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A B S T R A C T   

Large amounts of diverse colored synthetic organic dyes are discharged from industrial effluents in the envi-
ronment causing non-esthetic pollution and serious health-risk problems. Dyes are very stable upon solar irra-
diation, temperature, and biological treatment, then being non-removed in conventional wastewater treatment 
plants. The decontamination of dyeing effluents by potent methods has received increasing attention over the last 
years, showing a marked relevance in the electrochemical Fenton-based processes consisting of H2O2 electro- 
generation and its catalytic decomposition with Fe2+ to form •OH. This paper presents a comprehensive re-
view of these processes in the period 2018–2022 dealing with the discoloration and mineralization of synthetic 
solutions and real wastewaters with single or mixed synthetic organic dyes. Homogeneous electro-Fenton (EF), 
heterogeneous EF with solid catalysts or functionalized cathodes, photoelectro-Fenton (PEF), microbial fuel cells, 
other hybrid processes with adsorption, nanofiltration, electro-peroxone, or photoelectrocatalysis, and sequential 
processes with electrocoagulation or sonication are summarized. The principles of methods are explained to 
understand the role of the oxidizing agents generated. The H2O2 accumulation at pH 3.0 is described with 
cathodes of raw and modified carbonaceous materials as well as gas-diffusion electrodes, and the effect of the 
anode, the electrolyte composition, the applied current density or cathodic potential, and the Fe2+ and dye 
contents on the homogeneous EF performance are discussed. Rapid discoloration and much slower mineraliza-
tion were found by homogeneous EF. Similar behavior was obtained for heterogeneous EF, although allowed 
operating at a more neutral pH without sludge precipitation. The dye removal was more improved in PEF and 
solar PEF (SPEF) due to the positive photolysis of Fe(III) species by UVA light and sunlight, respectively. SPEF 
can be envisaged as the best and more cost-effective electrochemical Fenton-based treatment for dyes 
destruction.   

1. Introduction 

About 10,000 synthetic organic dyes are available worldwide for an 
annual production larger than 106 tons, with the United Kingdom, 
Germany, the United States, Brazil, India, and China being the dominant 
producers. These compounds are highly soluble in water and extensively 
used to impart color to food, biological stains, pharmaceutical and 
cosmetic products, photographs, paper, paints, and textiles. Synthetic 
organic dyes are also used for the control of activated sludge for 
groundwater and of sewage and wastewater treatment [1]. 

The chromophore group determines the classification of dyes. About 
70% of these compounds at the industrial scale are azo dyes containing 

one or various -N = N- groups linked to aromatic moieties (benzene, 
naphthalene, etc.) with hydroxyl (–OH) or sulfonate (-SO3

− ) groups to 
improve their solubility. Other dyes belong to families like anthraqui-
none, thiazine, triphenylmethyl, indigoide, and xanthene [1]. Fig. 1 il-
lustrates several examples of typical dyes treated in this review, showing 
their chemical structure along with their common and/or color index (C. 
I.) name. The C.I. nomenclature consists of the name of a general 
characteristic property of the dye, followed by the name of its color and 
an order number. The most common first names are Acid or Basic, 
indicating that they are negatively or positively charged, respectively. 
Other names can be Vat for derives from natural indigo, disperse in the 
case of non-ionic dyes used in aqueous dispersion, etc. 

The dye industries generate high quantities of various wastewater 
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containing hazardous chemicals discharged into the aquatic environ-
ment [2,3]. The waters contaminated with dyes present a visible 
colorization causing non-esthetic pollution and serious health risks. The 
esthetic quality of water is degraded by enhancing its biochemical and 
chemical oxygen demands and inhibiting plant growth by impairing 
photosynthesis [3]. The recalcitrance and bioaccumulation of dyes can 
promote toxicity, mutagenicity, and carcinogenicity over aquatic beings 
and even humans, although their knowledge is incomplete owing to 
their large variety. It causes public concern and legislation problems are 
a big challenge to environmental scientists [1]. 

Most synthetic organic dyes are not degradable in conventional 
wastewater treatment plants (WWTPs) because of their high stability 
upon solar irradiation and temperature coupled with high resistance to 
biological attack [1,2]. For this reason, over the past three decades, 
practical and powerful methods have been developed to decolorize and 
destroy the organic components of dyeing wastewater to avoid their 
dangerous environmental impact. Different techniques have been 
extensively checked, including adsorption, membrane filtration, mi-
crobial treatments, ozonation, and pre-eminently advanced oxidation 
process (AOPs). The most powerful treatments are the chemical and 
photochemical AOPs such as photocatalysis, Fenton, and photo-Fenton 
[4,5] and the electrochemical AOPs (EAOPs) such as electro-
coagulation (EC), electrochemical oxidation (EO), electrochemical 
reduction, electro-Fenton (EF), photoelectro-Fenton (PEF), and solar 
PEF (SPEF) [1,6–9]. A hybrid combination of these processes like bio-EF 
[10] and sequential processes has been proposed as well. The main 
feature of all these AOPs is the in situ production of strong oxidizing 
radicals like hydroxyl radical (•OH), which is the second strongest 
oxidant known with a standard reduction potential (E◦) of 2.8 V/SHE 
and with the ability to mineralize most organic pollutants in waters. In 
previous work, one of us has published two reviews in 2009 [1] and 
2015 [6] on the general destruction of synthetic organic dyes by EAOPs. 
These processes have been extensively investigated in the following 5 y, 
making it necessary to review the methodology and data reported to 
analyze the novel trends of the EAOPs to remove dyes. Among them, 
single and combined electrochemical Fenton-based processes are simple 
and efficient methods with potential viability for application to indus-
trial scale and are considered the most potent EAOPs. The analysis of the 
recent results of these techniques can foresee their future development. 

This review aims to present a general and critical study over the 
removal of single and mixed synthetic organic dyes from synthetic 

waters and real wastewaters by electrochemical Fenton-based technol-
ogies. They include homo-EF, hetero-EF, PEF, SPEF, and other combined 
(hybrid and sequential) methods. The principles of each technology, the 
role of the oxidizing agents formed, the systems used, and the effect of 
the operating variables on the process performance are examined and 
discussed to better understand their advantages and limitations for the 
environmental prevention of pollution from synthetic organic dyes. A 
final section of Conclusions and Prospects designs the future trends of 
these procedures. 

2. Bibliometric analysis 

The keywords “Electro-Fenton and Dyes” and “Photoelectro-Fenton 
and Dyes” were introduced in the Scopus database to retrieve the peer- 
reviewed literature related to the treatment of dyes employing electro-
chemical Fenton-based processes up to November 2022. Only the pub-
lications (reviews and scientific papers) in English covering the later 5 
years (period 2018–2022) were individually selected after a careful 
analysis. Communications and conferences in congresses and book 
chapters were excluded. The criteria used to include a publication in the 
present review were; 

(i) The correct application of electrochemical Fenton-based treat-
ments to the remediation of synthetic and real wastewaters 
contaminated with a single or a mixture of dyes,  

(ii) a detailed description of the experimental set-up and materials 
used, including the synthesis of new catalysts, the experimental 
conditions used, the theoretical calculations made, and the 
equipment required for analyses, and  

(iii) an appropriate discussion of the results obtained, mainly related 
to the discoloration of the treated dye solutions and their kinetic 
analysis, the influence of the different experimental variables on 
dye removal, the clarification and identification of the oxidizing 
agents generated, and the measurement of mineralization pa-
rameters such as total organic carbon (TOC) and/or chemical 
oxygen demand (COD) and energetic parameters as well as the 
identification of by-products generated, The present review in-
cludes 23 figures and 5 tables that have been designed to char-
acterize the above parameters. 

The above analysis identified the destruction of dyes by different 

Nomenclature 

λ Wavelength (nm) 
A Absorbance 
ACE Average current efficiency 
ACF Activated carbon fiber 
BDD Boron-doped diamond 
COD Chemical oxygen demand (mg O2 L− 1) 
CPC Compound parabolic collector 
DSA Dimensionally stable anode 
EC Energy consumption per unit volume (kWh m− 3) 
Ecat Cathodic potential (V) 
ECCOD Energy consumption per unit COD mass (kWh (kg COD)− 1) 
ECTOC Energy consumption per unit TOC mass (kWh (kg TOC)− 1) 
EF Electro-Fenton 
EO Electrochemical oxidation 
EO-H2O2 Electrochemical oxidation with electrogenerated H2O2 
GDE Air-diffusion electrode, usually of carbon- 

polytetrafluoroethylene (PTFE) (for H2O2 generation) 
Hetero –PEF Heterogeneous photoelectro-Fenton 
Hetero –SPEF Heterogeneous solar photoelectro-Fenton 

Hetero-EF Heterogeneous electro-Fenton 
Homo-EF Homogeneous electro-Fenton 
Homo-PEF Homogeneous photoelectro-Fenton 
Homo-SPEF Homogeneous solar photoelectro-Fenton 
I Current (mA or A) 
J Current density (mA cm− 2) 
k1 Pseudo-first-order rate constant for the target compound 

decay (min− 1) 
kdis Pseudo-first-order rate constant for decolorization (min− 1) 
MCE Mineralization current efficiency (%) 
PEC Photoelectrocatalysis 
PEF Photoelectro-Fenton (with UV light) 
ROS Reactive oxygen species 
SCE Saturated calomel electrode (reference electrode) 
SPEC Solar photoelectrocatalysis 
SPEF Solar photoelectro-Fenton 
TOC Total organic carbon (mg C L− 1) 
US Ultrasound 
UVA Ultraviolet A (315–400 nm) 
UVB Ultraviolet B (280–315 nm) 
UVC Ultraviolet C (100–280 nm)  
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homo- and hetero-EF treatments and PEF and SPEF processes. Other 
works reported the application of microbial fuel cells (MFCs) and other 
hybrid and sequential processes with other technologies. The review 
briefly outlines the principles of all these methods to further analyze in 
more detail the degradation and mineralization of synthetic organic 
dyes from synthetic and real wastewaters. Emphasis on the systems 
used, the effect of operating parameters, and the role of generated oxi-
dants have concluded. 

The above criteria detected 11 reviews dealing with some informa-
tion on the destruction of dyes by single and hybrid EAOPs. While the 

review by Nidheehs et al. [11] considered the destruction of organic 
pollutants by BDD anodes, four other reviews reported the general 
treatment of organic contaminants including dyes by Fenton and EAOPs 
[4,5,8,9]. Metal-organic frameworks (MOFs) [12] and graphene- 
modified composites [13] as electrodes in EF are also described. Other 
reviews described the application of bio-EF [10] and MFCs [14,15] to 
destroy dyes and emerging pollutants. One of us has presented a review 
with a small description of the PEF process for dyes [7]. However, any of 
the previously published reviews considered a general treatment of dyes 
by electrochemical Fenton-based methods, covering the period from 
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Fig. 1. Chemical structure of typical synthetic organic dyes treated in this review, classified by their chromophore group. The color index and/or common (between 
parentheses) name of each dye is given. 
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2018 to 2022, as presented in this review article. 
The bibliometric analysis was completed by identifying 148 scien-

tific articles on the destruction of synthetic organic dyes by diverse 
electrochemical Fenton-based treatments. Fig. 2a presents the annual 
distribution of such articles from 2018 to 2022. An enhancement from 
26 articles in 2018 to 35 articles in 2022 can be observed, demonstrating 
the increasing interest in applying these technologies to dyes abatement. 
Fig. 2b highlights the superiority of homo-EF studies with 52 articles 
(35.1%) followed by hetero-EF ones with 45 articles (30.4%). While the 
former method used raw and modified carbonaceous materials and GDE 
as cathodes, different solid catalysts and functionalized cathodes were 
tested in the second one. Fewer 25 articles (16.9%) were devoted to PEF, 
related to homo- and hetero-processes with different artificial lamps, 
even SPEF with sunlight. Only 6 (3.4%) articles developed MFCs, 
whereas 13 articles (8.8%) considered other hybrid processes involving 
adsorption, nanofiltration, O3 in electro-peroxone, and photo-
electrocatalysis (PEC). Finally, 8 articles (5.4%) proposed sequential 
processes with EC or sonication (ultrasound (US) among others. 

3. Homogeneous electro-Fenton process of dyes 

The homo-EF process has been the most studied treatment of dyes in 
waters, as can be seen in Fig. 2b. After a brief description of its princi-
ples, this section will analyze the scientific papers published based on 
the kind of cathode tested, including raw carbonaceous, gas-diffusion, 
and modified carbonaceous materials. 

3.1. Principles 

The homo-EF process is an electrochemical alternative to the homo- 
Fenton treatment, in which a mixture of H2O2 and Fe2+ (so-called 
Fenton’s reagent) is added to the contaminated water to originate ho-
mogeneous •OH from the well-known homogeneous Fenton’s reaction 
(1) with a relatively high second-order rate constant k2 = 63 M− 1 s− 1 at 
optimum pH = 3.0 [16,17]:  

Fe2+ + H2O2 → Fe3+ + •OH + OH− (1) 

The Fe3+ ion formed from reaction (1) can attack H2O2 and regen-
erate Fe2+ via the Fenton-like reaction (2) with a very small k2 ~ 2 ×
10− 3 M− 1 s− 1. This reaction produces another reactive oxygen species 
(ROS), the hydroperoxyl radical (HO2

•), with lower oxidation power (E◦

= 1.65 V/SHE) than •OH [17]. Despite this, HO2
• can also reduce Fe3+ to 

Fe2+ from reaction (3). It is noteworthy that the very low rates of re-
actions (2) and (3) as compared to reaction (1) are reflected by a stop of 
the process after consumption of one of the reactants (H2O2 and/or 
Fe2+).  

Fe3+ + H2O2 → Fe2+ + HO2
• + H+ − (2)  

Fe3+ + HO2
• →Fe2+ + O2 + H+ (3) 

The industrial implementation of homo-Fenton is rather limited to 
acidic effluents where the generated Fe3+ produces small quantities of 
Fe(OH)3 sludge. Its application to typical real wastewaters of pH be-
tween 6.5 and 8.5 requires two additional processes, the acidification of 
the effluent down to pH ~ 3.0 before treatment and its neutralization at 
the end of the treatment with the consequent precipitation of large 
amounts of Fe(OH)3 that needs subsequent depuration. This pH treat-
ment train enhances enormously the operating cost of the homo-Fenton 
process. These drawbacks have been tried to be solved by means of EF 
technology. 

Homo-EF is an EAOP consisting of the continuous production of 
H2O2 by the two-electron reduction of O2 as pure gas or air injection, 
usually at a carbonaceous cathode via reaction (4) with E◦ = +0.68 V/ 
SHE [7,8,18]. Although H2O2 is almost completely accumulated in the 
cathodic compartment of a divided cell, its concentration decreases 
sharply in an undivided cell because of its anodic oxidation to the weak 
oxidant HO2

• by reaction (5) [17]. Then, low levels of Fe2+ are added to 
the contaminated solution to generate Fe3+ and homogeneous •OH from 
Fenton’s reaction (1). In an undivided cell, organic pollutants are 
destroyed by a competitive reaction between homogeneous •OH and 
heterogeneous •OH, so-called M(•OH), formed from water discharge at 
the anode M of the cell by reaction (6) [11,19].  

O2 + 2H+ + 2e− →H2O2                                                                 (4)  

H2O2 → HO2
• + H+ + e− (5)  

M + H2O → M(•OH) + H+ + e− (6) 

Boron-doped diamond (BDD) electrode is recognized as a more 
powerful anode than conventional ones like Pt and metal mixed oxides 
(MMO) or dimensionally stable anodes (DSA) due to its greater gener-
ation of BDD(•OH) [11]. Homo-EF outperforms simpler EAOPs like 
electrochemical oxidation (EO), where no H2O2 is formed on a metallic 
cathode (usually stainless steel or Ti) or EO with electrogenerated H2O2 
(EO-H2O2) without Fe2+ present in the medium. In the latter two 
treatments, only M(•OH) is the main oxidant of organics [11,19]. 

