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Abstract The efficiency of heterogeneous electro-
Fenton technology on the degradation of recalcitrant
organic pollutants in wastewater is glaringly obvi-
ous. This green technology can be effectively har-
nessed for addressing ever-increasing water-related
challenges. Due to its outstanding performance, eco-
friendliness, easy automation, and operability over a
wide range of pH, it has garnered significant atten-
tion from different wastewater treatment research
communities. This review paper briefly discusses the
principal mechanism of the electro-Fenton process,
the crucial properties of a highly efficient heterogene-
ous catalyst, the heterogeneous electro-Fenton system
enabled with Fe-functionalized cathodic materials,
and its essential operating parameters. Moreover, the
authors comprehensively explored the major chal-
lenges that prevent the commercialization of the elec-
tro-Fenton process and propose future research path-
ways to countervail those disconcerting challenges.
Synthesizing heterogeneous catalysts by application
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of advanced materials for maximizing their reusabil-
ity and stability, the full realization of H,0, activa-
tion mechanism, conduction of life-cycle assessment
to explore environmental footprints and potential
adverse effects of side-products, scale-up from lab-
scale to industrial scale, and better reactor design,
fabrication of electrodes with state-of-the-art technol-
ogies, using the electro-Fenton process for treatment
of biological contaminants, application of different
effective cells in the electro-Fenton process, hybridi-
zation of the electro-Fenton with other wastewater
treatments technologies and full-scale analysis of eco-
nomic costs are key recommendations which deserve
considerable scholarly attention. Finally, it concludes
that by implementing all the abovementioned gaps,
the commercialization of electro-Fenton technology
would be a realistic goal.

Keywords Heterogeneous electro-Fenton Method -
Hydrogen peroxide - Advanced oxidation processes
(AOPs) - Hydroxyl radical - Heterogeneous catalyst

1 Introduction

The extent of environmental contamination is heav-
ily influenced by the magnitude of different industrial
and anthropogenic activities. Different studies with
different methods like electrochemical, biological,
oxidation, adsorption, and coagulation have been per-
formed to effectively decrease and remove different
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undesirable compounds in industrial wastewater.
In the view of the current scenario, with a gradual
reduction in water sources, the advanced oxidation
processes (AOPs) have garnered substantial atten-
tion due to the ability to degrade organic pollutants
into inorganic ions, CO,, H,O, or other harmless
compounds (Shokri et al., 2020; Shokri and Sanavi
Fard 2022a). The degradation of organic contami-
nants such as surfactants, pharmaceuticals, antibiot-
ics phenolic compounds, dye molecules, herbicides,
and pesticides is quite difficult (Ren et al., 2019; X.
Zhao et al., 2016). Traditional water treatment pro-
cesses are not always able to remove such emerging
refractory pollutants. Their presence in water even at
low concentrations and also their potential to generate
detrimental compounds motivated the enhancement
of AOPs (Shokri, 2017a, 2019; Karimi et al., 2020;
Li et al., 2019a, 2019b; Mi et al., 2019a; Shokri and
Sanavi Fard 2022b). Hence, the electro-Fenton has
emerged as a green and cost-effective technology to
produce remarkable quantities of hydroxyl radical
(OH®) for the degradation of different recalcitrant

Fig. 1 Classification of
EAOPs based on Fenton’s
reaction chemistry utilized
for the removal of organics
from wastewaters. Adapted
from Brillas et al. (2009)

Electro generation /

of H,O, at the
cathode

organic compounds (Mousset et al., 2017; Shokri,
2017b; Zhang et al., 2020). Figure 1 presents the clas-
sification of electrochemical advanced oxidation pro-
cesses (EAOPs) based on Fenton’s reaction chemistry
utilized for the removal of organics from wastewater.
Equation 1 shows the fundamentals of this process,
where the oxidation of ferrous (Fe**) to ferric (Fe**)
enhances the conversion of hydrogen peroxide (H,0,)
to OH®. The constant generation of OH® needs both
Fe’* and H,0,. By cathodic reduction of Fe’*, the
Fe* can be regenerated (Eq. 2). As can be seen from
Eq. 3, by two-electron reduction of dissolved oxygen
H,0, is generated (Shokri et al., 2019).

H,0, + Fe’* + HY - OH" 4+ H,0 + Fe** )
Fe’* +e — Fe?t 2)
2H" +2¢~ + 0, - H,0, 3)

Nevertheless, despite easy operation and low-
cost catalyst source, the classical homogeneous
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electro-Fenton has some prohibitive limitations. The
formation of sludge, due to the presence of Fe?* and
Fe*, causes precipitation of hydroxide which must be
removed, increasing cost and hence decreasing over-
all performance. Because solid hydroxide species like
Fe(OH); and Fe(OH), are soluble at pH values less
than 4, as a result, harsh acidic condition is required to
prevent their generation. Hence, the major challenge
is that the solution pH should be acidified to stringent
pH conditions around 2 to 3. To be more specific, the
homogeneous electro-Fenton is effective only at limited
ranges of pH (2.8-3.5). More importantly, this narrow
range of working pH makes the neutralization of treated
wastewater inevitable. Difficulty in the catalyst reus-
ability and recyclability are also other drawbacks of this
technology. In addition, providing pure oxygen is essen-
tial to generate hydroxide radicals (Iglesias et al., 2015;
Mohadesi & Shokri, 2017, 2019).

Hence, to address the abovementioned challenges,
heterogeneous electro-Fenton has advent as a promis-
ing technology (Hammouda et al., 2016; Tang et al.,
2016). In contrast to conventional electro-Fenton, the
heterogeneous electro-Fenton employs a solid catalyst
and functionalized cathode for decomposing H,O, to
generate OH®. Hence, it enables easy separation and
increases the feasibility of recycling the iron which is
a crucial element in sustainable system operation. Sev-
eral investigations have demonstrated that functional-
ized cathodic materials like graphite-felt, iron-modi-
fied carbon felt, Fe-Cu carbon aerogel, and ferrite can
be many times (up to 10) used without a remarkable
decrease in the process performance (Eda & Chhow-
alla, 2010; Huong Le et al. 2017; Nag et al., 2018). As
a great advantage, this process can be operated over
an extensive range of pH which obviates the require-
ment for pH adjustment and neutralization of the final
effluent. In other words, it is a pH-independent process.
This feature is crucial because real effluents or waste-
waters have a broad range of pH and also are multi-
component. In conclusion, the removal of sludge gen-
eration and additional post-treatment, reusability and
recyclability of catalyst, decreasing energy consump-
tion, without needing storage and transportation of
highly unstable and dangerous H,O, oxidizer are some
of the major benefits of this process (Casado, 2019;
Chang et al., 2020; Ganiyu et al., 2018).

Even though hetero-electro-Fenton can be utilized
for an extensive range of pH, still the slow reduction
of Fe?* to Fe** in the Fe-based catalysts and long-run

catalyst stability is challenging. Moreover, to supply
effective degrees of OH®, significant and continu-
ous concentrations of H,0, are needed which can be
problematic because the two-electron oxygen reduc-
tion reaction usually becomes more complex by the
competing four-electron transfer reaction. As a result,
significant attempts have been dedicated to the design
and producing cathodic materials that accelerate the
generation of greater dosages of H,0,. For the gen-
eration of H,0,, metals like Ru, Pd, Pt, and Au (Kim
et al., 2014; Waldt et al., 2020) are effective cata-
lysts, with proper conductivity and lower overpoten-
tials. Nevertheless, the application of these metals
is not completely economically feasible. As a result,
carbon-dependent electrodes especially graphene
are constantly developing to be utilized in electro-
Fenton systems. Moreover, the selection of catalysts
and materials for minimizing their adverse environ-
mental effects and the feasibility of increasing the
overall cost for the generation of solid catalysts are
some of the common challenges which must be prop-
erly addressed in the heterogeneous electro-Fenton
system.

So far, numerous experimental works have been
conducted on the electro-Fenton process and there
are several review papers that comprehensively
explored different aspects of electro-Fenton-enabled
systems (Brillas & Garcia-Segura, 2020; Casado,
2019; Ganiyu et al., 2018; Marlina & Purwanto,
2019; Meijide et al., 2021; Poza-Nogueiras et al.,
2018; Wang et al., 2022; Yu & Breslin, 2020). How-
ever, to our best knowledge, there is not any unique
paper with a specific focus on the challenges and
future research directions of this process. In other
words, it has attracted scant attention and is only
limited to insufficient discussion in the final part of
some papers. As a result, this paper thoroughly dis-
cussed major electro-Fenton challenges and pin-
points its future prospects to bridge this technical
gap, besides motivating nonstop development of this
green technology.

2 Principal Mechanism of Heterogeneous
Electro-Fenton
Figure 2 demonstrates the schematic of both the

heterogeneous and homogenous electro-Fenton
reaction. In the heterogeneous reaction, Fe2t is
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Fig. 2 Schematic of a heterogeneous and b homogeneous electro-Fenton process. Adapted from Yu and Breslin (2020)

produced from the sacrificial anode and reacts with
H,0, in the bulk solution. In this case, to facilitate
the reaction, iron salt can be added to the cell. In
contrast, in the heterogeneous electro-Fenton pro-
cess, it is desirable to maintain the Fe?*/Fe* cou-
ple in the solid state, and these couple reactions
can be sustained if the cathode accelerates a two-
electron reduction reaction to generate H,O, (Gan-
iyu et al., 2018; Yu & Breslin, 2020).

