs in Cycle
III.

6. Challenges of electrochemical oxidation of PFASs
6.1. Slow reaction rate

EAOP of PFASs includes adsorption, electron transfer, bond
breaking/formation and structural reorganization. Chemical or mass
transportation processes limit the oxidation rate of pollutants. Further-
more, due to the strong bond of C-F and the unique structure of PFASs,
their decomposition is relatively hard. In the EAOP of PFASs process,
hydroxyl radicals are the main active components to decompose PFASs,
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however, hydroxyl radicals produced by electrochemistry only exist on
the surface of the anode because the lifetime of hydroxyl radicals is
relatively short of only 2 ~ 4 ps. All these conditions lead to a slow
reaction rate, which could be improved by (1) using the porous anode to
extend the reaction to the whole porous anode; (2) forcing the effluent to
transfer through the porous anode; (3) using the Fenton reaction, thus,
the reaction could be extended from the surface of the anode to the
whole anode, even the whole anode chamber by the Fenton reaction.

6.2. Secondary contamination

Undesired side reactions are inevitable due to the extremely high
overpotential of hydroxyl radicals. Some by-products might be the
source of secondary contamination, such as the production of chlorine
and the formation of chlorate and perchlorate. Furthermore, the
chemical process for EAOP decomposition of PFAS is complicated. The
degradation reaction is mainly a series of carbon chain shortening re-
actions involving initial and subsequent steps and intermediates are
inevitably generated during wastewater treatment. It is crucial to avoid
and minimize toxic intermediates.

6.3. Long-term stability

Due to the strong C-F band, PFASs can only be degraded by “indirect
electrolysis” at high anodic potential, where radicals with strong
oxidizing and nonselective abilities are produced, such as hydroxyl ion
eOH. Therefore, it is important to develop affordable, long-life elec-
trodes for the process. While many materials exhibit cathodic stability,
ensuring anodic stability remains a challenge [174]. Common anode
electrodes for EPOA of PFAS include boron-doped diamond (BDD),
Magnéli-phase Ti4O7, doped lead dioxide and doped SnO,, which are
stable at high overpotential because the process requires the active OHe.
By contrast, electrode materials, such as graphite, graphene and
perovskite are suitable for water splitting at low anodic overpotential.
They do not generate OH*, and most of them are unstable under high
anodic potential, so they are not effective for the long-term treatment of
stubborn contaminants, such as PFAS.

7. Conclusions and perspectives

Since the introduction of PFAS in the 1940s, these compounds have
been widely used due to their unique properties, especially their
exceptional stability as surfactants. However, the remarkable stability of
the carbon—fluorine bonds has also led to their bioaccumulation and
widespread environmental presence. PFAS contamination has become a
significant global issue, driving increased efforts to develop effective
remediation strategies. Among the various methods explored for PFAS
removal, EAOP has proven to be one of the most efficient. However, the
commercialization of this technology faces challenges, such as slow re-
action rates, potential secondary contamination, and the poor stability
of electrodes. Additionally, no research has yet demonstrated complete
defluorination of PFAS using EAOP. The full potential of the EAOP of
PFASs can only be realized by addressing the following issues:

1. To better understand the mechanism of action of EAOP of PFASs on
different types of anodic electrocatalysts, especially Magnéli phase
titanium oxides.

Experimental and theoretical studies should be conducted to explore
the potential reaction mechanisms using advanced in situ techniques
such as in situ Raman spectroscopy, FTIR, DEMS, and in situ/near
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS). These
methods provide powerful tools for identifying products and in-
termediates of electrochemical reactions, providing key insights into
reaction pathways, product formation, and detailed monitoring of time-
dependent electrocatalytic processes.
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2. Better understanding of the fate of intermediates in the EAOP of
PFASs process.

Although many studies have shown that EAOP can degrade up to
100 % of PFAS, complete defluorination via this method has not yet been
reported. Therefore, further research is needed to better understand the
fate of PFAS intermediates during the EAOP process. This could pave the
way for the development of more advanced anode materials.

3. Reactor design

As mentioned earlier, the PFAS EAOP process involves adsorption,
electron transfer, bond breaking/formation, and structural reorganiza-
tion. However, the rate of pollutant oxidation may be limited by
chemical or mass transfer processes. In addition, hydroxyl radicals,
which play a key role in PFAS degradation, are only electrochemically
generated at high overpotentials on specific metal oxide surfaces. To
date, most studies have used small volumes of PFAS solutions, typically
between 100 mL and 1000 mL. Therefore, designing larger-scale EAOP
reactors is critical to achieving commercial feasibility.

4. Tandem EAOP of PFASs with other process.

Complete defluorination of PFAS by non-thermal technology is rare.
Guan et al. [82] studied a photoelectrochemical process that fully
exploited the hybrid advantages of PFAS photolysis and EAOP to achieve
almost complete defluorination and mineralization of most PFAS.
Recently, Luo et al. [175] investigated ultrasound-enhanced TisO7
electrochemical oxidation of PFOA. By combining ultrasound with
EAOP, a significant improvement in the degradation of PFOA was
observed. This synergistic effect was attributed to an activated and
cleaned electrode surface, improved mass transfer, and enhanced pro-
duction of reactive radicals.

In conclusion, EAOP for the degradation of PFASs holds great
promise for commercialization. To fully realize this potential, both
theoretical and experimental efforts are essential to develop novel,
stable anode materials and to design advanced reactors. Additionally,
combining EAOP with other processes—such as photolysis, and ultra-
sound—has shown promising results, further enhancing its effective-
ness. Non-thermal plasma may offer another effective solution for PFAS
degradation.
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