Several advantages of homo-EF over homo-Fenton are: (i) no need 
for handling and hazardous storage due to its explosive thermal 
decomposition, and (ii) no limitation of catalytic iron as a reactant 
because of the continuous Fe2+ regeneration from Fe3+ reduction at the 
cathode from reaction (7) with E◦ = +0.77 V/SHE to maintain the ac-
tivity of the Fe3+/Fe2+ cycle with minimum Fe(OH)3 sludge precipita-
tion [17]. Nevertheless, homo-EF and homo-Fenton have similar 

0 5 10 15 20 25 30 35 40
Number of publications

a
2018

2019

2020

2021

2022

0 5 10 15 20 25 30 35 40
% articles

b

Hetero-EF

PEF

MFC

Other hybrid

Sequential

Homo-EF

Fig. 2. Bibliometric analysis of the literature. (a) Number of publications by 
year. (b) Percentage of articles for homo-electro-Fenton (homo-EF), hetero- 
electro-Fenton (hetero-EF), photoelectro-Fenton (PEF), microbial fuel cells 
(MFC), other hybrid processes, and sequential processes. 
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drawbacks such as an optimum pH close to 3.0, loss of performance due 
to Fe(OH)3 precipitation at pH > 4.0, and accumulation of final 
persistent Fe(III)-carboxylate complexes. The EF technology overcomes 
these drawbacks by applying hetero-EF and PEF among other methods.  

Fe3+ + e− →Fe2+ (7) 

To know the ability of H2O2 accumulation in the solution from a 
given cathode, tests are performed without any organic pollutants to 
avoid their reaction. The H2O2 concentration can be typically deter-
mined by titration methods such as permanganometry or iodometry, and 
then, it can be calculated the percentage of current efficiency (% CE) 
from Eq. (8) and the energy consumption per unit volume (EC) from Eq. 
(9), as shows Table 1 [7,20–22]. When the solution contains a given dye, 
the most common parameter to follow is discoloration is the spectro-
photometric measurement of the evolution of its absorbance (A) at the 
maximum wavelength (λmax) of the dye. As shown in Table 1, the 
discoloration process is quantified by the normalized absorbance (A / 
A0) from Eq. (10), the percentage of color removal from Eq. (11), and the 
pseudo-first-order rate constant for discoloration (kdis) calculated as the 
slope of the linear ln (A / A0) vs, time plot from Eq. (12). The mineral-
ization process is characterized by determining the time course of COD 
and/or TOC. Table 1 highlights that these parameters are given as the 
normalized COD (COD / COD0) from Eq. (13) and/or the normalized 
TOC (TOC / TOC0) from Eq. (14), or alternatively as the corresponding 
percentages of COD and TOC removals from Eq. (15) and (16). From 
these data, it is feasible to determine the percentage of average current 
efficiency (ACE) by Eq. (17) or the percentage of mineralization current 
efficiency (MCE) by Eq. (18). Several energetic parameters such as EC 
from Eq. (9), the energy consumption per unit COD mass (ECCOD) from 
Eq. (20), and the energy consumption per unit TOC mass (ECTOC) from 
Eq. (21) can be calculated as well. Apart from these characteristic pa-
rameters valid for all EF treatments, other particular energetic param-
eters like the energy consumption total per unit volume (ECtotal) from 
Eq. (19) and the energy consumption total per unit TOC mass (ECTOC, 

total) from Eq. (22) can also be provided for the PEF process to account 
for the additional energy supplied by the artificial lamp illuminating the 
solution. 

The reusability of the cathode is assessed by comparing the discol-
oration achieved in successive treatment cycles, which is an important 
indicator to understand its stability for practical application. Many EF 
works identify generated oxidants by specific scavengers, although in 
some cases, they are detected by electron paramagnetic resonance (EPR) 
using solutions of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) or 2,2,6,6- 
tetramethylpiperidine (TEMP). Organic by-products formed during the 
discoloration and/or mineralization processes can be identified by gas 
chromatography-mass spectrometry (GC–MS), high-performance liquid 
chromatography (HPLC), and/or liquid chromatography-mass spec-
trometry (LC-MS). Inorganic ions released from the heteroatoms con-
tained in the target dye are quantified by ion chromatography. 

3.2. Raw carbonaceous cathodes 

BDD [22], graphite [23–33], carbon felt (CF) [21,34–39], carbon 
fiber [40], and reticulated vitreous carbon (RVC) [40,41] have been 
applied as pristine carbonaceous cathodes in homo-EF for dyeing 
wastewaters treatment. Table 2 collects relevant results reported in 
selected scientific papers using such cathodes, whereas Fig. 3 shows the 
sketches of several undivided electrolytic cells used in these assays. A 
typical two-electrode tank reactor with a BDD anode and a CF cathode is 
presented in Fig. 3a [37]. Fig. 3b depicts a three-electrode tank reactor 
equipped with an anode, a cathode, and an SCE reference electrode [29]. 
A more complex flow-by plant with liquid recirculation and a filter-press 
cell equipped with a BDD anode and a BDD cathode is given in Fig. 3c 
[22], whereas Fig. 3d schematizes the cylindrical glass reactor with 
horizontal anode and cathode proposed by Elbatea et al. [31]. 

Table 1 
Main operating and energetic parameters used to quantify the accumulation of 
H2O2 and the discoloration and mineralization performance of the electro- 
Fenton-based processes of dyes in aqueous matrices [7,20–22].  

Symbol 
(units) 

Equation Symbol meaning Number 

H2O2 accumulation   
Percentage of current 

efficiency   

% CE 
100zF⌊H2O2⌋V

M(H2O2)It 
z: number of electrons for O2 reduction (=2) 
F: Faraday constant 
[H2O2]: H2O2 concentration 
V: Solution volume (L) 
M(H2O2): Molecular mass of H2O2 

I: Current (A) 
t: Electrolysis time (h) 

(8) 

Energy consumption per 
unit volume   

EC (kWh m-3) 
EcellIt

V 
Ecell: Cell voltage (V) (9)    

Discoloration   
Normalized absorbance   
A/A0 A: Dye absorbance at λmax for time t 

A0: Initial dye absorbance at λmax 

(10) 

Percentage of 
discoloration or color 
removal   

% Color removal 
100(A0 − A)

A0  

(11) 

Pseudo-first-order rate 
constant for 
discoloration   

kdis (s-1, min-1) ln(A0/

A) = kdist 
l 

t: Electrolysis time (s, min) (12) 

Mineralization   
Normalized chemical 

oxygen demand (COD)   
COD/COD0 COD: COD concentration at time t (mg O2 L- 

1) 
COD0: Initial COD concentration (mg O2 L-1) 

(13) 

Normalized total organic 
carbon (TOC)   

TOC/TOC0 TOC: TOC concentration at time t (mg C L-1) 
TOC0: Initial TOC concentration (mg C L-1) 

(14) 

Percentage of COD 
removal   

% COD removal 
100 (COD0 − COD)

COD0  

(15) 

Percentage of TOC 
removal   

% TOC removal 
100 (TOC0 − TOC)

TOC0  

(16) 

Percentage of average 
current efficiency   

% ACE 
100 FV (COD0 − COD)

8It 

8: Equivalent of oxygen (mg) 
t: Electrolysis time (s) 

(17) 

Percentage of 
mineralization current 
efficiency   

% MCE 
n FV (TOC0 − TOC)

4.32 × 105mIt 

n: Number of electrons exchanged for total 
theoretical mineralization 
m: Number of carbon atoms of target dye 
t: Electrolysis time (h) 

(18) 

Energy consumption per 
unit volume   

EC (kWh m-3) 
EcellIt

V 
t: Electrolysis time (h) (9) 

Energy consumption 
total per unit volume   

ECtotal (kWh m-3) 
(EcellI + U)t

V 

U: Electrical power of the lamp (V) (19) 

(continued on next page) 
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Results in Table 2 allow inferring that the homo-EF tests were carried 
out at pH 3.0 related to the optimum efficiency of Fenton’s reaction (1) 
to generate homogeneous •OH as the main oxidant. The discoloration 
and mineralization processes of treated solutions enhanced with 
increasing j as a result of a greater •OH production from reaction (1) by 
the acceleration of reaction (4) yielding higher H2O2 generation, and M 
(•OH) from the rise in the rate of reaction (6). As mentioned above, the 
production of BDD(•OH) is higher than that of Pt(•OH), which indicates 
that the role of the anode is also evident and BDD is more advantageous 
than Pt. Na2SO4 is the ubiquitous electrolyte used in synthetic solutions 
despite it can generate oxidants like persulfate (S2O8

2− ) and sulfate 
radical anion (SO4

•− ), which compete with •OH to destroy the dye and its 
by-products [6]. The effect of Cl− in the electrolyte is much more sig-
nificant and has been investigated by Titchou et al. [21] since this ion 
can form homogeneous active chlorine (HClO with E◦ = 1.39 V/SHE) by 
anodic oxidation reactions (23) and (24) at pH 3.0:  

2Cl− →Cl2 + 2e− (23)  

Cl2 + H2O → HClO + Cl− + H+ (24) 

These authors used a two-electrode tank reactor like Fig. 3a, equip-
ped with a BDD anode and a CF cathode to treat 230 mL of 60 mg L− 1 the 
diazo dye Direct Red 23 in 12.5 mM Na2SO4 and/or 25 mM NaCl with 
0.05–0.50 mM Fe2+at pH 3.0 upon an air flow rate = 1 L min− 1 and by 
applying j between 2.5 and 15 mA cm− 2. They found that a mixture of 
75% Na2SO4 + 25% NaCl with 0.1 mM Fe2+ at j = 2.5 mA cm− 2 gave the 
best performance because of the preferable competitive attack of ho-
mogeneous HClO and •OH alongside heterogeneous M(•OH). After 360 
min of electrolysis, 84% of TOC was removed with an MCE = 5.4%, 
ECTOC = 1.08 kWh (g TOC)− 1, and cost = 1.54 US$ m− 3. Generated 
radicals were identified with scavengers and the overall release of SO4

2−

from the -SO3
− groups of the dye was confirmed (see Table 2). Based on 

this study, Hien et al. [39] used the same equipment to treat 230 mL of 
real textile wastewater with 0.45 g L− 1 TOC, 0.18 g L− 1 SO4

2− , and 0.44 g 
L− 1Cl− . Operating with a BDD anode at pH 3.0, air flow rate = 1 L min− 1, 
and I = 500 mA, they obtained a 93% discoloration after 120 min of EO- 
H2O2 with HClO and BDD(•OH) as main oxidants. In contrast, 95% of 
loss of color was more rapidly attained, in only 24 min, by homo-EF after 
the addition of 0.10 mM Fe2+, demonstrating the larger oxidation power 
of homogeneous •OH formed from Fenton’s reaction (1). This was re-
flected at 360 min where TOC reductions of 95% by EO-H2O2 with 
ECTOC = 275 kWh (g TOC)− 1 and 100% by homo-EF with smaller ECTOC 
= 215 kWh (g TOC)− 1(see Table 2) were achieved. An important 
drawback of these technologies was related to the formation of toxic and 
undesirable ClO3

− and ClO4
− ions from the oxidation of HClO at the BDD 

anode, which can be mitigated with much lower I but with lower 
oxidation power. However, the absence of techno-economic study does 

not allow benchmarking the feasible better viability of homo-EF with 
other available technologies. 

Fig. 4 exemplifies the behavior obtained for the mineralization of the 
diazo dye Black NT2 (chemical structure given in Fig. 4a) by homo-EF in 
0.050 M Na2SO4 [22]. The flow-by reactor with a BDD/BDD pair of 
electrodes of Fig. 3c was tested under recirculation of 4 L of pure water 
at pH = 3.0 under liquid flow rate = 12 L min− 1 and air flow rate = 1 L 
h− 1. In the absence of the dye and Fe2+, Fig. 4b makes evident the in-
crease of accumulated H2O2 by raising j from 7 to 30 mA cm− 2 due to the 
increase in the rate of reaction (4). Increasing steady H2O2 contents of 
1.46, 1.56, and 1.75 mM were reached after 40 min of electrolysis of 7, 
15, and 30 mA cm− 2, just when the rate of generation and destruction of 
this compound from reactions (4) and (5), respectively, became equal. 
The CE of the process at j = 30 mA cm− 2 was 12% at 60 min (see 
Table 2). The higher H2O2 accumulation explains the quicker TOC 
removal (see Fig. 4c), smaller MCE by the greater Ecell value (see 
Fig. 4d), and higher ECTOC (see Fig. 4e) determined for the mineraliza-
tion of 250 mg L− 1 of the dye with 0.30 mM Fe2+ upon the rise of j from 7 
to 30 mA cm− 2. For the higher j, 99% of TOC removal, 95% of MCE, and 
0.11 kWh (g TOC)− 1 of ECTOC were found at 120 min (see also Table 2). 
However, the increase of j causes efficiency loss owing to the removal of 
homogeneous •OH from the parasitic reactions (25) and (26) [1]:  

H2O2 +
•OH → HO2

• + H2O                                                           (25)  

2•OH → H2O2                                                                              (26) 

Several final carboxylic acids like maleic, fumaric, malic, glyoxylic, 
oxalic, and formic were detected by ion-exclusion HPLC. These products 
are derived from the cleavage of the dye aromatics and form hardly 
oxidizable Fe(III) complexes, making the mineralization process more 
difficult [1,6]. 

Matyszczak et al. [26–29] reported the catalytic behavior of different 
metallic M(n+1)+/Mn+ pairs capable of triggering Fenton-like reactions 
similar to Fenton’s reaction (1) with the production of homogeneous 
•OH in the bulk. Fig. 5a depicts the chemical structure of the triphe-
nylmethane dye Bromocresol Green, which was selected for the opera-
tion of the three-electrode tank reactor of Fig. 3b with a Pt anode and a 
graphite cathode. 800 mL of 0.030 mM dye were decolorized with 0.050 
M Na2SO4 and 0.15 mM catalyst in pure water at pH 2.5 under an O2 
flow rate = 3.88 L min− 1 [29]. Fig. 5b illustrates that the normalized 
absorbance at Ecat = -0.50 V/SCE decayed more slowly in the sequence: 
Co2+ > Ce3+ > Ni2+ > Mn2+ > Fe2+, attaining percentages of color 
removal of 78.3% > 71.8% >70.8% > 68.7% > 41.8% after 110 min of 
electrolysis (see Fig. 5c). These authors showed more relevant results 
when treated 16 mg of Bromocresol Green or 8 mg of Mehanil Yellow 
upon the same conditions, but using Sn2+, Bi3+, or Fe2+ as catalyst [28]. 
The color removal obtained increased sequentially: Sn2+ < Bi3+ <

Fe2+for the former dye, while for the latter, the opposite trend was 
observed (see Table 2). The strange behavior of the metallic M(n+1)+/ 
Mn+ pairs failed to justify in these studies, but it can be presupposed that 
it can be related to the ability of the ions to form M(n+1)+ complexes with 
the target dye, hindering its oxidation with homogeneous •OH and 
heterogeneous Pt(•OH). However, the above catalytic information is 
only of academic value, since the toxicity of such metallic ions avoids 
their application in practice, except Fe2+ that is compatible with all 
living beings, the reason why the electrochemical Fenton-based pro-
cesses are being developed for the remediation of dyeing effluents. 