The decomposition of H,0, by solid iron oxides,
transition, or iron metals typically includes two
conditions based on the solution pH (Ganiyu et al.,
2018; Pham et al., 2009). At pH values less than 4.5,
the system is governed by the redox cycling of dis-
solved Fe’* and Fe*". The considerable amounts of
iron ions leach from iron-functionalized cathodic
materials or the solid catalyst in an acidic envi-
ronment releasing dissolved Fe’* and Fe**. Other
transition metals redox couples like Co**/Co®* and
Cu*/Cu™ by leaching from solid catalyst into solu-
tion media can catalyze the decomposition of H,0,
to OH® (Ganiyu et al., 2017, 2018; Huang et al.,
2018). Also, the presence of other transition metals
besides iron in the solution might be promoting the
reduction of Fe’* to Fe’* along with the catalytical
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decomposition of the H,0O,, hence improving the
performance of the electrolytic process (Zhong
et al., 2013). Simultaneously, in the low acidic envi-
ronment, the surface alkalescent = Fe'l! /Fe!! — OH
which occurred at the surface of the solid catalyst
results in H,O, decomposition. As a result, the dom-
inant catalytic mechanism is based on both the sol-
ubility of the solid catalyst at lower pH values and
the working pH (Ganiyu et al., 2018; Hammouda
et al., 2016). Solid catalysts like natural iron miner-
als (Barhoumi et al. 2015, 2017a, 2017b) and syn-
thetic nanoparticles of Fe and Fe-supported catalysts
(Cruz et al., 2017; Garcia Rodriguez & Carrascal
Dominguez, 2017) at the strongly acidic environ-
ment (pH lower than 3 which is optimal) undergo
further leaching; hence, H,0, decomposition is
mainly occurred by the mechanism of homogeneous
Fe?*/Fe?*. The homogeneous redox couples based
on the applied cathodic material might be constantly
reproduced at the cathode (Eq. 2) (Huong Le et al.
2017; Oturan et al., 2017). For several iron/transition
metals including functionalized electrodes like Fe @
Fe,O5/ACF, Fe, and Fe-Cu allophane nanoclays,
Fe-Carbon-felt, and Fe-bentonite particle electrode
similar mechanism has been reported, which can
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catalyze the decomposition of H,0, in the bulk
with the lowest amount of surface decomposition of
H,0, (Ganiyu et al., 2018; Garrido-Ramirez et al.,
2016; Sklari et al., 2015). It is worth mentioning
that Fe?* oxidation and other transition metal ions at
the anode surface have limited feasibility. Function-
alized cathodic materials especially layered double
hydroxide modified carbon-aerogel and carbon-felt
demonstrated adequate stability in an acidic envi-
ronment with minimum iron ions leaching (Ganiyu
et al., 2018; H. Zhao et al., 2017). Thereby, when
aforesaid functionalized cathodic materials are used
in heterogeneous electro-Fenton at lower degrees of
acidic environments, surface catalyzed decomposi-
tion of H,0, by Fe'/Fe" is remarkable. In conclu-
sion, under such conditions, the catalytic degrada-
tion of H,0, to OH® is by surface Fe''/Fe"" redox
couple and homogeneous Fe?* and Fe*; however,
the dominant mechanism is ascertained by the prop-
erties of the applied solid catalyst. In contrast, in
neutral and alkaline environments, because Fe* is
insoluble the contribution of dissolved iron ions to
the decomposing H,0, is expected to be insignifi-
cant (Ganiyu et al., 2018; Pham et al., 2012).

It must be mentioned that although the kinetics
of heterogeneous electro-Fenton is complicated, the
most influential parameters are certainly the gen-
eration rate of OH®* from H,0,, which is governed
by the solid catalyst properties, H,O, production,
and pH value (Ganiyu et al., 2018; Hou et al., 2014;
Munoz et al., 2015). Until now, there is no consensus
on reaction mechanisms for the entire oxidation pro-
cess, but it is a widely held idea that the main reac-
tion mechanism for the heterogeneous electro-Fenton
is the Haber—Weiss circle mechanism (Ganiyu et al.,
2018). The process of surface-catalyzed generation of
H,0, to OH® is summarized by the following reac-
tions (Eqs. 3-9) (Ganiyu et al. 2018; Meijide et al.,
2021; Yang et al., 2020):

e + = Fe" — OH —»= Fe'" - OH (@]

H,0,+ =Fe"' — OH »=Fe"' - OHH,0,)5, )

= Fe''' - OH(H,0,)5) - H'+ = Fe'' - OH(HO;) ¢,

(6)

= Fe" — OH(HO}) , — HO;+ = Fe'' - OH

®

@)
H,0,+ = Fe'' = OH - OH™+ = Fe'' - OH + OH"
®)
OH’ + Organic Contaminants — Side — products
+ H,0 + CO, 9)

Today, metal sulfides such as ZnS, PbS, CoS,,
Cr,S;, WS,, and MoS, are extensively utilized as
perfect co-catalysts to improve the generation rate
of OH®. The unsaturated sulfur atoms on the metal
sulfides surface can take protons to produce H,S and
release metallic active sites with reductive properties.
Hence, co-catalysts promote the constant generation
of = Fe!' — OH and OH® (Egs. 10-15) (Meijide et al.,
2021; Tian et al., 2021):

= Fe'" — OH+ = Co" — OH —»= Fe"" — OH+ = Cu™ - OH

(10)
=Fe — OH+ = Cu' - OH —»=Fe" — OH+ = Cu" - OH
1D
= Fe™ — OH+ = Mo" — OH —= Fe" — OH+ = Mo" — OH
12)
H,0,+ = Co" — OH —» OH + = Co" — OH + OH"
13)
H,0,+ = Cu' — OH —» OH + = Cu" — OH + OH’
(14)
H,0,+ =Mo" — OH — OH™+ = Mo"' — OH + OH"
15)

3 Heterogeneous Catalysts

Limitations of mass transformations are regarded as
one of the main disadvantages of these catalytic pro-
cesses (Poza-Nogueiras et al., 2018). After diffusion
developed into the catalyst particles (external or film
diffusion) and pores (internal diffusion), the catalytic
reaction occurs; as a result, investigating the innovative
heterogeneous catalyst which is capable of markedly
minimizing the limitations of mass transformations is
challenging (Meijide et al., 2021). According to the lit-
erature, natural iron minerals like magnetite, goethite,
and hematite can potentially decompose H,0, to OH*
(Barhoumi et al., 2017a; Poza-Nogueiras et al., 2018).
The feasibility of pyrite as a heterogeneous iron catalyst
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for antibiotic degradation was evaluated by Barhoumi
et al. (2017a) who reported that in optimal conditions,
after 8 h treatment, approximately 96% degradation was
obtained. This work demonstrates the ability of pyrite
for application in the electro-Fenton system as an effec-
tive solid catalyst. Based on Eqgs. 16-18, the efficiency
of the pyrite-dependent electro-Fenton was due to the
self-regulator of iron concentration and pH in the sys-
tem (Meijide et al., 2021):

2H,0 + 2FeS, + 70, — 2Fe** + 4H* +4S02~ (16)

H,0, + 2FeS, — 14H,0 + 2Fe** + 2H* + 4S0;~
a7

FeS, + 8H,0 + 14Fe** — 16H* + 15Fe?* + 2507~
(18)

Moreover, Droguett et al. (2020) have assessed the
application of chalcopyrite for the mineralization of
cephalexin which has a similar catalytic behavior as
pyrite and performs like a self-regulator (Eq. 19):

16Fe™ + 8H,0 + CuFeS, — 17Fe* + 16H* + Cu™* + 2S0;"
19)

For the removal of pharmaceuticals using heteroge-
neous electro-Fenton, natural iron-dependent compos-
ites have been explored (Kumar et al., 2019). Because
of the significant reactivity of iron nanoparticles in the
water, they present remarkable rates of passivation,
oxidation, and surface energy. As a result, transition
metals like copper have been integrated with them to
develop their structure and overcome the abovemen-
tioned disadvantages. Due to this synergistic effect
which drives by the physiochemical properties of
each metallic material, the stability and degradation
improved and made electrons transformation effective.
The removal of nafcillin from an aqueous environment
by bimetallic nanoparticles besides Fe and Cu mono-
metallic was investigated by Campos et al. (2020). The
reason for the application of bimetallic nanoparticles
catalyst was to overcome the restrictions related to the
application of ferromagnetic materials. In comparison
with monometallic nanoparticles, the application of
bimetallic nanoparticles facilitates the removal of the
nafcillin with a lower treatment time. Nevertheless,
in the case of catalyst reuse, the rate of contaminant
removal is reduced to 77% because of the generation
of CuFe,0,, Fe,0;, and FeO oxides on the surface of
the nanoparticle. To explore the catalytic activity of

@ Springer

prepared nano-layered double hydroxide including Cu
and Fe on the degradation of gentamicin, Ghasemi
et al. (2019) reported similar findings. Under optimum
conditions, due to their hydrotalcite structure, not only
ion exchange and surface area were enhanced but also
low metal leaching following approximately complete
antibiotic degradation was observed.

Regardless of iron-dependent catalysts, as dis-
cussed, under extensive ranges of pH, copper has
similar redox properties. Due to the crucial effect of
structure, different copper-driven perovskites have
been explored. For instance, under circumneutral pH
and moderate conditions, by application of paraceta-
mol acting as the chemical probe, LaCu, , Ti,O;,
and LaCu,;, Mn,O; were synthesized and evaluated
by Carrasco-Diaz et al. (2016). Due to the adequate
activity of Ti and Mn in the Fenton-like processes,
they were selected as the B-position metals. The find-
ings demonstrated degradation of antibiotics was not
due to the presence of Ti and Mn and Cu presented
more redox activity. Moreover, significant metal sta-
bility of structure and little metal leaching proved the
application of copper as a competitive and effective
alternative catalytic material (Meijide et al., 2021).