3.3. Gas-diffusion electrodes 

Less information is known about the use of GDE cathodes in the 
homo-EF process for treating synthetic organics dyes. Only Lacasa et al. 
[42] and Soto et al. [43] mentioned such cathodes, as can be seen in 
Table 2. The three-electrode reactor with an anode (Pt, Ni, or RVC), a 
GDE cathode fed with O2, and an Ag|AgCl reference electrode developed 
by the former authors is shown in Fig. 3e. Fig. 6a depicts an irregular 

Table 1 (continued ) 

Symbol 
(units) 

Equation Symbol meaning Number 

Energy consumption per 
unit COD mass   

ECCOD (kWh (g COD)-1) 
EcellIt

V(COD0 − COD)

(20) 

Energy consumption per 
unit TOC mass   

ECTOC (kWh (g TOC)-1) 
EcellIt

V(TOC0 − TOC)

(21) 

Energy consumption 
total per unit TOC 
mass   

ECTOC,total (kWh (g TOC)- 

1) 
(EcellI + U)t

V(TOC0 − TOC)

(22)  
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Table 2 
Selected results obtained for the homogeneous electro-Fenton (homo-EF) treatment of synthetic organic dyes from wastewaters using undivided cells.  

Dye System (anode/cathode) Experimental remarks Best results Ref. 

Raw carbonaceous cathodes 
Black NT2 Flow-by two-electrode 

reactor (BDD/BDD) 
4 L of 250 mg L− 1 dye in pure water, 0.050 M Na2SO4, 
0.30 mM Fe2+, pH 3.0, liquid flow rate = 12 L min− 1, air 
flow rate = 1 L h− 1, j = 7–30 mA cm− 2, 120 min 

Greater H2O2 accumulation at higher j: 1.75 mM with EC =
12% at 30 mA cm− 2 in 60 min. TOC removal, MCE, and ECTOC 

(kWh (g TOC)− 1) in 120 min: 93%, 270%, and 0.005 at 7 mA 
cm− 2, 95%, 160% and 0.027 at 15 mA cm− 2, and 99%, 95%, 
and 0.11 at 30 mA cm− 2. 
Final carboxylic acids detected by ion-exclusion HPLC 

[22] 

Bromocresol 
Green 

Three-electrode tank reactor 
(Pt/graphite) 

800 mL of 0.030 mM dye in pure water, 0.050 M 
Na2SO4, 0.15 mM catalyst, pH 2.5, O2 flow rate = 3.88 L 
min− 1, Ecat = -0.50 V/SCE, 110 min 

Discoloration: 78.3% with Co2+ > 71.8% with Ce3+ >70.8% 
with Ni2+ > 68.7% with Mn2+ > 41.8% with Fe2+

[26] 

Bromocresol 
Green 
Methanil 
Yellow 

Three-electrode tank reactor 
(Pt/graphite) 

800 mL of 16 or 8 mg of dye in pure water, 0.050 M 
Na2SO4, 0.15 mM catalyst, pH 2.5, O2 flow rate = 3.88 L 
min− 1, Ecat = -0.50 V/SCE, 80 min 

Discoloration for Bromocresol Green: 63.0% with Sn2+<

72.6% with Bi3+ < 82.7% with Fe2+. 
Discoloration for Methanil Yellow: 56.6% with Sn2+> 56.1% 
with Bi3+ > 51.6% with Fe2+

[28] 

Carmoisine 
Red 

Two-electrode tank reactor 
(Pt/graphite) 

Solutions of 1 g L− 1 dye in pure water, 1 M Na2SO4, 
0.05–0.60 mM Fe2+, pH 3.0, air bubbling, j = 40–300 
mA cm− 2, 300 min 

Maximum 92% discoloration in 60 min for the best conditions: 
0.20 mM Fe2+ and j ≥ 200 mA cm− 2. 
Detection of aromatic by-products and final carboxylic acids 
by LC-MS/MS. Quantification of released SO4

2− by ion 
chromatography 

[29] 

Naphtol Blue 
Black 

Two-electrode tank reactor 
(Pt or BDD/CF d) 

175 mL of 0.25 mM dye in pure water, 0.050 M Na2SO4, 
0.10 mM Fe2+, pH 3.0, 25 ◦C, air bubbling, I = 60–300 
mA, 360 min 

At 60 mA, 100% discoloration in 15 min using BDD (kdis =

0.343 min− 1) and Pt (kdis = 0.283 min− 1). With BDD at 240 
min: 80% TOC removal and MCE = 27%. 
Detection of by-products by GC–MS and NO3

− , NH4
+, and SO4

2−

by ion chromatography 

[35] 

Direct Red 23 Two-electrode tank reactor 
(BDD/CF) 

230 mL of 60 mg L− 1 dye in pure water, 12.5 mM 
Na2SO4 and/or 25 mM NaCl, 0.05–0.50 mM Fe2+, pH 
3.0, air flow rate = 1 L min− 1, j = 2.5–15 mA cm− 2, 360 
min 

Best conditions for a mixture with 75% Na2SO4 + 25% NaCl 
and 0.1 mM Fe2+ at 2.5 mA cm− 2: 84% TOC removal, MCE =
5.4%, ECTOC = 1.08 kWh (g TOC)− 1, and cost = 1.54 US$ m− 3. 
Identification of generated radicals with scavengers. SO4

2−

completely removed from the electrolyte 

[21] 

Textile 
wastewater 

Two-electrode tank reactor 
(Pt or BDD/CF) 

230 mL of dye wastewater (0.45 g L− 1 TOC, 0.18 g L− 1 

SO4
2− , 0.44 g L− 1Cl− ), 0.10 mM Fe2+, pH 3.0, air flow 

rate = 1 L min− 1, I = 200 and 500 mA, 360 min 

Discoloration and TOC removal higher for BDD than Pt. For 
BDD at 500 mA, discoloration: 93% for EO-H2O2 in 120 min 
and 95% in 24 min by homo-EF. TOC removal: 95% by EO- 
H2O2 and 100% by homo-EF. ECTOC = 275 and 215 kWh (g 
TOC)− 1, respectively. 
Quantification of ClO3

− and ClO4
− using BDD by ion 

chromatography 

[39] 

Gas-diffusion electrodes 
Methylene 

Blue 
Three-electrode glass 
reactor (Pt, Ni, or RVC b 

/carbon-PTFE GDE c) 

Solution of 100 mg L− 1 dye in pure water, 0.050 M 
Na2SO4, 0.10 mM Fe2+, pH 3.0, 25 ◦C, O2 flow rate =
0.15 mL min− 1, Ecat from − 0.5 to − 1.3 V/Ag|AgCl, 480 
min 

More H2O2 accumulation at higher Ecat.. With Pt at − 0.13 V, 
total discoloration in 240 min (kdis = 0.052 min− 1). TOC decay 
at this potential and 480 min: 66% (RVC) < 78% (Ni) < 81% 
(Pt). For all the electrodes, MCE drops similarly up to a 1.3% 

[42] 

Methylene 
Blue 

Two-electrode tank reactor 
(DSA d /carbon-PTFE GDE) 

500 mL of 20 mg L− 1 dye in pure water, 0.10 M Na2SO4, 
0.50 mM Fe2+, pH 3.0–6.0, 25 ◦C, air flow rate = 150 
mL min− 1, j = 16.67 mA cm− 2, 10 min 

Similar discoloration rate for all pH values. At pH 3.0, total 
discoloration in 8 min with kdis = 0.56 min− 1. At pH 6.0, kdis =

0.39 min− 1 

[43] 

Modified carbonaceous cathodes 
Acid Orange 7 Three-electrode tank reactor 

(Pt/GF e |polypyrrole| 
lignine) 

200 mL of 10 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0.50 mM Fe2+, pH 3.0, O2 flow rate = 0.25 L 
min− 1, Ecat from − 0.20 to − 0.80 V/SCE 

Greater H2O2 accumulation at − 0.50 V: 205 mg L− 1 with EC =
96% in 360 min (in a divided cell). Discoloration and TOC 
decay in the undivided cell: 93% (kdis = 0.513 min− 1) in 20 
min and 77% in 13 h.Good reusability  
(<8% lost) after 10 consecutive cycles of 20 min 

[44] 

Acid Orange 7 Two-electrode tank reactor 
(Ni|Ti/carbon nanotube 
fiber|carbon fiber) 

100 mL of 0.1 mM of dye in pure water, 0.050 M 
Na2SO4, 0.20 mM Fe2+, pH 3.0, 25 ◦C, O2 bubbling, I =
25 mA, 360 min 

TOC removal; 12% with carbon fiber < 64% with the modified 
cathode. Low reusability: only 42% TOC abatement after 10 
consecutive cycles 

[47] 

Acid Orange 7 Three-electrode tank reactor 
(Pt/Au|N-carbon) 

200 mL of 1 mM of dye in pure water, 0.050 M Na2SO4, 
1.0 mM Fe2+, pH 3.0, O2 bubbling, Ecat = -0.30 V/Ag| 
AgCl, 180 min 

95% TOC removal [49] 

Acid Orange 7 Three-electrode tank reactor 
(Pt/ACF f) 

600 mL of 0.1 mM of dye in pure water, 0.050 M 
Na2SO4, 0.20–1.0 mM Fe2+, pH 3.0, air bubbling, Ecat 

from − 0.50 to − 2.50 V/SCE, 120 min 

Higher H2O2 accumulation of 37.8 mg L− 1 with CE = 65% and 
EC = 0.266 kWh m− 3 at − 0.80 V in 120 min. Under these 
conditions with 0.30 mM Fe2+: 92% discoloration, 75% TOC 
decay, and MCE = 52%. 
Low reusability: discoloration decay dropped down to 80% in 
60 h 

[20] 

Acid Orange 7 Three-electrode tank reactor 
(DSA/ACF) 

400 mL of 0.1 mM of dye in pure water, 0.010–0.50 M 
Na2SO4, 0.20–1.0 mM Fe2+, pH 3.0, 25 ◦C, air bubbling, 
Ecat from − 0.80 to − 3.0 V/SCE, 120 min 

Higher H2O2 accumulation of 70.3 mg L− 1 with CE = 79% and 
EC = 0.40 kWh m− 3 at − 0.80 V in 120 min. Under these 
conditions with 0.050 M Na2SO4 and 0.30 mM Fe2+: 95% 
discoloration, 75% TOC decay, and MCE = 22.0% 

[54] 

Acid Orange 7 Flow-through two-electrode 
reactor (DSA/ACF|carbon 
black-PTFE) 

300 mL of 100 mg L− 1 dye in pure water, 0.050 M 
Na2SO4, 0.30 mM Fe2+, pH 3.0, liquid flow rate =
3.5–10.5 mL min− 1, I = 50–200 mA, 120 min 

H2O2 accumulated: 50 mg L− 1 at 50 mA < 180 mg L− 1 at 200 
mA for 7 L min− 1. Similar CE = 24% for all liquid flow rates. 
Discoloration: 87% at 50 mA and 100% at higher I for the best 
liquid flow rate of 7 mL min− 1. 
Rapid loss of color removal at 100 mA with isopropanol as 
scavenger. Good reusability after 5 consecutive steps. 

[55] 

(continued on next page) 
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H2O2 accumulation in a 0.050 M Na2SO4 solution in pure water at pH 
3.0 and 25 ◦C contained in this system with a Pt mesh anode by varying 
the Ecat value for 480 min. While a similar H2O2 content could be 
observed at the end of the trials at − 0.5 and − 0.7 V/Ag|AgCl, the con-
centration of this species grew progressively at higher Ecat values of − 1.0 
and − 1.3 V/Ag|AgCl. In the latter case, no quasi-steady state was 
reached and H2O2 content continued to rise with electrolysis time, 
indicating a high ability for its electrogeneration from reaction (4), al-
ways faster than its removal from reaction (5) that differs from the 
behavior observed for raw carbonaceous materials (see Fig. 4a). These 
cathodic potentials were applied to the discoloration of 100 mg L− 1 of 
the thiazine dye Methylene Blue (see chemical structure in Fig. 1) by 
homo-EF with 0.10 mM Fe2+ and Fig. 6b shows a gradual higher loss of 
color with raising Ecat from − 0.5 to − 1.3 V/Ag|AgCl, related to kdis 
values changing between 0.0081 and 0.052 min− 1, according to a pro-
gressive greater •OH and Pt(•OH) production. However, Fig. 6c shows 
that the higher TOC removal was achieved at Ecat = -1.0 V/Ag|AgCl, 
which can be considered optimal under these conditions, since the 
excess of homogeneous •OH formed at higher cathodic potential was 
consumed by parasitic reactions like (25) and (26). The authors also 
highlighted the positive oxidative role of the physisorbed M(•OH) 
formed from different anodes by reaction (6). Fig. 6d illustrates that 
after 480 min at Ecat = -1.3 V/Ag|AgCl with similar homogeneous •OH 
generation from Fenton’s reaction (1), more percentage of TOC was 
removed in the order: RVC (66%) < Ni (78%) < Pt (81%). This is 
indicative of a higher oxidation power of Pt(•OH) over the other 
generated M(•OH) species. Nevertheless, the application of the more 
powerful BDD anode to facilite the rapid mineralization of the dye was 
not checked. 

Soto et al. [43] treated the same dye solutions in a two-electrode tank 
reactor like Fig. 3a with a DSA anode and a carbon-PTFE GDE cathode 
fed with an air flow rate = 150 mL min− 1. The runs were made with 500 
mL of 20 mg L− 1 Methylene Blue, 0.10 M Na2SO4, and 0.50 mM Fe2+ in 
pure water at pH 3.0–6.0 and 25 ◦C that were discolored by homo-EF at j 
= 16.67 mA cm− 2. At pH = 3.0, the solution became colorless in only 8 
min with kdis = 0.56 min− 1, increasing slightly up to pH = 6.0 with kdis 
= 0.39 min− 1, due to the progressive deceleration of Fenton’s reaction 
(1) to generate homogeneous •OH (see Table 2). The kdis-values for this 
system are much higher compared to those pointed out in Fig. 6b. This 

can be associated with the use of a much greater Fe2+ concentration as 
catalyst (0.50 vs. 0.10 mM) that largely accelerated Fenton’s reaction 
(1). 

3.4. 3.4. Modified carbonaceous cathodes 

A large variety of modified carbonaceous cathodes have been syn-
thesized aiming to enhance the yield of H2O2 in the homo-EF treatment. 
They include graphite felt (GF)|polypyrrole|lignine [44], anodized GF 
[45], Janus GF [46], carbon nanotube fiber|carbon fiber [47], TiO2| 
reduced graphene oxide (rGO) [48], N-carbon|Au [49], carbon|N, P or S 
[50–52], activated carbon fiber (ACF) [20,53,54], ACF|carbon black- 
PTFE [55], carbon black-PTFE|PdAu [56], CF|carbon nanotubes 
(CNTs) or CF|graphene [57], N-CNTs|CoSe2 [58], oxidized carbon black 
[59], activated graphite [60], graphite|agroindustrial residue activated 
carbon [61], GF|CNTs [62], CNTs|rGO [63], carbon black|poly-
phenylene sulfide film [64], degreasing cotton|graphite-PTFE [65], and 
nanoporous carbon (NPC)|GF [66]. Selected results for these works are 
listed in Table 2. 

The as-synthesized modified carbonaceous cathodes in the above 
works were characterized by several technologies. Their surface struc-
ture was typically analyzed by scanning electron microscopy (SEM), 
their crystallinity and structure were elucidated by X-ray diffraction 
(XRD) spectroscopy and sometimes by Raman spectroscopy. The 
chemical bond-functional groups were identified by Fourier-transform 
infrared (FT-IR) spectra and the elemental composition and state of 
oxidation of species on the electrocatalyst surface were elucidated by X- 
ray photoelectron spectroscopy (XPS). The electroactive area is also 
frequently determined by cyclic voltammetry (CV) and the interfacial 
properties by electrochemical impedance spectroscopy (EIS). In some 
cases, the surface area was measured by the Brunauer-Emmett-Teller 
(BET) method. 