New composites including iron nanoparticles have
been prepared (Ozcan et al., 2017). For example, as a
competitive alternative for degrading enoxacin from
an aqueous solution, Ozcan et al. (2017) suggested
Fe,O5-modified kaolin. Because of the environmen-
tally friendly structure, significant adsorption poten-
tial, and low cost, mainly as catalyst supports clays like
perlite and kaolin have been extensively used (Puga
et al., 2020). In addition, recently, in order to improve
reusability, stability, and catalytic activity as immobi-
lization substrates, carbonaceous materials have been
applied. The integration of porous carbon as shell and
transition metal nanoparticle as core (core—shell struc-
tured catalysts) not only improves catalytic behavior
but also simultaneously decreases catalyst aggregation
(Meijide et al., 2021). For instance, aiming to degrade
sulfamethazine solutions, Du et al. (2020) prepared
Fe/Fe;C@PC as core-shell structured materials and
assessed their performance. In comparison with bare
iron oxides because of the synergistic effect of PC and
Fe/Fe3C, Fe/Fe3C@PC presented improved efficiency.
This improved performance further highlights the role
of nano-engineering science in the electro-Fenton reac-
tion. Moreover, because of the simple preparation tech-
niques of graphite, significant specific area, remarkable
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chemical and mechanical stability, and outstanding
electrical and thermal conductivity of graphene and its
by-products, for catalyst immobilization, it has been
regarded as a proper supporting structure (Divyapriya
& Nidheesh, 2020; Meijide et al., 2021).

Table 1 demonstrates the summary of the inves-
tigations reported concerning the heterogeneous
electro-Fenton process.

3.1 Essential Properties for Effective Heterogeneous

Catalyst

It is crucial to explore the most essential factors
to rate various materials as the best catalyst for the
decomposition of H,0,. The stability of the material
under a wide range of operational conditions and the
catalytic activity are among the most essential factors.

Table 1 Summary of the investigations reported in heterogeneous electro-Fenton process. Adapted from Wang et al. (2022)

Pollutant dosage Operational condi-  Anode/cathode Catalysts Maximum degrada- Reference
tion tion
Bisphenol A 0.05 moL/L Na,SO,, Fe;0,-NrGO/Ti- Fe;0,/N rGO 95% at 90 min (Zhang et al., 2020)
(20 mg/L) pH 3, 6 mA/cm? IrO,-RuO,
Carbamazepine 0.05 moL/L Na,SO,, CMT/Pt-Ti Fe;0,/CNT 94+3% within 1 h  (Liu et al., 2018)
(4.7 mg/L) pH 7, 0.9 mA/cm’®
Rhodamine B 0.05 mol/L Na,SO,, Graphite felt/boron- 3DG/CuC 100% within 60 min (Zhou et al., 2022)
(40 mg/L) current intensity doped diamond
30 mA, pH 3
Chloramphenicol 0.05 moL/L Na,SO,, Fe-N-DG/Pt Fe/N-DG 100% at 210 min (Song et al., 2021)
(25 mg/L) pH 13
Tetracycline pH 6.8, flow Fe,05-in-CNT/Ti Fe,O3 in CNT 97.5+3% within 3h (Guo et al., 2021)
(0.04 mM) rate=1.5 mL/ sheet
min, 10 mmol/L
Na,SiO,
2,4-dichlorophenol  0.05 mol/L Na,SO,, Carbon paper/plati- FeOx/NHPC 100% within (Segura et al., 2015)
pH 6, poten- num sheet 120 min
tial - 0.6 V
Gemfibrozil 0.05 moL/L Na,SO,, Carbon-Teflon N-doped nano- 95% at 60 min (Ye et al. 2020a,
(10 mg/L) 0.2 300 mA air-diffusion elec- ZNV1@C 2020b)
trode/Ti-IrO2
Tetracycline 0.1 moL/L Na,SO,, CFP@MnO,-Fe;0,- CFP@MnO,- 100% at 120 min (Dong et al., 2021)
(50 mg/L) 5 mA/cm2, pH 3 C/BDD Fe;0,/C

p-nitrosodimethyl-
aniline (10 mg/L)

Sulfamethoxazole
(30 mg/L)

Tetracycline
(20 mg/L)

2,4-dichlorophenol
(120 mg/L)

Fluoxetine
(10 mg/L)
Sulfamethazine
(50 mg/L)

400 mA, pH 3

0.05 moL/L Na,SO,,
pH 6, working
potential

0.15 V vs. RHE

7.1 g/L Na,SO,,

40 mA/cm?, pH3

0.05 mol/L

Na,SO,, current
intensity 100 mA,
pH 6.7

neutral pH at 50

mA

0.05 mol/L Na,SO,,
pH 6.5, poten-
tial —0.5 V (vs.
SCE)

Stainless steel/Nb-
BDD

AD-Fe-3DPC

Cu-doped Fe@
Fe,0;-CNT-NF/
Ti-IrO,-RuO,

Air diffusion
electrode/Ti-IrO,-
RuO,

Carbon cloth/IrO,-
base plate

OCNTs-PBA/Pt

Fe,C@NGE-Fe304

AD-Fe/3DPC

Cu-doped Fe@
Fe,0;

Modified iron-
carbon

FeS,/C

OCNTs/PBA

91% within 360 min

98% within 40 min

98.1% within 2 h

95% within 120 min

91% within 1 h

100% within 30 min

(Ghanbarlou et al.,
2020)

(Cao et al., 2020)

(Soltani et al., 2021)

(Ye et al., 2020a,
2020b)

(Zhang et al., 2015)

(Cheng et al., 2020)
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This is because significant degrees of stability ensure
the catalyst reusability and materials with excellent
catalytic activity are less influenced by experimen-
tal variations like changing solution pH (Ganiyu
et al., 2018; Hou et al., 2014; Navalon et al., 2010).
However, because typically contaminant to catalyst
ratio ascertains the catalyst reusability, reusability
is not a good benchmark to evaluate catalyst stabil-
ity (Bani¢ et al., 2011). This indicates that for solid
catalysts with significant stability, further concentra-
tions would increase the feasibility of catalyst reus-
ability in various successive runs, while for low dos-
ages it may decrease catalyst reusability. Since further
concentrations of materials can increase destroying
of produced OH® by its adverse attack on the cata-
lyst surface (especially for moderately stable materi-
als), optimization of catalyst concentration is crucial
(Ortiz de la Plata et al., 2010). The organic compo-
nent of the wastewater, the volume of treated waste-
water, catalyst properties, and activity considerably
determine the optimal concentrations of the catalyst.
Moreover, since the metal ions might be generated
complexes with carboxylic acids, which are typically
the ultimate products of the electrochemical oxidation
of organic contaminants, washing catalyst is crucial
in the alkaline environment. In addition, the support
material on which the catalysts are loaded should be
non-radical scavenger and photo-resistant to prevent
support decomposition. Also, in the case of the selec-
tion of proper catalysts or supports, the degree of their
toxicity and environmental effects must be precisely
determined. Because iron-based catalysts or supports
have few environmental adverse effects, as a result,
they are regarded eco-friendly materials (Ganiyu
et al., 2018). Nevertheless, the application and dis-
posal of treated solution or residual catalyst of some
transition metals like Co, Ni, V, Mn, and Cu as a solid
catalyst in the hetero-electro-Fenton systems possibly
have significant environmental adverse effects due to
their toxic nature (Barros et al., 2016; Liang et al.,
2017). Also, aiming to ensure catalyst efficiency, their
characterization data and the preparation/synthesis
methods must be evaluated. Easy fabrication routes
and economic feasibility are also essential for the
selection of catalysts and supports and even for their
commercialization. Further, because the generation
rate of H,O, and the catalyst activity ascertain the
performance of the hetero-electro-Fenton systems,
as a result, the cathodic materials modulated by iron

@ Springer

species or the substrate used to support the solid cata-
lyst must be chemically and physically non-reactive
against H,O,. Hence, previous experiments are essen-
tial to assess both the capability of different cathodic
materials for H,O, generation and its decomposition
by the substrate (Ganiyu et al., 2018).

4 Heterogeneous Electro-Fenton
with Fe-Functionalized Cathodic Materials

The application of nano-driven materials like 3D
electrodes in the electro-Fenton system results
in substantial improvement in conductivity and
mass transformation (Mohammadi et al., 2018).
Thanks to such novel electrochemically induced
processes, obtaining many micro-electrolysis cells
and the improved surface contact area is undeni-
able which significantly improved overall process
efficiency. Lately, iron-functionalized cathodic
materials (Fig. 3) have been introduced to apply in
hetero-electro-Fenton systems for the mineraliza-
tion of recalcitrant organic contaminants. To end
this, the functionalized material acts as both an iron
source and an electrode. Frequently, the catalysts
are impregnated or loaded on materials like carbon
aerogel, graphite felt, carbon-felt, and active car-
bon/fiber which possesses more capacity to produce
H,0,. Although these systems demonstrate sub-
stantial efficiency in contaminant removal, several
operating restrictions like the limited working range
of pH and low current performance might act as an
impediment to their rampant application in water
treatment (Meijide et al., 2021). In order to remove
nonsteroidal anti-inflammatory drugs utilizing
graphite felt and Ti-PbO, as the cathode and anode,
Fe—Ni foam particles on 3D electrodes were inves-
tigated by Mohammadi et al. (Mohammadi et al.,
2018) and reported a double increase in the removal
rate. They reported the reason is the higher dosage
of radical production since nickel-foam electrodes
possibly cause activation of oxygen to generate
single oxygen. In addition, to degrade tetracycline
a cupper-doped Fe@Fe,0; core—shell nanoparticle
deposited on a Ni-dependent foam as the cathode
was studied by Luo et al. (2020). Because of the
reduction in active Fe? sites, it was reported that
increasing copper dosage causes a reduction in cata-
Iytic efficiency. Under optimum loadings of copper
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Fig. 3 Mechanism of the
catalytic activation on

the heterogenous electro-
Fenton process under
iron-functionalized cathodic
material. Adapted from
Meijide et al. (2021)
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and iron, catalyst recyclability was enhanced dur-
ing 6 consecutive runs with insignificant degrees of
iron leaching.