The main applicability of the modified carbonaceous cathodes is to 
produce more H2O2 than the pristine one at pH close to 3.0 in order to 
produce more amount of •OH from Fenton’s reaction (1). This behavior 
was usually confirmed in the published articles in the absence of dyes, 
and the best accumulations achieved for several modified cathodes 
under different conditions are given in Table 2. Thus, 205 mg L− 1 of 
H2O2 with EC = 96% were accumulated after 360 min at Ecat = -0.50 V/ 

Table 2 (continued ) 

Dye System (anode/cathode) Experimental remarks Best results Ref. 

Reactive Black 
5 

Three-electrode tank reactor 
(Pt/CF|CNTs g or CF| 
graphene) 

250 mL of 40 mg L− 1 of dye in pure water, 0.1 M KNO3, 
20 mg L− 1 FeSO4⋅7H2O, pH 3.0, air bubbling, Ecat =

-0.65 V/Ag|AgCl, 30 min 

H2O2 accumulation: 0.10 mM with CF < 0.14 mM with CNTs 
< 0.26 mM with CF|graphene. Discoloration and TOC decay: 
46% and 11% with CF < 55% and 50% with CNTs < 76% and 
56% with CF|graphene 

[57] 

Rhodamine B Three-electrode with a 
floating cathode (Pt/ 
oxidized carbon black) 

Solutions of 0.1 mM of dye in pure water, 0.10 M 
Na2SO4, 1.0 mM Fe2+, pH 5.13, Ecat from − 0.20 to − 3.0 
V/Ag|AgCl, 32 min 

Maximum H2O2 accumulation of 510 mg L− 1 with CE = 61% 
at − 1.0 V. Under these conditions, 95% discoloration and 78% 
TOC abatement. For raw carbon black, 80% discoloration and 
20% TOC decay 

[59] 

Rhodamine B Three-electrode tank reactor 
(DSA/degreasing cotton| 
graphite-PTFE) 

100 mL of 30–90 mg L− 1 of dye in pure water, 0.10 M 
Na2SO4, 0–1.0 mM Fe2+, pH 2.5–4.0, 20 ◦C, air flow 
rate = 2.0 L min− 1, Ecat = -1.10 V/SCE 

Faster discoloration and TOC decay for 50 mg L− 1 dye, 0.70 
mM Fe2+, and pH 2.5. Under these conditions: 15 min for total 
discoloration with kdis = 0.411 min− 1 and 90% TOC removal 
in 120 min. 
Generated oxidant radicals detected with scavengers. By- 
products identified by GC–MS. 

[65] 

Acid Red 18 Two-electrode tank reactor 
(Ti|RuO2-IrO2/NPC h |GF) 

200 mL of 100 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0–0.56 mM Fe2+, pH 7.0, 25 ◦C, air flow rate =
0.6 L min− 1, j = 17.5 mA cm− 2, 120 min 

Maximum H2O2 accumulation: 517 mg L− 1 with EC = 0.0054 
kWh m− 3. Discoloration: 48% in the absence of Fe2+ and >
98% for Fe2+ ≥ 0.36 mM. 
Excellent reusability after 8 successive cycles. 

[66] 

a CF: Carbon felt. 
b RVC: Reticulated vitreous carbon. 
c GDE: Gas-diffusion electrode. 
d DSA: Dimensionally stable anode. 
e GF: Graphite felt. 
f ACF: Activated carbon fiber. 
g CNTs: Carbon nanotubes, 
h NPC: Nanoporous carbon. 
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Fig. 3. Sketches of undivided electrolytic systems used for the homo-EF treatment of dyes. (a) Two-electrode tank reactor with a BDD anode and a carbon-felt (CF) 
cathode (adapted from [37]). (b) Three-electrode tank reactor with an anode, a cathode, and an SCE reference electrode (adapted from [29]). (c) Flow-by plant (up) 
with a filter-press cell (down) containing a BDD/BDD pair of electrodes (adapted from [22]). (d) Cylindrical glass reactor with horizontal anode and cathode (adapted 
from [30]). (e) Three-electrode reactor with an anode, a gas-diffusion electrode (GDE) as cathode, and an Ag|AgCl reference electrode (adapted from [42]). 
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SCE in a divided cell containing a GF||polypyrrole|lignine cathode, 
outperforming the 10 mg L− 1 obtained for the unmodified GF [44]. For 
an ACF cathode prepared by heating CF at 900 ◦C, the maximum 
accumulated H2O2 was 37.8 mg L− 1 with CE = 65% and EC = 0.266 kWh 
m− 3 at Ecat = -0.80 V/SCE (I = 99.6 mA) after 120 min in an undivided 
three-electrode cell with a Pt anode [20]. These authors demonstrated 
by CV a smaller electroactivity of the raw CF as compared to ACF. Better 
results of 70.3 mg L− 1 of accumulated H2O2 with CE = 79% and EC =
0.40 kWh m− 3 have been reported by Temur-Ergan et al. [54] operating 
under similar conditions with a DSA anode and the same ACF cathode, 
suggesting a slower removal of H2O2 on DSA than Pt from reaction (5). 
Table 2 also shows excellent H2O2 accumulation of other modified 
cathodes like ACF|carbon black-PTFE [55], CF|CNTs or CF|graphene 

[57], oxidized carbon black [59], and NPC|GF [66]. 
Faster discoloration and mineralization were attained by homo-EF 

with modified carbonaceous cathodes with respect to the correspond-
ing raw ones as a result of the greater generation of H2O2 and •OH, as 
pointed out above. For the azo dye Acid Orange 7 (see chemical struc-
ture in Fig. 1), high TOC removal of 95% was obtained by treating 200 
mL of 1 mM of dye in 0.050 M Na2SO4 and 1.0 mM Fe2+ in pure water at 
pH 3.0 with a three-electrode tank reactor like of Fig. 3b with a Pt anode 
and an Au|N-carbon cathode at Ecat = -0.30 V/Ag|AgCl lasting 180 min 
(see Table 2) [49]. Huong Le et al. [47] studied the homo-EF of 100 mL 
of 0.1 mM of the same dye with 0.050 M Na2SO4 and 0.20 mM Fe2+ in 
pure water at pH 3.0 and 25 ◦C using a three-electrode tank reactor like 
of Fig. 3b with a Ni|Ti anode and a modified carbon nanotube fiber| 
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Fig. 4. (a) Chemical structure of the diazo dye Black NT2. (b) Effect of current density over the variation of the concentration of accumulated H2O2 with time for the 
electrolysis of 4 L of 0.050 M Na2SO4 at pH 3.0 with the flow-by plant of Fig. 3c equipped with a filter-press BDD/BDD cell under liquid flow rate = 12 L min− 1 and 
air flow rate = 1 L h− 1. Effect of current density on the time course of (c) normalized TOC, (d) percentage of mineralization current efficiency, and (e) energy 
consumption per unit TOC mass for the homo-EF process upon the above conditions of the solution containing 250 mg L− 1 of Black NT2 and 0.30 mM Fe2+. 
Adapted from [22] 
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carbon fiber cathode by applying an I = 25 mA for 360 min. They found 
a low TOC removal of 12% with the raw carbon fiber, which grew up to 
64% with the modified cathode (see Table 2). Despite this excellent 
result, the modified cathode showed low reusability only giving 42% 
TOC abatement after 10 consecutive cycles, preventing its further use in 
practice. In contrast, GF|polypyrrole|lignine [44], ACF|carbon black- 
PTFE [55], and NPC|GF [66] cathodes showed good reusability and 
were more useful for practical applications. Table 2 also shows that Pt or 
DSA were pre-eminently tested as anodes in homo-EF, being preferred to 
BDD by their lower cost despite their lower oxidation ability. Note that 

the former anodes originate much smaller contents of ClO3
− and ClO4

−

than BDD in real effluents with Cl− ion, then being more environment 
friendly [6]. 

Several works have explored the application of homo-EF at near- 
neutral or neutral pH. Zhang et al. [59] treated a solution of 0.1 mM 
of the xanthene dye Rhodamine B (see chemical structure in Fig. 1) in 
pure water with 0.10 M Na2SO4 and 1.0 mM Fe2+ at pH 5.13. The cell 
was a three-electrode tank reactor like Fig. 3b with a Pt anode and a 
floating oxidized carbon black cathode, being applied an Ecat from 
− 0.20 to − 3.0 V/Ag|AgCl for a short time of 32 min. At the optimum 
Ecat = -1.0 V/Ag|AgCl, the solution was rapidly discolored up to 95% 
with 78% TOC abatement. Less potent was the raw carbon black that 
yielded 80% color removal and 20% TOC decay (see Table 2). Surprising 
results have been described by Liu et al. [66] when decolorized 200 mL 
of 100 mg L− 1 of the azo dye Acid Red 18 (so-called Ponceau 4R) with 
0.050 M Na2SO4 and 0–0.56 mM Fe2+at pH 7.0 and 25 ◦C under an air 
flow rate = 0.6 L min− 1 using a two-electrode tank reactor like of Fig. 3a 
with a Ti|RuO2-IrO2 (DSA) anode and a NPC|GF cathode at j = 17.5 mA 
cm− 2 lasting 120 min. While 48% of color removal was reached by EO- 
H2O2 (without Fe2+), > 98% discoloration was achieved by homo-EF by 
adding ≥ 0.36 mM Fe2+. Under these neutral pH conditions, a large 
amount of Fe(OH)3 sludge precipitation is expected that could yield a 
similar discoloration at high Fe2+ contents, although this point was not 
confirmed by the authors. 

Apart from the electrolytic conditions (anode, cathode, applied j or 
Ecat, and electrolyte composition), the solution pH, the contents of Fe2+

and dye determine the performance of the homo-EF process as well and 
need to be optimized for achieving the best operating conditions. As an 
example, Fig. 7 depicts the behavior of 100 mL of 30–90 mg L− 1 of 
Rhodamine B with 0.10 M Na2SO4 and 0–1.0 mM Fe2+ in pure water at 
pH 2.5–4.0 and 20 ◦C upon an air flow rate = 2.0 L min− 1 [65]. The runs 
were carried out with a three-electrode tank reactor like of Fig. 3b with a 
DSA anode and a degreasing cotton|graphite-PTFE cathode at Ecat =

-1.10 V/SCE. Fig. 7a highlights the quicker discoloration at pH = 2.5 for 
50 mg L− 1 dye and 0.7 mM Fe2+, being completely colorless in 15 min. 
In fact, a similar rate was obtained at pH 3.0, confirming that homo-
geneous •,OH from Fenton’s reaction (1) was the main oxidant in com-
parison to the M(•OH) formed from reaction (6). The influence of Fe2+

concentration at pH = 2.50 and 50 mg L− 1 dye on kdis and the percentage 
of TOC removal at 120 min is presented in Fig. 7b and c, respectively. In 
both cases, maximum kdis = 0.411 min− 1 and 90% TOC decay were 
obtained for 0.7 mM Fe2+. The increase of both parameters with 
increasing Fe2+ up to 0.7 mM can be ascribed to the gradual acceleration 
of Fenton’s reaction (1), whereupon they dropped down by the 
concomitant loss of homogeneous •OH from the attack of the excess of 
Fe2+ by the parasitic reaction (27) [16]:  

Fe2+ + •OH → Fe3+ + OH− (27) 

When the effect of dye concentration was analyzed at the optimum 
pH = 2.50 and 0.7 mM Fe2+, the maximum kdis was determined at 50 mg 
L− 1 dye (see Fig. 7d), whereas a similar TOC removal of 90–91% was 
found for 50–90 mg L− 1 dye (see Fig. 7e). These results suggest that color 
removal is slower with increasing dye content at shorter electrolysis 
times, as higher amounts of dye are destroyed more slowly with similar 
amounts of homogeneous •OH generated. Conversely, the analogous 
TOC removal found between 50 and 90 mg L− 1 dye makes evident the 
large oxidation power of the homo-EF treatment for high dye contents. 
This suggests that the solutions were mineralized up to the formation of 
a similar percentage of hardly oxidizable by-products such as Fe(III)- 
carboxylate complexes, so that, the non-reactant homogeneous •OH 
was destroyed through their parasitic reactions, e.g., reactions (25)- 
(27). 

Fig. 5. (a) Chemical structure of the triphenylmethane dye Bromocresol Green. 
(b) Change of normalized absorbance with time for the homo-EF and homo-EF- 
like with different cations treatments of 800 mL of 0.030 mM of the above dye 
with 0.050 M Na2SO4 and 0.15 mM of each catalyst in pure water at pH 2.5 
using the three-electrode cell of Fig. 3b with a Pt anode and a graphite cathode 
upon an O2 flow rate = 3.88 L min− 1 and at Ecat = -0.50 V/SCE. (c) Percentage 
of color removal after 110 min of the above assays. 
Adapted from [29] 
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4. Heterogeneous electro-Fenton process of dyes 

As discussed above, iron ions tend to precipitate as Fe(OH)3 at pH >
4.0 along with the accumulation of persistent Fe(III)-carboxylate com-
plexes. This propitiates the drop of dye discoloration in the homo-Fenton 
and homo-EF processes that operate at optimum pH = 3.0. Another 
concern is the difficulty of reusing iron ions as a catalyst. To overcome 
these limitations related to Fenton’s reaction (1), the hetero-EF process 
has been proposed, where H2O2 is transformed into •OH on the surface 
of a solid catalyst or functional cathode and hence, much fewer amounts 
of this oxidant radical are produced as compared to the counterpart 
homo-EF. Despite this, hetero-EF allows working to near neutral pH 
conditions without significant iron precipitation [16]. When this treat-
ment is considered with iron solid catalysts or functionalized cathodes, 
the same heterogeneous reactions as in homo-EF are proposed but with 
the participation of surface Fe2+ and Fe3+, designed as ≡Fe2+ and 
≡Fe3+. Some authors consider that these surface iron ions are rather 
hydroxylated, i.e., linked to a –OH group. The heterogeneous Fenton’s 
reaction with the production of heterogeneous •OH can be expressed as 
follows [16]:  

≡Fe2+ + H2O2 →≡Fe3+ + •OH + OH− (28) 

This subsection describes the characteristics of hetero-EF applied to 
dye remediation and Table 3 lists relevant results reported in selected 
articles. 

4.1. Solid catalysts 

In the hetero-EF process with solid catalysts, iron ions/other metals/ 

metal oxides have been checked in their initial form, as minerals like 
magnetite or hematite, or deposited on diverse supports. The commonly 
used supports can be divided into two categories: inorganic supports and 
polymeric materials. Table 3 shows several examples of inorganic sup-
ports such as silica, clays, activated carbon, graphene oxide (GO), CeO2, 
zeolite, and amorphous ribbon, as well as polymeric materials like 
alginate beads and polyacrylamide hydrogels. Three types of heteroge-
neous catalysts have been tested in the hetero-EF process for dye 
wastewater treatment [67]:  

(i) Natural Fe-containing minerals such as chalcopyrite and pyrite 
[68], pyrite waste slag [69], hematite and magnetite [70], and 
Fe-rich laterite [71],  

(ii) iron or multivalent transition metals, including sponge iron [69], 
LaCu0.5Mn0.5O3 perovskite [72], iron-coated nickel foam [73], 
FeSe2 nanoparticles [74], and Fe-based amorphous alloys 
(Fe80Si10B10 and Fe83Si5B8P4) [75], and  

(iii) iron-bearing materials deposited on supports like rGO|Fe3O4 
[76], Fe-zeolite [77–79], CoFe2O4|NOM [80,81], iron-doped 
mesoporous silica [82], perovskite (La1-xNdxFeO3)|AC [83], 
CuFeO2|CeO2 [84], Fe-C [85], sepiolite|pyrite [86], FeVO4|CeO2 
[87], Cu|C loaded on rGO [88], and Fe3O4|CS|GA NPs [89]. 

4.1.1. Natural Fe-containing minerals 
Due to their abundance in the earth’s crust, several minerals have 

been successfully used as catalysts for dye discoloration in hetero-EF 
such as pyrite (FeS2), hematite (α-Fe2O3), magnetite (Fe3O4), and chal-
copyrite (CuFeS2). Among these, pyrite and chalcopyrite offer new 

Fig. 6. (a) Effect of the applied cathodic potential vs. Ag|AgCl on the change of the concentration of accumulated H2O2 with time for the electrolysis of a 0.050 M 
Na2SO4 solution in pure water at pH 3.0 and 25 ◦C with the three-electrode reactor of Fig. 3e with a Pt mesh anode and a carbon-PTFE GDE cathode fed with an O2 
flow rate = 0.15 mL min− 1. Influence of the applied cathodic potential over (b) the rate constant for discoloration and (c) percentage of TOC removal at 480 min for 
the homo-EF process of a solution with 100 mg L− 1 of Methylene Blue and 0.10 mM Fe2+ upon the above conditions. (d) Percentage of TOC removal after 480 min of 
the same treatment with reticulated vitreous carbon (RVC), Ni mesh, or Pt mesh anode at Ecat = -1.3 V/Ag|AgCl. 
Adapted from [42] 
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possibilities for boosting the hetero-EF performance due to (i) their 
ability to regulate solubilized iron ions in the presence of O2 to operate 
partially in homo-EF and (ii) the self-adjustment into acidic pH required 
for Fenton’s reaction from reactions (29)-(34) [69,90]:  

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2− + 4H+ (29)  

2FeS2 + 15H2O2 → 2Fe3+ + 14H2O + 4SO4
2− + 2H+ (30)  

FeS2 + 14 Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (31)  

CuFeS2 + 4O2 → Cu2+ + Fe2+ + 2SO4
2− (32)  

CuFeS2 + 4H+ + O2 → Cu2+ + Fe2+ + 2S0 + 2H2O                         (33)  

CuFeS2 + 16Fe3+ + 8H2O → Cu2+ + 17Fe2+ + 2SO4
2− + 16H+ (34) 

Yao et al. [68] studied the behavior of these catalysts to destroy the 
azo dye Reactive Red X-3B, whose chemical structure is shown in 
Fig. 8a. These authors treated 400 mL of 1.10 g L− 1 of the dye in 0.050 M 
Na2SO4 and 10 g L− 1 of each hetero-catalyst at pH = 6.0 using a 
graphite/graphite cell like of Fig. 3a by applying a j = 20 mA cm− 2. 
Fig. 8b and c highlight that the percent of color and COD removal 
increased in the order: pyrite ≈ chalcopyrite < sponge-Fe < Fe-carbon 
composite, whereas Fig. 8d makes evident the expected decay of ECCOD 
in the same order. For the more powerful process, 99.6% discoloration 
and 80% COD removal were achieved in 180 min, with ECCOD = 0.31 
kWh (g COD)− 1 at 80 min (see Table 3). Good stability and reusability of 
the Fe-carbon composite were found after 5 consecutive runs. For the 
pyrite and chalcopyrite assays, the pH dropped from 6.0 to 2.9 and 3.2 
and the iron ion gradually increased to 7.12 and 13.06 mg L− 1, 

Fig. 7. (a) Effect of pH on the normalized absorbance vs. time for the homo-EF treatment of 100 mL of 50 mg L− 1 of the xanthene dye Rhodamine B with 0.10 M 
Na2SO4 and 0.7 mM Fe2+ in pure water at 20 ◦C using a three-electrode tank reactor like of Fig. 3b with a DSA anode and a degreasing cotton|graphite-PTFE cathode 
by applying an Ecat = -1.10 V/SCE. Effect of Fe2+ concentration over (b) the rate constant for discoloration and (c) percentage of TOC removal at 120 min upon the 
above conditions at pH 2.5 and 50 mg L− 1 dye. Influence of Rhodamine B concentration on (d) the rate constant for discoloration and (e) percentage of TOC removal 
at 120 min under the above conditions with 0.7 mM Fe2+ at pH 2.5. 
Adapted from [65] 
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Table 3 
Selected results reported for the heterogeneous electro-Fenton (hetero-EF) treatment of synthetic organic dyes from wastewaters using undivided cells.  

Dye System (anode/cathode) Experimental remarks Best results Ref, 

Solid catalysts    
Natural Fe-containing minerals    
Reactive Red 

X-3B 
Two-electrode reactor (graphite/ 
graphite). 
Catalysts: chalcopyrite, pyrite, sponge 
iron, and iron-carbon composite 

400 mL of 1.10 g L− 1 of dye in pure water, 0.050 M 
Na2SO4, catalyst dosage = 10 g L− 1, pH = 6.0, j =
20 mA cm− 2, 180 min 

99.6% discoloration and 80% COD removal for iron- 
carbon composite. Good stability and reusability 
after 5 consecutive runs. ECCOD (kWh (g COD)− 1): 
0.84 in the absence of catalyst > 0.50 with pyrite >
0.46 with chalcopyrite > 0.31 with iron-carbon 
composite 

[68]  

Malachite 
Green 

Two-electrode reactor (Ti|PbO2/CF). 
Catalyst: industrial pyrite waste slag 

250 mL of 50 mg L− 1 dye in pure water, Na2SO4 

supporting electrolyte, catalyst dosage: 0.04–0.20 
g L− 1, pH = 3.0–11.0, j = 3–7 mA cm− 2, air flow 
rate = 3 L min− 1, 240 min 

For pH = 5.0, 0.12 g L− 1 catalyst and j = 5 mA cm− 2: 
98% discoloration after 50 min (kdis = 0.082 min− 1), 
97.7% TOC removal, MCE = 0.392%, and EC =
1.942 kWh m− 3. Easy to separate and good reuse 
after 5 consecutive runs. Fukui function, dual 
descriptor (DD), and GC–MS were adopted to 
explore the degradation pathway 

[69]  

Methylene 
Blue 

Two-electrode reactor with rotating 
cathode 
(Ti mesh|DSA/graphite) 
. 
Catalyst: LaCu0.5Mn0.5O3 

130 mL of 10 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, catalyst dosage = 0–2.5 g L− 1, pH =
3.0–8.5, 22 ◦C. air flow rate = 10–30 mL min− 1, 
Ecell = 1–3 V, 240 min 

100% discoloration at circumneutral (6.5) and basic 
(8.5) pH and 26 % of TOC reduction under optimum 
conditions: 1.8 g L− 1 of LaCu0.5Mn0.5O3, 20 mL 
min− 1 of air flow, and Ecell = 3 V (2.6 mA cm− 2). 
Successive 5 runs proved a good durability and 
stability of solid catalysts, with only a slight 
reduction of performance due to the fouling of the 
electrode surface 

[72] 

Iron or multivalent transition metals 
Methyl Blue 

Rhodamine 
B 

Two-electrode reactor (Pt mesh/ 
graphite). 
Catalysts: Fe80Si10B10 amorphous ribbon 
and Fe83Si5B8P4 ribbon 

150 mL of 20 mg L− 1 of dye in pure water, 0.10 M 
Na2SO4, pH = 3.0, 25 ◦C, catalyst dosage = 0.2 g 
L− 1, O2 content = 0–10 mM, I = 50 mA, 20 min 

100% discoloration: with kdis (min− 1) and TOC 
removal: 0.376 and 50% for Methyl Blue and 0.233 
and 17% for Rhodamine B with Fe83Si5B10, and 
0.514 and 61% for Methyl Blue and 0.364 and 28% 
for Rhodamine B with Fe83Si5B8 P4. Fe83Si5B8P4 

maintained good reusability after 26 discoloration 
cycles of Methyl Blue 

[75] 

Iron-bearing materials deposited on supports 
Reactive Red 

195 
Two-electrode reactor(stainless steel 
/stainless steel) 
. 
Catalyst: rGO|Fe3O4 

Solutions with 100–300 mg L− 1 of dye in pure 
water, 0.050 M Na2SO4, catalyst dosage = 0.5–2.5 
mg, pH = 1.0–9.0, air flow rate = 400 mL min− 1, I 
= 50–250 mA, 60 min 

93.3% discoloration and 75% COD removal with 
ECCOD = 0.33 kWh (g COD)− 1 for 186.43 mg L− 1 dye, 
2.0 mg catalyst, pH 3.04, and I = 194.96 mA, The 
catalyst almost remained efficient after 6 
consecutive cycles. Only 2.4% of iron from the 
catalyst was dissolved. 

[76] 

Reactive Red 
120 

Two-electrode reactor (graphite/ 
graphite). 
Catalyst: 
Fe-ZSM-5 nanocatalyst 

200 mL of 10 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, catalyst dosage = 0–0.1 g with Fe loading 
= 0.1%-1.0%, pH = 1.0–7.0, 25 ◦C, I = 100 mA 
(around Ecell = 15 V), 25 ◦C, 30 min 

98% discoloration with 1.0% Fe loading at pH = 3.0. 
The catalyst was reusable because it recovered the 
active sites through regeneration process and then, it 
provided > 95% in 3 successive runs 

[77] 

Acid Blue 25 Two-electrode cylindrical rotating reactor 
(graphite/graphite).Catalysts: Fe|Cu- 
ZSM-5 
(7–3), Fe|Co-ZSM-5(7–3), Fe||Cr-ZSM-5 
(7–3) 

750 mL of 200 mg L− 1 of dye in pure water, 
0.010–0.050 M Na2SO4, catalyst dosage = 100 mg 
L− 1, pH = 3.0, 25 ◦C, j = 3.57 mA cm− 2, 90 min 

Best performance with Fe|Cu-ZSM-5(7–3). For 
0.010 M Na2SO4, 97% of discoloration, 79% of COD 
decay, and 65% of TOC removal. 5 consecutive 
cycles did not fall considerably the removal 
efficiency, indicating a good reusability of the 
catalyst, which was cost-effective 

[78] 

Acid Black 210 Two-electrode reactor with rotating 
cathode(BDD/carbon-PTFE GDE) 
. 
Catalyst: CoFe2O4|NOM magnetic hybrid 
catalyst (Hb200) 

140 mL of 14–55 mg L− 1 of dye in pure water and 
in real tannery wastewater, 0.050 M Na2SO4, 
catalyst dosage = 30 and 100 mg, pH = 3.0, 25 ◦C, 
air flow rate = 1.2 L min− 1, j = 14.1–42.2 mA 
cm− 2, 420 min 

Production rate of H2O2 of 12.2 mM cm− 2h− 1 with 
CE = 45.7% after 120 min at 28.2 mA cm− 2. After 30 
min at this j, discoloration for 14 and 55 mg L− 1 dye 
in pure water were 79.5% and 77.9% respectively, 
using 30 mg of catalyst, whereas 88.3% and 88.6% of 
loss of color using 100 mg of catalyst. For the real 
tannery wastewater with 55 mg L− 1 dye and 30 mg 
catalyst at 420 min: kdis = 0.0087 min− 1, 95% TOC 
removal, and ECTOC = 0.34 kWh (g TOC)− 1. 
Excellent catalytic activity during 3 cycles, (10% 
lower mineralization in the last cycle). By-products 
identified by GC–MS 

[80] 

Acid Blue 29 Two-electrode reactor (BDD/carbon- 
PTFE GDE). Catalysts: hybrid sludge 
(HbLM) extracted from iron mining 
wastes 

130 mL of 25 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, catalyst dosage = 1.0 g L− 1, pH = 3.0 or 
7.0, 25 ◦C, air flow rate = 300 mL min− 1, j =
33.3–66.7 mA cm− 2, 60 min 

100% discoloration after 20 min at pH = 3.0 and j =
33.3 mA cm− 2, For EO-H2O2, only 62% 
discoloration, No acidification was needed and the 
process was efficient over the wide pH range 
checked 

[81] 

Acid Blue 25 Two-electrode reactor with rotating 
cathode (graphite/graphite).Catalyst: 
glutaraldehyde cross-linked magnetic 
chitosan nanoparticles  
(Fe3O4|CS|GA NPs) 

750 mL of 25–250 mg L− 1 dye in pure water, 
0.050 M Na2SO4, iron content of the catalyst =
5–20 mmol Fe/g chitosan, catalyst dosage =
0.1–0.4 g L− 1, pH = 3.0–9.0, rotational speed =
0–150 rpm, I = 0.3–0.9 A, air flow rate = 3 L 
min− 1, 120 min 

Discoloration: 94.8% after 90 min for 150 mg L− 1 

dye with 15 mmol Fe/g chitosan and catalyst dosage 
= 0.3 g L− 1 at natural pH of dye (6.8), rotational 
speed = 100 rpm, and I = 0.7 A. 74% COD and 61% 
TOC removals after 120 min. Good reusability after 5 

[89] 

(continued on next page) 
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Table 3 (continued ) 

Dye System (anode/cathode) Experimental remarks Best results Ref, 

successive cycles. Free and surface •OH determined 
by radical scavengers such as TBA, KI, and p-BQ 

Functionalized cathodes 
Rhodamine B Two-electrode tank reactor (DSA/Fe- 

NCCC a) 
300 mL of 83.3 mg L− 1 of dye in pure water and 
real wastewater, 10 mg L− 1 Na2SO4, pH = 3.0; O2 

flow rate = 1 L min− 1, Ecell = 5 V, 80 min 

In pure water, 100% discoloration and 82% COD 
removal with ECCOD = 0.194 kWh (g COD)− 1. 
Excellent reusability after 20 runs. Generated •OH 
radical detected by scavengers (isopropanol). By- 
products identified by GC–MS. 
For wastewater from the comprehensive 
conditioning tank of the wastewater treatment 
station in Anshan Hifichem Co., Ltd with COD, pH, 
and color of the wastewater: 3175 mg L− 1 COD, pH 
= 6.89, and color = 50 folds. 80% COD removal after 
360 min of treatment 

[95] 

Methylene 
Blue 

Two-electrode reactor (Pt sheet/n-Fe3O4| 
ACF) 

200 mL of 100 mg L− 1 of dye in pure water, 
Na2SO4 supporting electrolyte pH = 5.7, air flow 
rate = 200 mL min− 1, j = 5–50 mA cm− 2, 120 min 

At 30 mA cm− 2, 90% discoloration with good 
reusability and stability after 5 successive runs. 98% 
COD removal 

[96] 

Acid Orange 7 Two-electrode single reactor (Pt/ 
ferrocene-graphite|CNTs) 

10 mL of 0.01–1 mM dye in pure water, 0.050 M 
Na2SO4, pH = 3.0 and 6.0, air bubbling, 25 ◦C, I =
20 mA, 180 min 

TOC removal: 90%, 96%, 98%, and 2% for KS44- 
(15)/CNT, KS44-(25)/CNT, KS44-(20)/CNT, KS44- 
0b. For the best KS44-20 cathode, 98% TOC removal. 
Good reusability after 5 cycles of use 

[97] 

Congo Red Three-electrode divided cell (Pt/Fe(H) 
ZSM-5) 

Cathodic compartment filled with 50 mg L− 1 of 
dye in pure water, 0.10 M NaCl, pH neutral, 25 ◦C, 
Ecat = 2.0 V/SCE, 60 min 

74% discoloration in 10 min and almost 100% after 
45 min. 64% TOC decay in 60 min. The pH of the 
system was controlled by the zeolite due to its strong 
acidic nature 

[98] 

Methyl Orange 
Methylene 
Blue 

Two-electrode glass reactor (Pt/TFD|CF 
c) 

100 mL of 50 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, pH = 3.0–9.0, air flow rate = 500 mL 
min− 1, j = 1–20 mA cm− 2, 120 min 