In another work, as an electro-Fenton -cath-
ode, the electrocatalytic efficiency of mesoporous
MnyCo; xO, nanoparticle-modified carbon felt was
explored by Mi et al., (2019a, 2019b). With increas-
ing redox reactivity and electron transformation, a
greater rate of ciprofloxacin was degraded which was
attributed to the enhancement of the availability of
active sites and the synergistic effect of embedded
Mn and Co metals in the mesoporous structure. By
five consecutive cycles with a minimum rate of ion
leaching, the reusability of the regulated cathode was
assessed.

5 Influential Parameters on Heterogeneous
Electro-Fenton

Applied current density, catalyst and contaminant
dosages, electrolyte, temperature, oxygen supply,
solution pH, electrode material, treatment time, initial
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pollutant concentration, and cell design are the major
operational parameters that determine the efficiency
of the electro-Fenton process. Between them, solu-
tion pH, current density, and catalyst dosage have
garnered significant focus. Nevertheless, energy
consumption and related factors to oxidation perfor-
mance should be explored to evaluate the efficiency
of the electro-Fenton system. Here, these essential
factors are discussed in depth.

5.1 Applied Current Intensity

Applied current intensity has a significant effect on
the generation rate of OH® (Barhoumi et al., 2017b).
Based on Eq. 3, the applied current is a driving force
for the reduction of O, to generate H,O, at the cath-
ode. At low current intensities, electro-generated
H,0, occurs under regulated electron transformation
conditions. Hence, an increase in the current den-
sity improves charge distribution using the cathode,
increasing OH® dosage in the bulk solution which are
very reactive species in charge for pollutant degrada-
tion. Moreover, the remarkable increase of currents
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increases iron ions regeneration, and again process
performance increases. However, the further increase
can enhance side reactions like H,O, decomposition
(Eq. 20) and a reduction of as-produced protons to H,
at the cathode (Eq. 21), Also, the discharge of O, at
the anode based on Eq. 22 would become prominent
which reduces the process efficiency (Meijide et al.,
2021; Monteil et al., 2019):

H,0, + 2H* + 2¢~ — 2H,0 (20)
2H* +2¢” — H, Q1)
2H,0 — O, + 4H" + 4e” (22)

According to the studies of other researchers, an
increase in pollutant degradation with an increase in
current density can be related to the Fe’* regenera-
tion and an enhancement in anodic oxidation (Bassy-
ouni et al., 2017). The higher current density in the
reaction medium can increase the accessible electrons
for Fe** regeneration (Eq. 3), and more hydrogen per-
oxides are generated (Eq. 2). This phenomenon can
result in the production of more hydroxyl radicals on
the active sites of the heterogeneous catalyst. From an
operational and economic points of view, the quick
ruin and frequent anode replacement are uncompli-
mentary. Thus, the very high current density will not
be used in wastewater treatment.

5.2 Solution pH

In the degradation of organic contaminants using het-
ero-electro-Fenton, solution pH plays a pivotal role
because of catalyst surface charge and dissolution
properties (Wang et al., 2013). Application of the het-
erogeneous catalyst enables working in circumneu-
tral and alkaline environments and due to the H,0,
decomposition into water and oxygen at pH>4.5, the
efficiency of pollutant degradation is slow (Droguett
et al., 2020). The constant hydrolysis of catalyst ions
results in pH variations which improve contaminant
removal by oxidizing free radicals (Luo et al., 2020;
Meijide et al., 2021).

In a hetero-electro-Fenton process, the optimum
pH is a function of various parameters including the
zero-point charge of the catalyst (pHypc), the pKa
and the type of contaminant (cationic or anionic).
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The catalytic activity differs in different pH values,
due to the leaching of iron from the catalyst and the
formation of sludge (Shen et al., 2016). Also, H,0,
is unstable in alkaline pH. The precipitation of Fe**
ions increase with increase in pH, which decreases
the generation of Fe?™ and subsequently decreases
the process efficiency. The scavenging reaction of
OH® by proton can reduce the oxidation ability of
OH® (Adel Niaei & Rostamizadeh, 2021; Benzaquén
et al., 2020). It should be noted that at higher pH
values the production of OH® is lower, while proton
salvation generates the hydroperoxonium ion from
H,0, (El-Ghenymy et al., 2012). At pH>pHypc
and pH <pHypc, the presence of proton on the sur-
face of the hydroxyl groups generates a negative and
positive charges, respectively. So, the pollutants with
negative structures favor to adsorb on the surface of
the catalyst in positive states.

5.3 Electrode Type

One of the essential elements in the performance of
the electro-Fenton is the selection of electrode type.
An operative cathode substantial should have a high
overvoltage for the evolution of H,, high conductivity
and stability, and low catalytic activity for the degra-
dation of hydrogen peroxide (Khataee & Hasanzadeh,
2018). In addition, stable anodes with high overpoten-
tial for the evolution of O,, and subsequent produc-
tion of OH®, are also important for the improvement
of the Electro Fenton process (Sopaj et al., 2016). As
demonstrated in Eq. 23, electrodes with significant
0O, overvoltage can increase the generation of OH®s
(Marlina & Purwanto, 2019).

H,0 - H' + ¢~ + OH’ (23)

In comparison with other kinds of anodes, to degrade
different kinds of contaminants platinum anodes have
been used greatly. In high-corrosive environments, plat-
inum has been used as an electrode with high conduc-
tivity in recent decades (Panizza & Cerisola, 2009).

The Pt with high stability and conductivity has
been employed as an anode. But it has a robust inter-
action with OH® and can hinder the availability of
OH* for contaminant degradation. Therefore, other
materials including IrO,/RuO, coated Ti, boron-
doped diamond (BDD), etc. have been applied in the
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process. However, recently, the boron-doped diamond
anode is extensively utilized in the electro-Fenton
systems (Marlina & Purwanto, 2019; Nidheesh &
Gandhimathi, 2012).

Several studies revealed that the energy consump-
tion, pollutant degradation and current efficiency of
BDD were higher than Pt (Nidheesh et al., 2019).
Correspondingly, the configuration of the reactor con-
tributes efficiently to the current effectiveness for the
accumulation and production of H,O,.

5.4 Ferrous Ion Concentration

During the electro-Fenton system, the sustainability
of iron ion dosage is crucial. Due to Fenton’s reaction
(Eq. 24), the addition of Ferrous ions as a catalyst in
the solution can increase the oxidation power of elec-
tro-generated H,O,.

H,0, + Fe’* — OH" + Fe(OH)** (24)

The electro-catalysis reaction can be introduced as
the following (Eq. 25)

Fe(OH)** +e — OH™ + Fe** (25)

At the cathode, the H,O, is electro-generated con-
tinuously. Therefore, an increase in the dosage of Fe?*
can increase the generated OH® (Eq. 25), which is the
main reactive species for the degradation of pollutants.
Generally, the performance of the electro-Fenton is
influenced by Fe?™ dosage since as an oxidizing agent
it had a significant effect on the reduction of the big
molecule-like dyes in wastewater (Marlina & Purwanto,
2019). By the addition of 0.5 mM Fe?* for 420 min, the
efficiency in degradation of antimicrobial sulfameth-
azine was achieved at 94% (El-Ghenymy et al., 2013).
After increasing the Fe?* concentration to 0.1 mM in
30 min, aspirin removal reached 100% (Yang et al.,
2018a, 2018b).

Pollutant degradation is directly proportional
to the catalyst concentration. But after reaching
a stable condition, further increases in catalyst
dosage have an adverse impact on the removal
performance. This phenomenon can be attrib-
uted to the scavenging effect of OH® and exces-
sive iron leaching into the solution (Eqs. 26 and
27) (Droguett et al., 2020; Ghasemi et al., 2019;
Meijide et al., 2021):

Fe? + OH" — Fe3* + OH™ (26)

OH’ + H,0, — H,0 + HO; 27

Moreover, further concentrations of the catalyst
increase agglomeration in the solution, reduce the
catalyst’s active surface area, and diminish the deg-
radation rate (Ghasemi et al., 2019).

5.5 Oxygen Flow Rate

The rate of oxygen sparging is a main parameter that
limits electro-Fenton efficacy. A superior sparging
of O, can increase the amount of dissolved oxygen
(DO) and mass transfer in the process, and conse-
quently improve the generation of H,O,. Therefore,
the regeneration of H,O, in the electro-Fenton sys-
tem is affected by oxygen concentration. As a result,
it can be considered one of the crucial factors which
can limit the performance of the process (Marlina &
Purwanto, 2019; Pimentel et al., 2008).

Based on the exploration of Xia et al. (2019),
the optimum dosage of H,O, was at 0.21 L/min
since exceeding the oxygen flow rate from 0.28 L/
min, increasing bubbles cause a reduction of H,0O,
generation.

It should be noted that the amount of the pro-
duced H,O, does not enhance with O, flow rates
linearly. After saturation of oxygen, extra intensifi-
cation in O, sparging cannot increase the concentra-
tion of DO in the system and the produced H,O, is
stable. Actually, further profits from extra increase
in the O, sparging rate are restricted. Wang et al.
(2010) reported that at a fixed current density of
3.2 mA/cm? the increase in O, sparging from 50
cm®/min to 250 cm®min resulted in about 30%
enhancement in the removal of COD.

5.6 Distance Between Electrodes

The distance between electrodes affects the efficacy
of electro-Fenton process as it governs the energy
consumption and potential of the system. A decrease
in the electrode distance results in a higher current
flow and a reduced resistance between electrodes. The
passing time of contributing ions in electro-Fenton
process enhances with an increase in the distance of
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electrodes, and leads to a higher electrolysis time and
lower degradation performance (Verma et al., 2013).
The Fe?* can be electro-regenerated from Fet? on the
cathode, which is controlled by either mass transfer
of Fe** across the cathode-solution interface or elec-
tron transfer between Fe’* and cathode. The mass
transformation of Fe*™ to the surface of cathode was
limited by longer distances between electrodes (Thor
et al., 2022), and therefore hinders the regeneration
catalyst and electro-Fenton efficacy. An increase in
the distance of electrodes gives a substantial increase
in energy costs (Zakeri et al., 2021).

In the electro-Fenton process, another influen-
tial parameter is the electrode gap. When there is
a little gap between electrodes, energy consump-
tion is reduced and COD removal is increased (Hu
et al., 2018; Marlina & Purwanto, 2019). During the
removal of phenol by the application of iron elec-
trodes, electrode distance and process performance
are proportional together and it was reported that
process efficiency has reached 75% by the addition of
activated carbon and at an optimal distance of 4 cm.
In another study, for the wastewater containing reac-
tive blue 19, the performance and optimum gap for
removal of total organic carbon are reported at 74.3%
and 3 cm, respectively (Zhou et al., 2019).

5.7 Electrolyte

Another influential element in the electro-Fenton sys-
tem is the electrolytes. This is because it increases
solution conductivity and facilitates electron transfor-
mation (Marlina & Purwanto, 2019). Na,SO,, MgSO,,
KCl, and NaCl are some of the widely applied electro-
lytes for increasing solution conductivity.

Due to the Joule phenomenon, the improvement in
treatment efficiency achieved by KCl and NaCl can be
related to their strong movement by guaranteeing the
good passage of the current and diminishing the fatali-
ties of energy in heat. The presence of OH® and chlo-
rine ions simultaneously increased the degradation of
dye (Cui et al., 2021). With an increase in the concen-
tration of electrolytes, the concentration of the present
ions in the solution increased which is responsible for
the passage of the electric current, whereas the elec-
trical resistance decreased. According to Malakootian
and Moridi (2017), in comparison with other electro-
lytes for the removal of dyes, NaCl is the best one with
80% performance at 15 min.
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5.8 Temperature

The treatment performance of Fenton and associated
processes is directly affected by process temperature.
The temperature has a negative influence on the effi-
cacy of heterogeneous electro Fenton process since
the concentration of dissolved O, is reduced and
the H,O, molecules are degraded at high tempera-
tures (Adachi et al., 2022; Miao et al., 2020). In the
study of the degradation of the azo dye cationic red
X-GRL by the electro-Fenton process by an activated
carbon fiber cathode, the optimum temperature was
60 °C where decoloration proportionally increased
by increasing temperature and obtained performance
of 93.46%. The reason is that with increasing process
temperature, the color allowance will be increased
(Lei et al., 2010; Marlina & Purwanto, 2019).

It should be noted that from an economic point of
view performing the heterogeneous -electro-Fenton
process at ambient temperature had several benefits
such as the high applicability and low energy demand.
Finally, it can be concluded that extreme temperatures
either high or low may have an adverse effect on the
process performance and can be influenced by the
mentioned parameters.

5.9 Hydrogen Peroxide Concentration

In electro-Fenton processes, the initial concentration of
H,0, plays a pivotal role, and this parameter increases
the OH® concentration which is directly proportional to
the rate of contaminant removal (Marlina & Purwanto,
2019). For example, treatments of the liquid organic
fertilizer manufacturing wastewater through electroco-
agulation and electro-Fenton processes utilizing iron
electrodes were explored by Akyol et al. (2013). They
reported that wastewater from the fertilizer industry with
435 mg/L organic total can be reserved to 84% by rais-
ing H,0, concentration to 25 mm in 10 min. In another
study, Gilimiis and Akbal (2016) reported that as H,O,
concentration increases, the allowance for phenol has
increased, which also applies to the allowance for COD.

Moreover, unused portions of H,O, with reduc-
tive capacity can consume the COD test and therefore
resulting in the overvaluation of COD values, and the
amount of error is related to the concentration of H,0,.
Also, the additional amount of H,O, is toxic to many
organisms and intensely reduces the total efficacy in
those cases where the Fenton technique functions as
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a pretreatment to biological methods (Shokri, 2017b).
An appropriate concentration of H,O, needs to be
determined to maximize the efficacy of an electro-Fen-
ton process whereas diminishing related disadvantages.

5.10 Treatment Time

It was clear that, during electro-Fenton process,
the oxygen is injected into the solution continu-
ously and subsequently a constant H,0, was pro-
duced. In addition, the Fe** ions were produced at
the cathode through the electrochemical reduction
of Fe** jons.

According to the studies of Shokri (2017b), the effi-
ciency of the electro-Fenton process for the removal
of toluene was increased from 42.3 to 94.5%, with an
increase in electrolysis time from 30 to 60 min and
then it was increased narrowly due to the achieve-
ment of a saturation level after 90 min. The reason
can be originated from the reduction in approach-
ability of ferrous ions due to some competing reac-
tions which can be approved by a dark brown color of
solution established for the production of iron-organic
complexes.

5.11 Initial Pollutant Concentration

In the wastewater treatment by all branches of
AOPs, the pollutant degradation was decreased
with an increase in initial pollutant concentration.
This phenomenon can be explained by the competi-
tive OH® consumption by the produced intermedi-
ates at the high initial concentration of contami-
nants. In high concentration of pollutants, extra
treatment time is needed and subsequently the
consumption of energy and the process costs are
increased noticeably. Thus, it is reasonable to use
electro-Fenton process for degradation of low dos-
ages of pollutants and these findings agree with the
results of Shokri (2017¢).

However, for wastewater treatment at a large
industrial scale, the dilution makes a large quan-
tity of wastewater and enhances the treatment costs
considerably. Therefore, the contaminants need to
be diluted properly to balance the costs and prof-
its for cost-efficient degradation of contaminants in
electro-Fenton schemes.

6 Economic Analysis

It goes without saying that cost is considered one of
the essential parameters in any industry. Concern-
ing the application of the most effective strategy in
the electro-Fenton systems, an exhaustive evalua-
tion of their cost and efficiency is vital. To advance
EAOPs against traditional wastewater treatment
methods for application in a wide range, restrictions
concerning operating cost, efficiency, and design
must be overcome. In general, operational cost
consists of different important elements like fixed
costs, sludge dewatering and disposal, labor cost,
system maintenance, electrodes, and chemicals
application, and energy consumption (Ismail et al.,
2021; Orkun & Kuleyin, 2012; Suhan et al., 2020).
Notwithstanding the different cost-incurring param-
eters, close attention concerning economic assess-
ment must be devoted to energy consumption which
demonstrates the biggest share of the overall operat-
ing cost of the electro-Fenton system (Ghanbari &
Moradi, 2015).

The quantity of chemical consumption, electrode
material consumption, electrical energy consumption,
and other costs such as maintenance cost, labor cost,
etc. are all considered parts of the total operating cost.
In the literature, it was measured based on the costs of
chemical materials, electrode material ($ kg_l), and
electrical energy ($ kWh™!). The operating cost was
measured by Eq. 28 in terms of the removal of one
kg COD per one cubic meter of synthetic wastewater
(Bayramoglu et al., 2007; Kobya et al., 2011; Suhan
et al., 2020; Varank et al., 2018).

Operating Cost ( COD Remoal) = (a X CC) + (b X EMC)

m3kg
+ (¢ X EEC) + other costs
(28)

where CC is the chemical consumption (kg.m™ kg™
COD removal), the coefficient a is the cost of chemi-
cals ($kg_l), EMC is the electrode material con-
sumption (kg.m™> kg=! COD removal), coefficient b
is the cost of electrode material ($kg~!), EEC is the
electrical energy consumption (kWh.m™> kg=! COD
removal), and coefficient ¢ is the cost of electrical
energy ($kWh™") (Suhan et al., 2020). The electrical
energy consumption and the electrode material con-
sumption were measured by Egs. 29 and 30:
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txIxU
EEC =
X % V x Cyo X 1000 (29)

t X I X My,
VXFEXxzXXXCyo

EMC =

(30)

where t is the reaction time (h), I is the applied cur-
rent (A), U is the applied voltage (V), X is the frac-
tion elimination for the remediation time, V is the
volume of wastewater (m®) and Cyq, is the initial con-
taminant concentration (kg.m_3), M,, is the molecular
mass of the electrode (kg.mol™!), F is the Faraday’s
constant (96,487 C.mol_l) and z is the number of
electrons transferred (Zp,=3) (Suhan et al., 2020).
Other relationships can be written in other forms
as well. For an electrolyzed solution the mineraliza-
tion current efficiency can be measured using Eq. 31
(Garcia-Segura & Brillas, 2011; Meijide et al., 2021):

mxFxVxC)
(4.32x 107 x t x I x m)

(€19}

where I is the applied current (A), t is the time (h), F is
Faraday’s constant (96,500 C/mol_l), m is the number
of carbon atoms of each molecule, V is the volume (L),
n is the number of consumed electrons, C is the total
organic carbon (TOC) removal (mg/L_l) and 4.32 x 10’
is the conversion factor (Meijide et al., 2021).