Discoloration at pH = 7.0 and 50 min: 95% for 
Methyl Orange and 98% for Methylene Blue. TOC 
removal at 120 min: 45% and 40% for such dyes, 
respectively. ECCOD = 0.00298 kWh (g− COD)− 1. 
Good reusability after 6 consecutive runs. Acidic 
groups continuously regenerated during electrolysis 
with release of H+ to solution. •OH and 1O2 as main 
ROS 

[99] 

Methyl Orange Two-electrode reactor (PbO2|SnO2 /Ag| 
ZOF-SS, Ag|ZOF-CF, or Ag|ZOF-GAC d 

Solutions of 20 and 25 mg L− 1 of dye in pure 
water, 0.050 M Na2SO4, pH = 1.0–7.0, air flow 
rate = 200 mL min− 1, I = 3–12 mA, 180 min 

100% discoloration with kdis = 0.013 min− 1 for Ag| 
ZOF-SS at pH 4.0 and I = 9 mA, •OH, O2

•− , and HO2
• as 

main ROS. Degradation pathway proposed from LC- 
MS analysis 

[100] 

Methyl Orange Two-electrode reactor (Pt /G|HEC e) 200 mL of 10 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4 and 2 mM FeCl2⋅4H2O, pH 3.0, O2 

bubbling, I = 30 mA, 90 min 

99% discoloration. G|HEC belongs to a spinel 
structure revealed by XANES spectra 

[101] 

Tartrazine Two-electrode reactor (Ti|Pt/CoFe2O4| 
CF) 

250 mL of 10–100 mg L− 1 of dye in pure water, 
0.050 M of Cl− , NO3

− , SO4
2− , HCO3

–, or HPO4
2− , pH 

= 2.0–9.0, air flow rate = 50 mL min− 1, j =
4.17–25.0 mA cm− 2, 40 min 

97% discoloration and 47% of COD and 22.5% TOC 
removals for 50 mg L− 1 dye, 0.050 M Na2SO4, pH 
3.0, and j = 8.33 mA cm− 2. ECCOD = 0.00688 kWh (g 
COD)− 1. The BOD5/COD of solution increased from 
0.008 to 0.560 (40 min) and 0.794 (60 min). O2

•− , 
1O2, and •OH as key ROS 

[102] 

Remazol Black 
B 

Three-electrode electrochemical cell (Pt/ 
GDE-Fe ions) 

150 mL of 17 mg L− 1 of dye in pure water, 0.50 M 
Na2SO4, pH = 3.0, air flow rate = 0.1 L min− 1, Ecat 

= − 0.6 and − 0.7 V/Hg/HgSO4, 50 min 

Better discoloration of 97% for − 0.6 V/Hg/HgSO4. 
TOC removal, MCE, and ECTOC (kWh (g TOC)− 1): 
73%, 37%, and 0.080 for − 0.6 V/Hg/HgSO4 and 
88%, 3%, and 0.157 at − 0.7 V/Hg/HgSO4 

[103] 

Acid Orange 7 
Methylene 
Blue 

Two electrode tank reactor (DSA/N, 
S-EEGr.CF f) 

Solutions of 50 mg L− 1 of dye in pure water, 0.050 
M Na2SO4, pH = 3.0 or 7.0, air flow rate = 0.75 L 
min− 1, j = 6.25 mA cm− 2, 30 min 

Good performance with a metal-free system avoiding 
iron ions addition. For Acid Orange 7, 100% and 
90% discoloration after 60 min at pH 7.0 and 3.0, 
respectively. For Methylene Blue, 100% 
discoloration after 30 min at pH 7.0 and 40 min for 
pH 3.0. N,S-EEGr-CF not only accelerated electron 
transfer with improved H2O2 yield, but also activate 
H2O2 to form •OH. The low HOMO-LUMO gap of N, 
S-EEGr allowed maintaining its high chemical and 
catalytic activity 

[104] 

Acid Orange 7 Two electrode tank reactor (Pt/N-doped- 
CNF-Co|CoOx 

g) 
Solutions of 0.1 mM of dye in pure water, 0.050 M 
Na2SO4, pH = 3.0 or 6.0, 25 ◦C, O2 bubbling, j =
10 mA cm− 2, 40 min 

For 10 wt% of Co|CoOx NPs, 91% discoloration and 
93% TOC removal at pH 3.0. 87–88% discoloration 
at pH 6.0 maintained during 10 consecutive cycles 

[105]  

a Fe-NCCC: iron-loaded needle coke composite cathode. 
b KS44-0, KS44-(15)|CNT, KS44-(20)|CNT, and KS44-(25)|CNT represent an initial weight ratio of ferrocene of 0, 15, 20 and 25%, respectively. 
c TFD|CF: tannic acid-Fe complex derivative-modified carbon felt. 
d Ag|ZOF-SS, Ag|ZOF-CF, and Ag@ZOF-GAC represent silver doped zinc-based organic framework catalyst coted on the three substrates: stainless steel, carbon felt, 

and granular activated carbon. 
e G|HEC: Graphene|(AlCrCuFeNi)O high-entropy ceramics. 
f N,S-EEGr-CF: nitrogen and sulfur co-doped electrochemically exfoliated graphene carbon felt. 
g N-doped-CNF-Co/CoOx: nitrogen-doped carbon nanofiber (CNF) electrodes incorporating Co|CoOx NPs. 
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respectively, but producing low contents of homogeneous •OH from 
Fenton’s reaction (1). The superior performance of the other two iron 
catalysts can be ascribed to the generation of higher quantity of het-
erogeneous •OH from the presence of a much greater quantity of surface 
≡Fe2+ by the heterogeneous Fenton’s reaction (28). 

Aside from pyrite and chalcopyrite, sulfuric acid refining produced at 
least 5 million tons of industrial pyrite waste slag every year, mainly 
composed of ɑ-Fe2O3 alongside traces of Al, Cu, and Mn. Sun et al. [69] 
tested the iron catalyst of this waste in the hetero-EF treatment of the 
triphenylmethane dye Malachite Green. Fig. 9a schematizes the tank 
reactor like of Fig. 3a and reactions involved in these trials made with 
250 mL of 50 mg L− 1 this dye in Na2SO4 solution and 0.12 g L− 1 of in-
dustrial pyrite waste slag at pH = 5.0 and j = 5 mA cm− 2. An excellent 
performance was obtained as compared to uncatalyzed assays (EO-H2O2 
process). Fig. 9b-d show that the catalyst gave 98% discoloration in 50 
min (kdis = 0.082 min− 1), along with a high 97.7% TOC removal, MCE =
0.392%, and EC = 1.942 kWh m− 3 at 240 min (see also Table 3). 

4.1.2. Iron or multivalent transition metals 
Inspired by its high mobility of oxygen and unusual redox properties, 

Cruz del Álamo et al. [72] considered LaCu0.5Mn0.5O3 as heterogeneous 
catalyst in hetero-EF. They treated 130 mL of 10 mg L− 1 of Methylene 
Blue with 0.050 M Na2SO4 and catalyst dosage = 0–2.5 g L− 1 at pH =
3.0–8.5 and 22 ◦C using a two-electrode tank reactor with a Ti mesh|DSA 
anode and a rotating graphite cathode. They found an overall discol-
oration at circumneutral (6.5) and alkaline (8.5) pH and 26 % of TOC 
reduction at optimum conditions of 1.8 g L− 1 of LaCu0.5Mn0.5O3, 20 mL 
min− 1 of air flow, and Ecell = 3 V (j = 2.6 mA cm− 2) (see Table 3). The 
low copper leaching (＜0.05 mg L− 1) along with its stability in 5 suc-
cessive runs proved its feasible practical applicability as a hetero- 
catalyst in hetero-EF. 

Taking advantage of its high conductivity and high porosity, sponge 
iron and iron-carbon composite catalysts have been confirmed as 
excellent hetero-catalysts for Reactive Red X-3B treatment, as pointed 
out above [68]. Iron diselenide (FeSe2) catalyst with three morphologic 
forms (micro granular particles, nano-stick, and nanoflakes) have been 
prepared by controlling selenium precursors like selenium metal, sele-
nious acid (H2SeO3), and selenium dioxide (SeO2) [74]. Among them, 
the nano-stick FeSe2 catalyst presented the best performance for the 
discoloration of Methylene Blue (93.3%) and Congo Red (90.4%) solu-
tions owing to its narrow band gap (0.88 eV) and fast recycling of the 
≡Fe3+/≡Fe2+ pair. A series of Fe-based amorphous alloys such as 
Fe80Si10B10 and Fe83Si5B8P4 has been synthesized as hetero-catalysts by 
Zou et al. [75]. They possessed large amounts of active sites attributed to 
their unique metastable structure and chemical homogeneity. The 
presence of Fe assured the active sites for heterogeneous Fenton’s re-
action (28), the introduction of P enhanced their catalytic effect, and Si 
was oxidized to SiO2 to improve its stability. Hetero-EF treatments were 
carried out with 150 mL of 20 mg L− 1 of Methly Blue or Rhodamine B 
dyes with 0.10 M Na2SO4 and 0.2 g L− 1 of each hetero-catalyst in pure 
water at pH = 3.0 and 25 ◦C with a two-electrode reactor like Fig. 3a 
with a Pt mesh anode and a graphite cathode at I = 50 mA. Fig. 10a and b 
illustrate that both dye solutions were completely discolored in 20 min 
in the presence of Fe83Si5B8P4 based on UV–Vis spectroscopy. This 
behavior can be confirmed in Fig. 10c, related to high kdis-value of 0.514 
min− 1 for Methyl Blue and 0.364 min− 1 for Rhodamine B, as shown in 
Fig. 10d and Table 3. Lower performance can be observed for 
Fe80Si10B10, more strongly diminishing for pure Fe powders. The supe-
riority of Fe83Si5B8P4 as a hetero-catalyst was also reflected by a higher 
TOC removal of 60% for Methyl Blue (see Fig. 10e) and 30% for 
Rhodamine B (see Fig. 10f), as well a greater leaching of Fe. This sug-
gests the presence of a larger removal by the homo-EF process in 
competence with the hetero-EF one. Despite this, it was found a good 
reusability of Fe83Si5B8P4 after 26 discoloration cycles of Methyl Blue, 
thus confirming its feasible applicability in practice. 

4.1.3. Iron-bearing materials deposited on supports 
More authors have considered the loading of iron-bearing materials 

on several supports aiming to expose more active sites of surface iron 
ions to the heterogeneous Fenton’s reaction (28) and further enhance 
the chemical stability of the hetero-catalysts. Table 3 reflects the good 
performance of these materials in hetero-EF. For example, it has been 
reported approximately 100% of discoloration of Reactive Red 195 with 
rGO|Fe3O4 [76], Reactive Red 120 [77] and Acid Blue 25 [78,79] with- 
zeolites, and Acid Blue 25 with glutaraldehyde cross-linked magnetic 
chitosan [89]. Magnetic hetero-catalysts are promising since they 
endow easy separation and recovery nature using an external magnetic 
field. A hybrid magnetic nanostructured CoFe2O4|NOM catalyst 
(Hb200) with an average size of 4.85 nm was prepared by an economic 
sol–gel route, in which NOM served as a green solvent [80]. This 
preparation method was eco-friendly because hazardous organic poly-
mers were replaced by NOM-rich water to serve as the polymerization 
agent, allowing faster destruction of the Acid Black 210 dye by hetero-EF 
than EO-H2O2, as can be seen in Fig. 11a and Table 3. As illustrated in 
the FTIR spectrum of Fig. 11b, the capacity of NOM for complexing 
metal species (Fe2+, Fe3+, and Co2+) was confirmed by the presence of 
acidic functional groups such as carboxyl and phenolic hydroxyls [91]. 
This ferrite catalyst can then trigger a cyclic electron transfer to generate 
heterogeneous •OH from the reaction of H2O2 with ≡Fe2+, ≡Fe3+, and 
≡Co2+ in octahedral spinel structure as active sites [92]. Assays using 
30 mg of Hb200 in the hetero-EF process were carried out with 140 mL 
of 55 mg L-1 of Acid Black 210 in real tannery wastewater with 0.050 M 
Na2SO4 at pH = 3.0 and 25 ◦C filling a BDD/carbon-PTFE GDE reactor 
with rotating cathode upon an air flow rate = 1.2 L min− 1 and j = 28.2 
mA cm− 2. Under these conditions, the wastewater was completely dis-
colorized with kdis = 0.0087 min− 1 and reached an excellent 95% TOC 
removal in 420 min with ECTOC = 0.34 kWh (g TOC)− 1 (see Table 3). In 
contrast, only 87.2% of color removal was found for EO-H2O2, demon-
strating the high catalytic power of Hb200. A more sustainable sol–gel 
route has been proposed by dos Santos et al. [81] to prepare a magnetic 
hybrid HbLN hetero-catalyst from iron mining wastes, as schematized in 
Fig. 11c. The main component of this magnetic hybrid catalyst was 
CoFe2O4 with a high surface area of 167.9 m2 g− 1, pointing to feasible 
reuse of mining wastes to update the preparation method of the Hb200 
hetero-catalyst. For 130 mL of 25 mg L− 1 of Acid Blue 29 in pure water 
with 0.050 M Na2SO4 and 1.0 g L− 1HbLN at 25 ◦C using a BDD/carbon- 
PTFE GDE reactor under an air flow rate = 300 mL min− 1 by applying a j 
= 33.3 mA cm− 2, total discoloration was obtained after 20 min at pH =
3.0, which was prolonged to 60 min at pH 7.0. In contrast, only 62% of 
the color removal rate was found by EO-H2O2 at pH 3.0 (see Table 3). It 
is noticeable that for the magnetic hybrid catalyst, no prior acidification 
was needed and the kdis-value increased 12-fold for a catalyst dosage of 
only 0.25 mg L− 1 as compared to EO-H2O2. This suggests its feasible 
practical use for the dyeing wastewater remediation even under neutral 
pH. 

To promote active sites uniformly dispersed on the support, inex-
pensive resins have been adapted with chelating and exchange proper-
ties for an in situ assembly strategy [93]. Fig. 11d shows that functional 
groups on the resins surface like –COOH and -SO3H can react with the 
transition metallic ions to form spherical-like metal–organic composite 
hetero-catalysts. Among diverse transition metallic ions (≡Fe2+, 
≡Mn2+, ≡Co2+, ≡Ce3+, and ≡Cu2+), the ≡Mn2+-mediated hetero- 
catalyst showed the best performance to discolorize and mineralize 
Methylene Blue solutions [93]. One explanation of this behavior was its 
much higher accepting electron ability than others, leading to a faster 
speed in activating H2O2 for •OH production via the recycling of ≡Mn2+

initiated by the heterogeneous Fenton-like reaction (35) and followed by 
reactions (36)-(38). The superiority of the functional resins was high-
lighted when compared to conventional materials such as Al2O3, algi-
nate beads, clay spheres, and carbon particles. In this way, the highly 
efficient removal of Methylene Blue was due to the strong interaction 
(ionic cross-linking) between active sites and supports, which boosted 
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the effective ≡Mn3+/≡Mn2+ cycle. However, the formation of ≡MnO2 
precipitate could cover the active sites, which results detrimental to dye 
discoloration in this hetero-EF process.  

≡Mn2+ + H2O2 →≡Mn3+ + •OH + OH− (35)  

2≡Mn3+ + 2H2O →≡MnO2 + Mn2++ 4H+ (36)  

≡MnO2 + Methylene Blue →≡Mn2+ + Oxidation products                 (37)  

Methylene Blue or oxidation products + •OH → CO2 + H2O               (38) 

Since the ≡Fe3+/≡Fe2+ cycle limits the hetero-EF process with solid 
catalysts, transition metals coupled with iron ions have been introduced 
to trigger its recycle [94]. As an example, Zahrani and Ayati [79] 
developed Fe-based nanocatalysts derived from ZSM-5 nano zeolite 
where M denotes Cu, Co, or Cr ions (see Fig. 11e). The Fe-based nano- 
catalyst containing Cu ions showed the best performance for 750 mL of 

200 mg L− 1 of the anthraquinone dye Acid Blue 25 (see chemical 
structure in Fig. 1) in pure water with 0.010 M Na2SO4 and 100 mg L− 1 

of hetero-catalyst at pH = 3.0 and 25 ◦C using a graphite/graphite 
reactor at j = 3.57 mA cm− 2 lasting 90 min. For this assay, 97% of 
discoloration, 79% of COD removal, and 65% of TOC abatement were 
found (see Table 3). No considerable change in the percent of color 
removal was found after 5 consecutive cycles, confirming the good 
reusability of the hetero-catalyst. 