One of the major disadvantages of the electro-
Fenton system is the feasibility of the production
of higher amounts of toxic organic compounds in
comparison with the parent contaminant. Hence,
for analyzing the ratio of biodegradation of organic
compounds, generally, carbon oxidation state (COS)
and average oxidation state (AOS) are utilized
(Egs. 32-33) (Meijide et al., 2018; Vilar et al., 2012):

Mineralization current efficency =

oS 45 (TOCo = COD)
= TOC, (32)
(TOC — COD)
A0S = 4 x L2 —OD)
08 = 4x = (33)

where COD is the chemical oxygen demand (mmol
O,/L) at time t, TOC, is the initial dosage of total
organic carbon (mmol C/L), and TOC is its value at
time t. The carbon oxidation state indicates the car-
bon oxidation performance based on the removed
carbon from the solution as gaseous carbon dioxide.
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Based on the average oxidation state, the maximal
value+4 is associated with the maximum oxidized
state of carbon (carbon dioxide), and the minimal
value —4 is associated with the most reduced state of
carbon (methane) (Meijide et al., 2021).

In a comparative study of electrocoagulation, elec-
trochemical Fenton, electro-Fenton, and peroxi-coagu-
lation methods for the treatment of textile wastewater
conducted by Ghanbari and Moradi (2015), the maxi-
mum energy consumption is associated with electro-
Fenton whereas it has the minimum iron consumption
since Fe* in the electro-Fenton process is not deac-
tivated by precipitation in the system. Besides high
performance, electrochemical Fenton and electroco-
agulation systems are appropriate from an economic
standpoint because they need lower time and electrical
current compared with the other ones. The significant
energy consumption in peroxi-coagulation and electro-
Fenton processes can be related to cathodic and anodic
reactions in the solution for in situ electrically gener-
ated Fenton reagents (Ghanbari & Moradi, 2015).

In conclusion, exploring the economic assessment
of electro-Fenton systems is crucial because design-
ing low-cost, effective, and simple system still is a
significant bottleneck for researchers (Turkay et al.,
2017). Despite strong arguments from a technical and
environmental viewpoint, still, a compelling argu-
ment from an economic standpoint is mandatory.
Without persuasive arguments from economic, envi-
ronmental, and technical standpoints, the application
of the electro-Fenton process on an industrial scale
will be snail-pacing (Ismail et al., 2021).

7 Challenges and Future Research Directions

In the past recent decades, extensive research attempts
have been committed to the development of EAOPs,
especially the electro-Fenton-enabled systems. For the
rapid and sustainable generation of H,0, and OH®,
developing effective and low-cost cathodic materi-
als is of prime concern. Despite outstanding achieve-
ments in the enhancement of electro-Fenton reactions,
still, intensive research effort is required for reaching
significant breakthroughs. Following are discussed
some of the major challenges encountered during the
operation of electro-Fenton-enabled systems.
Regardless of the low-cost cathodic generation
of H,0,, problems associated with functionalized
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cathodic materials and supported catalysts are among
the most challenging issues in the hetero-electro-
Fenton system (Yang et al., 2017; Zhou et al., 2018).
Significant catalyst leaching/dissolution in extremely
acidic environments and catalyst fall-off from the
support because of the mechanical wearing and long
operations are two major challenges that have a sig-
nificant adverse effect on the catalyst performance
reusability and stability. Apart from limited cases such
as iron-modified carbonaceous cathodes, rolling fabri-
cated with gas diffusion electrodes and functionalized
carbon aerogels, typically at extreme acidic conditions
extra leaching or dissolution were detected, hence
homogeneous catalyst mechanism by recycling Fe**
and Fe?* redox couple controlling the all-electrolysis
process. In these conditions, since with increasing
pH value, the involvement of homogeneous electro-
Fenton reduces hence, the efficiency of the electro-
chemical system remarkably diminished. Moreover,
irrespective of working pH values, with increasing the
electrolysis time, the catalyst falls off from the cath-
ode or support, and the mechanical wearing might be
increased because the solution undermines the cohe-
sive bond between the support and catalyst (Ganiyu
et al., 2018). For instance, during the heterogeneous
electro-Fenton treatment of AO7 at pH value 5.83 by
solvothermal synthesized CoFe-LDH/CF cathode,
because of the extreme solution agitation and hence
undermining the adhesive bond between the CoFe-
LDH and the CF, after 6 periods of 2 h repeated reuse,
mechanical fall off was detected (Ganiyu et al., 2017).
For iron sludge, activated carbon fiber/felt, and iron-
loaded clay materials, similar results can occur. Nev-
ertheless, since the catalyst (copper/cobalt or iron/iron
compounds) is firmly entrenched in the bulk of car-
bon aerogels and becomes the basic part of its three-
dimension network, the aforesaid challenge is nar-
rowed down or even totally removed in functionalized
carbon aerogels (Ganiyu et al., 2018).

Another significant challenge that is generally
faced during the condition of the heterogeneous elec-
tro-Fenton process is catalyst agglomeration, espe-
cially in the case of unsupported catalysts. Nearly
all synthetic unsupported heterogeneous catalysts
like pure Fe®, Fe;0,, or Fe,O5 or their modified and
doped are typically synthesized and utilized as nan-
oparticles, as a result typically with the passing of
time and tendency toward the agglomeration of such
particles is inevitable, which decreases the catalyst

active site, efficient surface area, and overall process
efficiency. This phenomenon is evident in the case
of magnetic iron-containing nanocatalysts including
Fe° and Fe;O, where the agitation of the electrolytic
system is substantially difficult and the nanoparticles
stick to each other, although this system is advanta-
geous for easy separation of the catalyst for reusabil-
ity purposes. In addition, most synthetics supported
or unsupported catalysts and iron-functionalized
cathodic materials need multi-stages or complicated
synthesizing methods which have restricted most
exploration of the heterogeneous electro-Fenton pro-
cess to lab-scale or pre-pilot scale. For instance, in
the case of functionalized carbon aerogels their syn-
thesis contains at least four various unrelated stages,
hence making the synthesis route a little complicated,
although based on the literature, functionalized car-
bon aerogels remain the most effective heterogeneous
cathodic material or catalyst (Ganiyu et al., 2018).

To further enhance the potential of different
electro-Fenton systems and satisfy future stringent
standards of real wastewater treatment, the following
recommendations concerning heterogeneous electro-
Fenton systems are the salient points that still merit
intensive research attention and must be taken into
the limelight to reach a full-fledged technology.

7.1 Synthesizing Heterogeneous Catalysts
Using Advanced Materials for Maximizing
Recyclability and Stability

To fabricate heterogeneous cathodic materials, the
raw materials are quite cost-prohibitive and unstable,
consequently remarkably influencing their reusability
in the electro-Fenton reaction. As a result, large-scale
explorations of heterogeneous electro-Fenton reaction
have been markedly limited. In order to reach viable
operations, especially in developing areas, decreas-
ing costs by modification of carbon-based materials
besides providing sustainable catalyst reusability is
crucial. In this context, intensive research on produc-
ing catalysts with lower environmental toxicity and
significant catalytic activity and stability is crucial
to making sure further advancements in heterogene-
ous electro-Fenton systems. Moreover, with respect
to economic feasibility, cost-effective catalyst syn-
thesis is essential to facilitate the application of het-
erogeneous electro-Fenton systems on an industrial
scale. Hence, catalyst synthesizing methods with
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environmental and economic viability are one of the
major problems which urgently demand more inten-
sive research efforts in the wastewater treatment field.
This challenge can be overcome by the focus on the
fabrication of low-cost cathodic materials and cata-
lysts with higher stability in harsh acidic conditions
and remarkable activity in real wastewater. Because
of the enhanced operational performance and eco-
friendly nature of biomass-motivated carbon-based
materials and nonmetal electro-Fenton catalysts, a
comprehensive investigation of their application must
be conducted. For minimizing the cost of the electro-
Fenton reaction, efficient anodic materials except for
noble metals and boron-doped diamonds must be
explored and produced. A clear insight into the poten-
tial pH range of the reaction will be advantageous for
the fabrication of cost-effective and efficacious elec-
trodes for electro-Fenton (Ismail et al., 2021).

Also, future research must be tailored toward the
cost and environmental effects of both available and
forthcoming functionalized cathode and solid cata-
lysts. Previous research on the heterogeneous electro-
Fenton process has not been successful to mitigate
these crucial challenges, especially the environmental
effect of the nano catalysts on the biotic component
of the ecosystem of water reservoirs, where wastewa-
ter is discharged after treatment. This data is essential
for both policymakers and the research community
(Ganiyu et al., 2018).

Moreover, the restricted Fenton activity is a sig-
nificant challenge faced in heterogeneous electro-
Fenton systems. Because of the special electronic
characteristics of the single metal active site, to
achieve the highest atomic performance, recently
the atomically distributed active metal center has
become an innovative research area. Nevertheless,
still limited explorations on single-atom catalysts
as heterogeneous Fenton catalysts are performed;
hence, it is valuable for exploring the ways to
enhance the catalytic activity for degrading organic
contaminants (Wang et al., 2022).

7.2 Full Realization of Activation Mechanisms of
Hydrogen Peroxide

The activation mechanisms of H,O, to OH® have
not been completely explored and still, there is
no unanimous agreement on the contributed reac-
tions in the literature. As a result, more intensive
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explorations are needed to realize the mechanisms
and reactions that affect hetero-catalytic degrada-
tion of the H,0,. For this purpose, in situ spectro-
scopic methods like DFT, EIS, and ATR-FTIR and
microscopy investigation considering the treated
solution might be a valuable tool in realizing the
mechanisms and reactions integrated into H,O,
activation, hence providing appropriate design of
the electrochemical reactors and optimizing the
operating conditions (Ganiyu et al., 2018).

Also, the performance of electro-Fenton systems
greatly relies on the synthesizing of H,0,. Nev-
ertheless, still, enhancement of electro-generated
H,0, is problematic due to the lower H,0, perfor-
mance and inadequate Faradaic efficiency primarily
arising from the catalytic activity and selectivity.
Only limited studies concerning viable instruments
for H,O, generation and water treatment are avail-
able and all of them have low performances and
complicated designs. Hence, enhancing catalyst
and reactor designs is crucial for their commercial-
ization. In addition, the scavenging effect of OH®
by natural organic compounds and inorganic ions
in real-world wastewater causes significant energy
consumption and insufficient decrease of targeted
contaminants. Moreover, OH®-induced heteroge-
neous electro-Fenton systems cannot selectively
remove the refractory organic contaminants.
Hence, the selective removal of intended contami-
nants with substantial toxicity and insignificant
dosages during the treatment of real wastewater is
highly problematic, which will inevitably widen
the application range of hetero-electro-Fenton sys-
tems (Wang et al., 2022).

7.3 Detailed Investigation on Treatment of
Biological Pollutants

Most available studies on the electro-Fenton method
are only focused on the degradation of the different
types of organic contaminants and limited studies are
performed on the removal of viruses and microbes.
In the middle of worldwide pandemic outbreaks and
the advent of different contagious diseases, devel-
oping the application of the electro-Fenton process
for microbial disinfection is absolutely crucial. The
application of the photo-electro-Fenton process can
enhance the performance of electro-Fenton treatment.
To end this, by UV active inorganic nanoparticles
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powerful free radicals can be generated to destroy
microbes and even coronavirus because it can per-
form as an effective anti-viral coating. The nanostruc-
tures can trap the virus and initiate chemical reactions
using ultraviolet sources. Moreover, to decrease the
cost of UV lamps, direct sunlight can be harnessed
and perform as a visible light source for photo-
electro-Fenton. Besides, the integration of differ-
ent wastewater methods like electrocoagulation with
electro-Fenton reaction can further advance decon-
tamination performance (Nair et al., 2021).

7.4 Comprehensive Analysis of Economic Cost

The economic cost is the strong limitative parameter
for large-scale applications of electro-Fenton systems.
To obviate this limitation, compared to already avail-
able traditional wastewater treatment methods, electro-
Fenton process must be quite cost-competitive. Eco-
nomic costs could be measured in terms of outlay and
operating costs. The overall process cost can fluctuate
extensively because each kind of electro-Fenton system
possesses various reactor designs and optimal operat-
ing factors. Techno-economic analysis of electro-Fen-
ton systems demonstrates that in comparison with the
electrical costs, the highly efficient anodic materials
and the raw materials for heterogeneous catalysts have
the highest share of the overall costs. Explorations on
the real wastewater and methods of selective contami-
nant treatment must be performed to achieve a precise
cost evaluation. However, according to the bibliometric
results of Ismail et al. (2021), the economic analysis
of electro-Fenton systems is extremely restricted and
usually overlooked. Most of the research papers only
evaluated energy consumption parameters and unfortu-
nately, it is only limited to reactor cell analysis; hence,
limited research works explored the calculation of elec-
trode and chemicals consumption comprehensively.
However, for effective evaluation of the economic fea-
sibility of the process, only these data are not adequate.
Thus, future research must be intensively focused on
the economic cost of the electro-Fenton process, con-
cerning reactor, electrode, energy, and chemical outlay
costs (Ismail et al., 2021).

In addition, biomass-based carbon materials
have garnered significant attention in oxygen reduc-
tion reactions. Different studies have mitigated the
energy consumption challenge in the electro-Fenton
process using triboelectric nanogenerators by which

conversion of the mechanical energy to electrical
energy occurred, as a result offering a self-enabled
electro-Fenton system. However, they still need fur-
ther research work to be mature enough for applica-
tion in industrial-scale processes (Nair et al., 2021).

7.5 Combination of Electro-Fenton with Other
Wastewater Treatment Systems

Conduction of the electro-Fenton system as a single
unit for any wastewater treatment process due to its
operational fundamentals is relatively challenging.
Hence, for complete exploitation of electro-Fenton
potential, it could be integrated with other wastewa-
ter treatment systems to design a hybridized process.
Previous researchers have designed various incorpo-
rated methods including electro-Fenton integrated
with membrane filtration system (Yang et al., 2019),
integration of electro-Fenton with AOPs (Oriol et al.,
2019), electro-Fenton as pretreatment to biological
methods (Changotra et al., 2019; Popat et al., 2019),
and electro-Fenton-driven systems integrated with
electrochemical methods like electro-oxidation and
electrocoagulation (Nordin et al., 2019; Zazou et al.,
2019). According to the findings of past investiga-
tions, combined methods due to the feasibility of
offering lower operating costs present outstanding
overall efficiency, especially in terms of energy con-
sumption in comparison with individual electro-Fen-
ton treatment units. As a result, the economic feasi-
bility of the system for industrialization will increase
along with a highly effective and optimized coupled
wastewater treatment system. The system’s capabil-
ity for degradation of an extensive range of contami-
nants will increase with having at least two integrated
methods; hence, an efficient and viable system can
be established (Ismail et al., 2021). All in all, since
integrated electro-Fenton systems have demonstrated
promising results regarding overall efficiency and
operational cost, the investigation of design and opti-
mization of coupled systems could be comprehen-
sively explored to fully exploit its potential.

7.6 Conduction of Life-Cycle Assessment to Explore
Environmental Footprints and Potential Adverse

Effects of Side-Products

For exploring the environmental effects of the elec-
tro-Fenton system, its life-cycle assessment is crucial.
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This assessment before system scale-up is essential
because it can help prevention of any possible unfa-
vorable repercussions derived from process develop-
ment. Despite the outstanding performance of EAOPs
for the degradation of extensive ranges of contami-
nants, toxicity evaluation of electro-Fenton effluents
to minimize toxic side-products disposal, is extremely
urgent. Based on the nature of the contaminant or
wastewater under treatment, the different compounds
in the solution will result in the generation of differ-
ent dosages of toxic side products. Hence, assessment
of the degree of side-product toxicity driven by the
electro-Fenton treatment is quite essential because
proper recovery procedures can be measured (Ismail
et al., 2021).

The degraded organic contaminants may be
degraded but not mineralized totally. The created
byproducts may hold higher harmfulness than their
initial parent pollutant; therefore, it is essential to clar-
ify the noxiousness of alteration crops in the waste-
water treatment methods. According to the studies of
Khan et al. (2019), the Ecological Structure Activity
Relationships (ECOSAR) program based on quantita-
tive structure—activity relationship (QSAR) has been
extensively used to assess the poisonousness of deg-
radation intermediates. The three distinctive aquatic
organisms such as daphnia, green algae, and fish are
selected as model elements in ECOSAR program.
Chronic and acute toxicities of organic contaminants
and their conversion products are evaluated. The acute
toxicity is stated by LC50 of fish and daphnia (con-
centrations of 50% fish and daphnia dye after 96 h
and 48 h) and EC50 of algae (concentration of 50%
green algae is damaged after 96 h). Moreover, other
approaches have been used to detect the toxicity of
intermediates including algae growth experience (Li
et al.,, 2019a, 2019b), survival test of brine shrimps
A. salina (Gong et al., 2020), activated sludge inhibi-
tion test (Cao et al., 2019), luminescent bacteria assay
Vibrio fischeri (Deng et al., 2017), and Lactuca sativa
seeds root length test (Zeng et al., 2020).

In other words, a clear realization of the degrada-
tion mechanism of different types of contaminants
and the exploration of precise side products can be
notably useful for real wastewater treatment. In com-
parison with real contaminants, different side-prod-
ucts can be potentially hyper-toxic. In-depth exami-
nations of the possible effect of these side-products
on the environment will be of great assistance for
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enhancement in real applications. Hence, in this way,
any secondary contamination which possibly is gen-
erated because of the penetration and leaching will
be decreased and curbed. Moreover, to avoid dif-
ferent negative impacts like environmental toxic-
ity, the degree of carbon leakage must be regulated.
For enhancing the side-products mineralization and
reducing overall energy consumption and cost, the
hybridization of electro-Fenton reactors with biologi-
cal treatment could be one of the excellent methods.
Moreover, investigation on sludge recyclability can
be relatively attractive because typically electro-
Fenton is a sludge-generating system. In this context,
this sludge can be transferred to useful products like
catalysts rather than disposed of. As a result, spe-
cial attention to the careful exploration of life-cycle
assessment, sludge control, and evaluation of the rate
of side-products toxicity will conspicuously increase
the opportunity for industrialized electro-Fenton-ena-
bled systems (Nair et al., 2021).

7.7 Application of Different Effective Cells in
Electro-Fenton Technology

In the electro-Fenton process, H,O, is produced elec-
trochemically at the cathode. An iron catalyst (Fe?* or
Fe’*) is added to the solution. In the electro-Fenton
process, by injecting oxygen or air and reducing it
in a suitable cathode, electrochemical production of
oxygenated water is performed and in the presence of
iron ions and by the Fenton reaction, OH®s are per-
formed. Figure 4 shows a bench scale of discrete (a,
b, ¢) and non-discrete (d, e, f) cells of electro-Fenton
systems. In separate cells, the cathode and anode are
in separate reactors and are connected by a salt bridge
or any of the anode and cathode membranes, while in
non-separate cells the cathode and anode are housed
inside a reactor. The reference electrode in types (c)
and (f) is of the saturated calomel electrode (SCE)
type.