4.2. Functionalized cathodes 

This sub-section conveys the application of hetero-EF with func-
tionalized cathodes to boost homo-EF, allowing the enlargement of 
working pH because the occurrence of H2O2 formation and its activation 
mainly occur at the cathode surface. The functionalized cathodes tested 
include Fe-NCCC [95], Fe3O4|ACF [96], ferrocene-graphite|CNTs [97], 
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Fig. 8. (a) Chemical structure of the azo dye Reactive Red X-39. (b) Percentage of color removal, (c) percentage of COD removal, and (d) energy cost per unit COD 
mass for the hetero-EF process of 400 mL of 1.10 g L− 1 of the above dye in pure water with 0.050 M Na2SO4, and 10 g L− 1 of Fe-carbon composite, sponge-Fe, pyrite, 
and chalcopyrite as hetero-catalyst at pH = 6.0 using a two-electrode cell like of Fig. 3a with graphite anode and cathode by applying a j = 20 mA cm− 2. For the 
control treatment, no catalyst was added. 
Adapted from [68] 
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Fe(H)ZSM-5 [98], TFD|CF [99], Ag|ZOF-SS, Ag|ZOF-CF, or Ag|ZOF- 
GAC [100], G|HEC [101], CoFe2O4|CF [102], GDE-Fe ions [103], N, 
S-EEGr.CF [104], N-doped-CNF-Co|CoOx [105], nano-titanium nitride- 
coated electrodes [106], single sheet iron oxide cathode [107], iron-rich 
MFI zeolite nanoseeds modified CF [108], MIL-53(Fe) coated porous CF 
[109], Fe(II)-based GDE [110], iron cathode from gas sludge [111], 
Fe3O4|MWCNTs composite [112], iron-zeolite [113], and FeLaO3 
entrapped cathode [114]. Selected results for these functionalized 
cathodes for dyes treatment in hetero-EF are listed in Table 3. 

The selected iron-containing functionalized cathodes of Table 3 show 
a good performance on dye discoloration and mineralization 
[95–98,100,101,103]. The dominant role of ≡Fe2+ was the activation of 

the cathodic electrogenerated H2O2 into •OH through heterogeneous 
Fenton’s reaction (28). However, this is confined by the narrow working 
pH and iron sludge production even in hetero-EF. Cleaner ways have 
been suggested to develop heterogeneous •OH production. Among such 
proposed functionalized cathodes, a metal-free material (N,S-EEGr-CF) 
was developed by Yang et al. [104] to broaden the pH range and avoid 
Fe2+ addition. They deduced that a novel three-electron oxygen reduc-
tion reaction (O2 –H2O2 -•OH) was responsible for dyes destruction, 
where the N-EEGr onto CF catalyzed the electron transfer for H2O2 
formation while the S-EEGr boosted H2O2 transformation into •OH. 

The local atomic structure of the graphene|(AlCrCuFeNi)O high- 
entropy oxide cathode (G|HEC) has been deeply established by Chiu 
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Fig. 9. (a) Scheme of the degradation mechanism of the triphenylmethane dye Malachite Green by hetero-EF with a two-electrode reactor like of Fig. 3a equipped 
with a Ti|PbO2 anode and a CF cathode. The hetero-catalyst was an industrial pyrite waste slag mainly containing α-Fe2O3 alongside traces of Al, Cu, and Mn. 
Percentage of (b) color removal, (c) TOC removal, and (d) mineralization current efficiency, as well as (d) energy cost, for the treatment of 250 mL of 50 mg L− 1 dye 
in pure water with Na2SO4 as supporting electrolyte and 0.12 g L− 1 of catalyst or uncatalyzed (EO-H2O2 process) at pH = 5.0 and j = 5 mA cm− 2. 
Adapted from [69] 
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et al. [101] through synchrotron X-ray scattering spectra. These authors 
found a fast discoloration, up to 99%, of 200 mL of 10 mg L− 1 of the azo 
dye Methyl Orange in 0.050 M Na2SO4 and 2 mM FeCl2⋅4H2O at pH 3.0 
using a two-electrode reactor like Fig. 3a with a Pt anode and the syn-
thesized cathode by applying an I = 30 mA during 90 min (see Table 3). 
Further research and direct evidence are needed to confirm their pro-
posal that graphene with adsorbed O2 and high-entropy oxide were the 
active sites responsible for H2O2 formation/activation. Inspired by the 
concept of a pH regulator, just like FeS2 that controls the solution pH via 
reactions (29)-(31), immobilizing pH regulators on the functionalized 
cathode is a wise design. An interesting work by Li et al. [99] designed a 
tannic acid-Fe complex cathode (TFD|CF) in which H+ was released 
from tannic acid to acidify the bulk. Moreover, TFD|CF acted as a hetero- 
EF catalyst as well. This explained the high efficiency (discoloration＞ 
95%, 83.2% of COD removal, and ECCOD = 0.00298 kWh (g COD− 1) for 
the hetero-EF treatment of Methyl Orange and Methylene Blue using this 
cathode at neutral and even alkaline pH (see Table 3). More research 
seems necessary to understand the properties of the TFD|CF cathode, 

particularly due to the lack of data on the potential oxidation of tannic 
acid on it. 

A CoFe2O4|CF cathode has been synthesized by the solvothermal 
method, where both ≡Co3+/≡Co2+ and ≡Fe3+/≡Fe2+ couples could 
offer electrons to activate H2O2 and more importantly, to avoid the 
aggregation of spherical CoFe2O4 nanoparticles when coated on CF 
[102]. Fig. 12a presents a sketch of the degradation mechanism of the 
azo dye Tartrazine (see the chemical formula in Fig. 1) by hetero-EF with 
a two-electrode reactor like of Fig. 3a containing a Ti|Pt anode and such 
cathode, where the production of heterogeneous •OH from the above 
two couples is illustrated. Fig. 12b depicts the influence of the anion 
over the discoloration of 250 mL of 50 mg L− 1 of the dye in pure water 
with 0.050 M of each electrolyte at pH = 3.0 using the above system at j 
= 8.33 mA cm− 2 for 40 min. As can be seen, the percentage of color 
removal decreased in the sequence: SO4

2− (97%) > Cl− (84%) > NO3
−

(78%, from NO2
− formed at the cathode) > HCO3

− (26%) > HPO4
2−

(4.9%), denoting the relative chelating power of the ions with both 
active redox couples. Another series of trials was made by adding 

Fig. 10. Change of ultraviolet–visible (UV–Vis) absorbance spectra of 150 mL of 20 mg L-1 of (a) Methyl Blue and (b) Rhodamine B in pure water with 0.10 M Na2SO4 
and 0.2 g L− 1 of Fe83Si5B8P4 ribbons at pH = 3.0 and 25 ◦C during the hetero-EF treatment using a two-electrode reactor like Fig. 3a equipped with a Pt mesh anode 
and a graphite cathode at I = 50 mA. (c) Percent of color removal at 20 min and (d) rate constant for discoloration of the above processes of both dyes with 
Fe83Si5B8P4, Fe80Si10B10, and pure Fe powder as hetero-catalysts. Percentage of TOC removal and leached Fe after 20 min of the same assays for (e) Methyl Blue and 
(f) Rhodamine B. 
Adapted from [75] 
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scavengers like of p-benzoquinone (p-BQ), furfuril alcohol (FFA), tert- 
butyl alcohol (TBA), and N2 bubbling on the above solution with 
SO4

2− electrolyte. From the data of Fig. 12c, apart from •OH, other species 
like O2

•− and 1O2 were inferred as reactive oxygen species in the 
degradation process (see Table 3). Under the attack of such oxidizing 
agents, both C-N and azo bonds of Tartrazine were broken down coupled 
with desulfonation reactions. Fig. 12d shows that the primary in-
termediates 2–4 were initially formed, which were subsequently 
oxidized to compounds 5–7 to be finally mineralized. They concluded 
that the degradation evolved at the surface catalysis confined to the 
solid–liquid surface and the lack of released Co and Fe excluded the 
involvement of homogenous reactions in the bulk. In fact, the absence of 
Co and Fe leaching from CoFe2O4 in an acid medium has been widely 
reported previously [115,116]. 

Barhoum et al. [105] reported the synthesis of a free-standing N- 
doped-carbon nanofiber (CNF)–Co|CoOx cathode by the following steps: 
electrospinning of PAN/cobalt acetate solution, thermal peroxidation 
under air, and pyrolysis. The as-material was composed of (111) face- 
cantered cubic crystal structure of CoOx (~15 nm), homogeneously 
distributed on the CNF surface, as deduced from the HR-TEM analysis, 
selected area electron diffraction (SAED) patterns, and elemental map-
ping images shown in Fig. 13a-d. Discoloration and mineralization trials 
were made with a solution with 0.1 mM Acid Orange 7 and 0.050 M 
Na2SO4 in pure water at pH = 3.0 and 25 ◦C filling a two-electrode tank 
reactor like of Fig. 3a with a Pt anode and the synthesized cathodes at j 
= 10 mA cm− 2 lasting 40 min. Fig. 13e and f make evident that the best 
cathode contained a 10 wt% Co (CNF-Co10), yielding a high 94% of 
normalized absorbance decay and 92.4% of TOC removal, superior to a 
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homo-EF process with raw CNF and 0.2 mM Fe2+. The system main-
tained good performance at pH = 6.0, demonstrating its viability to 
operate with dyeing effluents at neutral pH. 

5. Photoelectro-Fenton process of dyes 

PEF is a hybrid process that combines EF treatment and light irra-
diation. Depending on the homogeneous or heterogeneous catalyst 
checked, it can be classified as homo-PEF and hetero-PEF, respectively. 

The kind and intensity of irradiated light on the treated solution are key 
factors in this EAOP. Artificial lamps of ultraviolet C (UVC, λ = 100–280 
nm) and ultraviolet A (UVA, λ = 215–400 nm) and light-emitting diodes 
(LED) are typically used. Alternatively, solar irradiation (λ > 300 nm) 
can be applied, directly as free and renewable sunlight or simulated with 
a Xe lamp with a similar radiation spectrum. In this case, the homo-SPEF 
and hetero-SPEF processes are tested. 

Fig. 12. (a) Sketch of the degradation mechanism of the azo dye Tartrazine by hetero-EF with a two-electrode reactor like of Fig. 3a equipped with a Ti|Pt anode and 
a CoFe2O4|CF cathode. (b) Percent of color removal after 40 min of electrolysis of 250 mL of 50 mg L− 1 of this dye in pure water with 0.050 M of different electrolytes 
at pH = 3.0 using the above system at j = 8.33 mA cm− 2. (c) Effect of p-benzoquinone (p-BQ), furfuryl alcohol (FFA), tert-butyl alcohol (TBA), and N2 bubbling on the 
percent of color removal of the assay with SO4

2− electrolyte. (d) Proposed reaction sequence for the initial degradation of tartrazine (1). 
Adapted from [102] 
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5.1. Homogeneous process 

The greater number of articles dealing with dyes removal focus on 
homo-PEF with the treatment of solutions with the dyes Rhodamine B 
[117] with UVC light, as well as Blue BR, Violet SBL or Brown MF [118], 
Ponceau SS [119], Acid Orange 7 [120], Reactive Blue 4 [121], Choc-
olate Brown HT and Eriochrome Black [122], Reactive Black 5 [123], 
Methyl Orange [124,125], Bismark Brown G, Bismark Brown R, and 
Brown DGI [126], Brown HT [127], Direct Red 23 [128], and Acid Red 1 
[129] with UVA light. Other articles considered the homo-SPEF process 
of the dyes Tartrazine, Ponceau SS, and Direct Blue 71 [130], Acid Blue 

29 [131,132], Acid Orange 7 [133], and Erythrosine B [134]. The 
discoloration of a water machine effluent with dyes by homo-PEF has 
been reported by dos Santos et al. [135]. Table 4 summarizes the best 
results selected from the above publications. 

A faster degradation and mineralization of dyes by homo-PEF or 
homo-SPEF than homo-EF is expected due to the acceleration of Fen-
ton’s reaction (1) by the extra Fe2+ regeneration from: (i) Fe(OH)2+

photoreduction with additional •OH production by photo-Fenton reac-
tion (39) and (ii) photolysis of final Fe(III)-carboxylate complexes by the 
general reaction (40) [7,17]. The photodecarboxylation of these com-
plexes also largely upgrades the mineralization process. When an UVC 

Fig. 13. High-resolution transmission electron microscopy (HR-TEM) analysis of the N-doped-CNF-Co|CoOx (nitrogen-doped carbon nanofiber (CNF) electrodes 
incorporating Co|CoOx NPs): (a) low magnification and (b) high magnification micrographs, (c) selected area electron diffraction (SAED) patterns, and (d) TEM with 
elemental mapping. Influence of the cathode material without and with 3%, 10%, and 20%wt%. of Co in the CNF electrode on the percentage of (e) normalized 
absorbance and (f) TOC removal after 40 min of electrolysis of a solution with 0.1 mM Acid Orange 7 and 0.050 M Na2SO4 in pure water at pH = 3.0 and 25 ◦C using 
a two-electrode tank reactor like of Fig. 3a with a Pt anode at j = 10 mA cm− 2. The CNF-Fe(II) treatment corresponds to a homo-EF process with raw CNF in the 
presence of 0.20 mM Fe2+. 
Adapted from [105] 
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Table 4 
Selected results obtained for the photoelectro-Fenton (PEF) and solar PEF (SPEF) processes of synthetic organic dyes from wastewaters using undivided cells.  

Dye System (anode/cathode) light irradiation Experimental remarks Best results Ref. 