In discrete cells, the process was advanced by the
spontaneous degradation of pollutants by reactive
oxygen species (ROS) and mainly the produced OH®
in the anode. In a non-discrete cell, the organic pollut-
ants were degraded by OH® produced by the homoge-
neous Fenton method. The pollutant can be degraded
by the OH*® produced by the oxidation of water along
with oxygen and an anode with high voltage (M) due
to the following equation (Eq. 34).
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Fig. 4 The bench scale
of discrete (a, b, ¢) and
non-discrete (d, e, f) cells
used in the electro-Fenton
process
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M +H,0 - M(OH") + H* + ¢~ (34)

Performing this process in its entirety is called
paired electrocatalysis, because oxidizing agents can
be formed in both anodic and cathodic reactions.

7.8 Upgrading Bench Laboratory Scale to Pilot Plant
Scale and Better Reactor Design

Despite the fact that still more comprehensive stud-
ies are needed to fully improve this technology, the
electro-Fenton system has shown its future viabil-
ity and capability to be upgraded to a pilot plant
scale for industrialization. Nevertheless, because
still most of the researchers are focusing on labo-
ratory-scale exploration, limited investigations have
been performed on the pilot plant electro-Fenton.
Because of the significant risk related to the feasi-
bility of efficient operation of the system using elec-
trodes with large dimensions and in the condition
of remarkable volumes of effluent, conduction of a
wide-range electro-Fenton system has been a signif-
icant challenge for the research community. Also, in
spite of the significant benefits of the electro-Fenton
reaction for the complete degradation of pollut-
ants, implementing pilot-scale investigations of its
treatment cost is not economically feasible. In other
words, because of the fundamental shortcoming in
pilot-scale studies, there is not enough data con-
cerning energy consumption for pilot-scale design
which further highlights the necessity of intensive
research. In addition, in comparison with labo-
ratory-scale designs, the treatment of real-world
wastewater because of its complicated formulation
is burdensome. As a result, with respect to the min-
eralization degree and overall process performance,
during the electro-Fenton treatment process, they
behave differently. Hence, considering limitative
parameters like electrical resistance, mass trans-
formation, etc. for designing pilot-scale reactors,
intensive research efforts must be performed (Ismail
etal., 2021).

Nevertheless, it is advisable that researchers must
be eager against this issue to demonstrate the poten-
tial capability of electro-Fenton in the degradation of
recalcitrant organic contaminants in wastewater at a
large scale in comparison with traditional wastewa-
ter treatment methods. For the industrialization of
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electro-Fenton technology, firstly its scale-up is abso-
lutely crucial because in this stage process viability
in terms of the treatment of high-volume wastewa-
ters with a significant concentration of contaminants
and constant operability must be explored. The rea-
son is that almost all of the results of the researchers
performed on a batch laboratory scale are restricted
to the synthetic contaminants with lower dosages or
small volume wastewater which do not stand for real
conditions. In addition, to ensure the effective opera-
tion of large-scale electro-Fenton systems in dealing
with large volumes of real wastewater, reactor design
is essential. Flow reactors that utilize heterogeneous
electro-Fenton cathodes are still limited and have not
been completely explored; hence, there are tremen-
dous opportunities for better and full-scale applica-
tions of them (Nair et al., 2021). In other words, eval-
uations on flow reactors utilizing both functionalized
cathodic materials and solid catalysts have received
scant attention in the literature, which indicates that
intensive research is required to explore the feasibil-
ity of the hetero-electro-Fenton system in flow reac-
tors to alleviate the engineering and economic out-
looks (Ganiyu et al., 2018). On the whole, remarkable
research work is needed for the commercialization of
the electro-Fenton reaction without jeopardizing its
overall performance.

7.9 Electrode Fabrication and Development for
Maximizing Process Performance

Both anodic and cathodic materials which are known
as electrodes play a pivotal role in the determination
of electro-Fenton systems. Especially, for wide-range
applications of the electro-Fenton process, the nature
of the electrode, efficiency, and lifetime are the most
crucial parameters that will remarkably influence the
overall cost of wastewater treatment. In general, 3D
electrodes and porous carbon-dependent materials
are desirable for cathode because they can enable O,
adsorption on the electrode surface for activation of
O, reduction to H,0,. By the application of different
carbon and nanocarbon materials besides catalysts
impregnation, several innovative modified carbon
electrodes and carbon-PTFE gas diffusion electrodes
have been synthesized by various researchers (Rid-
ruejo et al., 2018; Yang et al., 2018a, 2018b; Ye et al.,
2019). Graphene (carbon allotrope) and different tran-
sition metals are several cases of catalytic materials
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that have been explored (Ismail et al., 2021). How-
ever, almost all of the advancements on present
carbon-based electrodes are operable only at the lab
scale; as a result, scale-upping for application in real-
world conditions is problematic. For industrializa-
tion of them, still, various factors including enhanced
coating approaches for the prevention of nanoparticle
agglomeration and efficient distribution of carbona-
ceous materials in solvents are required to be care-
fully optimized (Nair et al., 2021).

Regardless of cathodic materials, typically anodic
materials are fabricated by metals or metal oxides
which are chemically inert electrodes. In many types
of research, in comparison with other ones boron-
doped diamond has an excellent ability to perform as
anodic material; however, it is cost-prohibitive and
hence is not appropriate for application on an indus-
trial scale. Actually, other valuable metallic anodes
such as Pt and Ag are not so proper for wide-range
applications. Hence, for the production of excel-
lent and cost-competitive electrodes with significant
electrode poisoning prevention, longer lifetime, and
remarkable catalytic activity, comprehensive explo-
ration is essential. Moreover, for modification of car-
bon-dependent cathode, since catalysts must present
significant activity toward two oxygen reduction reac-
tions at the low employed potentials, the selection of
proper materials is crucial for catalyst synthesis on the
cathode. From an economic outlook, optimization of
catalyst costing and electrodes can be triggered using
cutting-edge fabrication methods and mass production
to minimize the preparation cost (Ismail et al., 2021).

Moreover, already, many research attempts have
been performed for the development of practical
cathodic materials for wastewater treatments using
electro-Fenton reactions. For instance, although carbo-
naceous materials are observed to be highly competi-
tive cathodes in electro-Fenton reactions, controlling
and processing them needs cutting-edge technologies
and careful examination. Almost all of the synthesis
techniques entail complicated methods, which signifi-
cantly require meticulous attention and some precau-
tionary measures, as a result, increasing the overall
cost of the process. Moreover, careful attention must be
given to the development of cathodic materials that can
be constructed from easily available and inexpensive
materials like biochar-based carbon. Biomass-moti-
vated carbon-based cathodic materials could provide
significant surface area besides various heteroatoms

that can present active sites for the enhancement of
oxygen reduction reaction (Nair et al., 2021). Using
chemical functionalization, for realizing the influence
of various kinds of external atoms and their integra-
tions on enhancing the quantity of H,O, generation,
still many mathematical and theoretical explorations
are required to be implemented. Also, a basic realiza-
tion of doping impacts on electrode—electrolyte inter-
actions and various kinds of carbon-based materials
still is insufficient (Nair et al., 2021).

Moreover, hetero atoms doping like nitrogen, fluo-
rine, etc. with carbon-based materials improve charge
distribution and present higher active sites for H,O,
generation. Heterogeneous electro-Fenton systems uti-
lizing metal or metal oxide-modified cathodic materi-
als can offer a better promise to investigate innovative
materials for more efficient reactor designs. Numerous
attempts have been devoted to iron-free reactions by
developing a metal-free catalyst for activating H,O,
to OH®. Nevertheless, still, documentaries on design-
ing low-cost wide-range cathode fabrication and long-
term stable cathodes under real-world conditions are
not available. Also, intensive research must be imple-
mented on the kinetic and theoretical features of the
electro-Fenton reaction for the fabrication of efficient
cathodic materials for generations of H,O, and con-
taminant mineralization (Nair et al., 2021).

8 Final Remarks

The heterogeneous electro-Fenton process has advent
as one of the most interesting and efficient methods
for wastewater treatment due to the catalyst reus-
ability in several operations and its operability across
extensive pH ranges. The environmentally friendly
operation, reusability, easy separation, and significant
performance and stability over an extensive pH win-
dow are some of the major hallmarks of the proper
heterogeneous catalysts. However, there are several
essential challenges associated with the heterogene-
ous electro-Fenton process for organic contaminants
treatments including multi-stage/complicated meth-
ods for synthesizing functionalized cathodic materi-
als or catalysts, catalyst agglomeration, catalyst dis-
solution in harsh acidic environments, and catalytic
fall-off.
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In summary, for reaching a mature and industri-
alized heterogeneous electro-Fenton process, the
following are the available gaps that merit special
attention:

(1) Synthesizing heterogeneous catalysts using
advanced materials for maximizing recyclability
and stability

(2) Full realization of activation mechanisms of
H,0,

(3) Detailed investigation on treatment of biological
pollutants

(4) Comprehensive analysis of economic cost

(5) Combination of electro-Fenton with other waste-
water treatment systems

(6) Conduction of life-cycle assessment to explore
environmental footprints and potential adverse
effects of side-products

(7) Application of different effective cells in the elec-
tro-Fenton process

(8) Upgrading bench laboratory scale to pilot plant
scale and better reactor design

(9) Electrode fabrication and development for maxi-
mizing performance
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