Homo-PEF    
Rhodamine 

B 
Flow-through two-electrode reactor with 
a plane photoreactor (DSA/carbon-PTFE| 
GF) 5 W UVC light 

500 mL of 0.02–0.16 mM of dye in pure water, 
0.050 M Na2SO4, 0.10–0.40 mM Fe2+, [EDTA]: 
[Fe2+] from 0.5:1 to 4:1, pH 3.0–10–0, air flow rate 
= 20–80 mL min− 1, liquid flow rate = 7.0–35 mL 
min− 1, I = 20–100 mA, 60 min 

At pH = 3.0 for 0.02 mM dye with 0.20 mM Fe2+, 
[EDTA]:[Fe2+] = 1:1, air flow rate = 20 mL min− 1, 
liquid flow rate = 7.0 mL min− 1, and 50 mA, 96% 
discoloration with kdis = 0.083 min− 1. At pH = 7.0, 
87% discoloration with kdis = 0.033 min− 1. and in the 
absence of EDTA, 80% discoloration with kdis =

0.025 min− 1. 
Large effect of isopropanol as radical scavenger. 
Overall removal of EDTA at pH 7.0 

[117] 

Blue BR 
Violet SBL 
Brown MF 

Two-electrode tank reactor (BDD/BDD) 
75 mW cm− 2 UVA light 

500 mL of 50 mg L− 1 of each dye in pure water, 
0.050 M Na2SO4, 0.50 mM Fe2+, pH 3.0, air 
bubbling, j = 2–18 mA cm− 2, 60 min 

Faster discoloration at higher j. For a mixture with 
the same dye content, discoloration at j = 18 mA 
cm− 2: 65% for EO-H2O2 < 100% in 50 min for homo- 
EF < 100% in 30 min for homo-PEF 

[118] 

Ponceau SS Flow pre-pilot plant with a two-electrode 
reactor and a planar photoreactor (Pt or 
BDD/carbon-PTFE GDE) 160 W UVA light 

2.5 L of 0.19 mM of dye in pure water, 0.050 M 
Na2SO4, 0.50 mM Fe2+, pH 3.0, cathode fed with 
400 mL min− 1 of air, liquid flow rate = 200 L h− 1, 
35 ◦C, j = 25–100 mA cm− 2, 360 min 

Higher discoloration and mineralization for BDD 
than Pt, at higher j, and in the order: EO-H2O2 <

homo-EF < homo-PEF. For the latter process with 
BDD at 100 mA cm− 2, kdis = 0.087 min− 1, 98% TOC 
decay, MCE = 9.0%, and ECTOC,total = 10.4 kWh (g 
TOC)− 1. 
Five aromatic derivatives detected by GC–MS and 
four final carboxylic acids quantified by ion- 
exclusion HPLC 

[119] 

Methyl 
Orange 

Flow plant with a two-electrode reactor 
and an acrylic reservoir photoreactor 
(DSA/carbon-PTFE|GF GDE) 15 W UVA 
light 

2 L of 20–50 mg L− 1 of TOC of the dye in pure water, 
0.050 M Na2SO4, 0.50 mM Fe2+, pH 3.0, cathode fed 
with air at 3 psi, liquid flow rate = 0.5–2.0 L min− 1, 
25 ◦C, j = 10–25 mA cm− 2, 60 min 

Greater discoloration and mineralization at higher j 
and liquid flow rate. For homo-PEF with 30 mg L− 1 of 
TOC of the dye, 2.0 L min− 1, and 25 mA cm− 2, kdis =

0.013 min− 1, 84% TOC decay, and ECTOC,total = 1.70 
kWh (g TOC)− 1. 
Quantification of final carboxylic acids by ion- 
exclusion HPLC 

[125] 

Direct Red 
23 

Two-electrode tank reactor (BDD/CF) 
UVA LED 400 nm 

230 mL of 80 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4 and/or 0.100 M NaCl, 0.10 mM Fe2+, pH 
3.0, 20 ◦C, cathode fed with air at 8.9 kPa, j = 20 
mA cm− 2, 360 min 

Better results for 75% Na2SO4 + 25% NaCl. For this 
mixture, kdis (h− 1), TOC removal, MCE, and ECTOC 

(kWh (g TOC)− 1): 0.72, 89%, 7.5%, and 2.05 for EO- 
H2O2, 0.84, 97%, 8.4%, and 1,46 for homo-EF, and 
1.02, 100%, 17%, and 1.29 for homo-PEF 

[128] 

Homo-PEF-like    
Acid Red 1 Flow pre-pilot plant with a two-electrode 

FM01-LC reactor and a CPC photoreactor 
(DSA/stainless steel) 15 W UVA light or 
direct sunlight 

6 L of 0.096–0.385 mM of dye in pure water, 0.025 
M Na2SO4 + 0.035 M NaCl, 0–0.50 mM Fe2+, pH 
3.0, liquid flow rate = 3.2 L min− 1, j = 5–20 mA 
cm− 2, 480 min 

Better performance with higher dye content and j, 
and using homo-SPEF-like < homo-SPEF-like < EO- 
HClO < homo-EF-like, For homo-SPEF-like with 
0.196 mM dye and 0.40 mM Fe2+ at 15 mA cm− 2, 
total color removal in 180 min, 74% COD removal, 
ACE = 25%, ECCOD = 0.076 kWh (g COD)− 1. 
Detection of final carboxylic acids by ion-exclusion 
HPLC 

[129] 

Homo-SPEF     
Acid Blue 29 Two-electrode tank reactor (BDD, Pt, or 

Ti|RuO2/carbon-PTFE GDE) direct 
sunlight 

130 mL of 118 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0.50 mM Fe2+, pH 3.0, cathode fed with 
300 mL min− 1 of air, 35 ◦C, j = 33.3–100 mA cm− 2, 
360 min 

H2O2 accumulated in 180 min with increasing j: 
432–875 mg L− 1 for EO-H2O2, 152–317 mg L− 1 for 
homo-EF, and 85–198 mg L− 1 for homo-SPEF. 
Discoloration and COD decay increasing as EO-H2O2, 
< homo-EF < homo-SPEF. For the latter, kdis (min− 1), 
COD removal, ACE, and ECCOD (kwh (g COD)− 1): 
0.153, 100%, 22.1%, and 0.103 for BDD > 0.108, 
96%, 18.8%, and 0.115 for Pt > 0.076, 94%, 16.9%, 
and 0.087 for Ti|RuO2. 
Final carboxylic acids quantified by ion-exclusion 
HPLC 

[131] 

Acid Blue 29 Solar flow pre-pilot plant with a two- 
electrode reactor and a solar CPC a 

photoreactor (DSA/carbon-PTFE GDE) 
direct sunlight 

10 L of 233.5 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0.50 mM Fe2+, pH 3.0, 35 ◦C, cathode fed 
with air, liquid flow rate = 150 L h− 1, solar 
irradiation from 600 to 1240 mW cm− 2, j = 25 and 
50 mA cm− 2, 300 min 

Faster discoloration and mineralization at greater 
solar irradiation and for 50 mA cm− 2 in the order: 
EO-H2O2 < homo-EF < homo-SPEF. For the latter 
process at 1240 mW cm− 2 of solar irradiation and 25 
mA cm− 2, 100% of color removal, 100% of TOC 
decay, and ECTOC = 0.057 kWh (g TOC)− 1. 
Thirteen aromatic derivatives detected by LC-MS/MS 
and seven final carboxylic acids quantified by ion- 
exclusion HPLC 

[132] 

Acid Orange 
7 

Two-electrode tank reactor (BDD/ 
WO2.72|C GDE) UVC (for homo-PEF) or 
Xe (for homo-SPEF) lamp 

350 mL of 0.260 mM of dye in pure water, 0.10 M 
K2SO4, 0.50 mM Fe2+, pH 3.0, cathode fed with air 
at 0.2 bar, 20 ◦C, j = 100–200 mA cm− 2, 360 min 

CE ≈ 60% for H2O2 generation at 100 mA cm− 2 for 
EO-H2O2. Discoloration, dye content decay, and TOC 
removal increased with increasing j in the order: EO- 
H2O2 < homo-EF < homo-PEF ≈ homo-SPEF. For the 
two latter processes at 150 mA cm− 2, kdis =

0.041–0.044 min− 1, 90% TOC abatement, and MCE 
= 7.5%. 
Final carboxylic acids quantified by ion-exclusion 
HPLC 

[133] 

(continued on next page) 
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light is used, organics can be directly photolyzed and H2O2 decomposed 
to •OH via reaction (41) [7].  

Fe(OH)2+ + hν → Fe2+ + •OH                                                       (39)  

Fe(OOCR)2+ + hν → Fe2+ + CO2 + R• (40)  

H2O2 + hν → 2•OH                                                                       (41) 

The homo-PEF results of Table 4 illustrate that the optimum pH was 
3.0, as in the case of homo-EF, indicating that the oxidation was gov-
erned by the homogeneous •OH formed from Fenton’s reaction (1). The 
discoloration of dye solutions was slightly faster in homo-PEF because of 
the additional generation of these radicals from the photolytic reaction 
(39). A similar effect of the kind of anode, electrolyte composition, 
applied j or Ecat, and Fe2+ and dye contents on the homo-PEF perfor-
mance was determined. Raw and modified carbonaceous cathodes, as 
well as GDE, were used in this method, as can be seen in Table 4. 

It is noticeable the work of Zhang et al. [117] using the chelating 
agent EDTA to stabilize Fe2+ in different ratios between 0.5:1 and 4:1. 
They studied the behavior of many operating variables with 500 mL of 
0.02–0.16 mM of Rhodamine B in 0.050 M Na2SO4 and 0.10–0.40 mM 
Fe2+ in pure water at pH 3.0–10–0. The system was composed of a flow- 
through two-electrode reactor with a perforated DSA anode and a 
carbon-PTFE|GF cathode by applying an I = 20–100 mA, connected with 
a plane photoreactor illuminated with 5 W UVC light. The solution was 
recirculated at 7.0–35 mL min− 1 and H2O2 was electrogenerated by 
pumping an air flow rate = 20–80 mL min− 1. Fig. 14a schematizes the 
diagram of the flow-through cell and highlights the electrochemical, 
homo-EF, and photolytic reactions involved. The best conditions were 
obtained at pH = 3.0 for a solution with 0.02 mM dye, 0.20 mM Fe2+, 
and 0.20 mM EDTA (i.e., [EDTA]:[Fe2+] = 1:1), air flow rate = 20 mL 
min− 1, liquid flow rate = 7.0 mL min− 1, and I = 50 mA, where 96% 
discoloration was achieved with kdis = 0.083 min− 1 (see Table 4). 
Nevertheless, good degradation results were found at pH = 7.0 with 87% 
discoloration and kdis = 0.033 min− 1, reaching lower discoloration of 
80% with kdis = 0.025 min− 1 in the absence of EDTA, demonstrating the 
availability of the PEF system to operate at neutral pH. Fig. 14b and c 
show the increasing oxidation power obtained in the order: UV/Fe- 
EDTA (pH = 7.0) < homo-EF-EDTA (pH = 7.0) < homo-PEF (pH =

7.0) < homo-PEF-EDTA (pH = 7.0) < homo-PEF-EDTA (pH = 3.0), ac-
cording to the increasing generation of homogeneous •OH as the main 
oxidant. The oxidation of Rhodamine B in these processes competed 
with that of EDTA, and so, Fig. 14d depicts a raising destruction of the 
chelating agent in the same sequence, i.e., UV/Fe-EDTA (pH = 7.0) <
homo-EF-EDTA (pH = 7.0) < homo-PEF-EDTA (pH = 7.0), The gener-
ation of •OH was confirmed by the scavenging effect of isopropanol, as 
can be seen in Fig. 14e. 

The effect of Cl− in the homo-PEF process has been investigated by 
Titchou et al. [128] with the same BDD/CF cell and similar experimental 
conditions to their previous work over homo-EF (see ref. [21] in 
Table 2), but under irradiation of the solution with a UVA LED lamp at λ 
= 400 nm. Table 4 shows that the best conditions were obtained with a 
75% of 0.050 M Na2SO4 + 25% of 0.100 M NaCl mixture by adding 0.10 
mM Fe2+ at pH 3.0, 20 ◦C, and j = 20 mA cm− 2. The oxidation power of 
treatments increased in the sequence: EO-H2O2 < homo-EF < homo- 
PEF, with a great enhancement of the latter process due to the additional 
production of homogeneous •OH by reaction (39), as well as reaction 
(42) between Fe2+ and HClO formed from reactions (23) and (24). Note 
that Cl− is a scavenger of •OH to form Cl• that is oxidized again to yield 
HClO [128].  

Fe2+ + HClO → Fe3+ + •OH + Cl− (42) 

Based on this reaction, Murrieta et al. [129] proposed homo-PEF-like 
and homo-SPEF-like processes in which homogeneous •OH was only 
produced by reaction between Fe2+ and HClO without H2O2 generation, 
i.e., without Fenton process. The assays were carried out with a flow pre- 
pilot plant composed of an FM01-LC reactor with a DSA anode and a 
stainless-steel cathode connected with a compound parabolic collector 
(CPC) photoreactor exposed to a 15 W UVA light or direct sunlight. 6 L of 
solutions of 0.096–0.385 mM of the azo dye Acid Red 1 (see chemical 
structure in Fig. 1) with 0.025 M Na2SO4 + 0.035 M NaCl and 0–0.50 
mM Fe2+in pure water at pH 3.0 and recirculating at liquid flow rate =
3.2 L min− 1 were electrolyzed at j = 5–20 mA cm− 2. Better performance 
was obtained with higher dye content and j, but up to 0.40 mM Fe2+. 
Surprisingly, the percent of color removal decreased in the order: homo- 
EF-like > EO-HClO > homo-PEF-like > homo-SPEF-like (see Table 4). 
This trend can be observed in Fig. 15a for 0.192 mM dye with 0.40 mM 
Fe2+ at j = 15 mA cm− 2. In EO-HClO, M(•OH) formed from reaction (6) 

Table 4 (continued ) 

Dye System (anode/cathode) light irradiation Experimental remarks Best results Ref. 

Erythrosine 
B 

Two-electrode tank reactor (BDD/CF) 
100 W UVA light or direct sunlight 

300 mL of 100 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0.10 mM Fe2+, pH 3.0, air flow rate = 3 L 
min− 1, j = 2.5–15 mA cm− 2, 120 min 

Discoloration, COD removal, ACE, and EC (kWh 
m− 3): 100% in 50 min, 90%, 10%, and 21 for homo- 
EF, 100%, 100% 14%, and 516b for homo-PEF, and 
100%. 100%, 13%, and 21 for homo-SPEF 

[134] 

Hetero-PEF     
Sunset 

Yellow 
Two-electrode tank reactor (Pt/GDE) 
UVA light 

350 mL of 100 mg L− 1 of dye in pure water, 0.10 M 
Na2SO4 or 0.13 M NaCl, 0.25 g of Fe3O4 as catalyst, 
pH 3.0, O2 gas bubbled at 0.2 bar, 20 ◦C, I = 100 mA, 
90 min 

Discoloration in Na2SO4: 55% by hetero-EF and 78% 
by hetero-PEF in 90 min. Total color removal in 15 
min for both processes with NaCl. TOC removal, 
MCE. and ECTOC (kWh (g TOC)− 1) for hetero-SPEF: 
49%, 48%, and 1.90 for Na2SO4, and 50%, 57%, and 
1.70 with NaCl. 
Good reusability of catalyst after 8 consecutive cycles 
by hetero-PEF with Na2SO4 

[137] 

Hetero-SPEF     
Ponceau SS Two-electrode tank reactor (BDD/carbon- 

PTFE GDE) 6 W UVA light or direct 
sunlight 

130 mL of 0.075–0.225 mM of dye in pure water, 
0.050 M Na2SO4, 0.018 mM Fe2+ or 0.25–2.0 g L− 1 

sodium vermiculite as catalyst, pH 3.0, cathode fed 
with 400 mL min− 1 of air, 25 ◦C, j = 16.6–66.6 mA 
cm− 2, 360 min 

Discoloration and TOC removal increased as EO- 
H2O2 < homo-EF (Fe2+) < hetero-EF (sodium 
vermiculite) < hetero-PEF < hetero-SPEF. For 
hetero-PEF, higher percentage of color removal with 
smaller dye concentration and higher sodium 
vermiculite content and j. For hetero-SPEF with 
0.150 mM dye, 1.0 g L− 1 sodium vermiculite, and 
33.3 mA cm− 2: kdis = 0.914 min− 1, 84% TOC decay, 
and MCE = 6.7%. 
Final carboxylic acids quantified by ion-exclusion 
HPLC 

[139]  

a CPC: Compound parabolic collector. 
b Value for EC,total (including the electrical power of the lamp). 
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and HClO generated from reactions (23) and (24) were the main oxi-
dants leading to overall discoloration in about 60 min, whereas its 
oxidation process was slightly upgraded by homo-EF-like due to the 
extra formation of homogeneous •OH by reaction (42), maintained 
thanks to the continuous Fe2+ regeneration from Fe3+ reduction by re-
action (7). The negative effect of UVA irradiation in homo-PEF-like can 
be attributed to the enhancement of Fe2+ regeneration from photo- 
Fenton reaction (39) that accelerates the homogeneous •OH removal 
by its parasitic reaction with Fe2+ via reaction (27). The higher intensity 

of sunlight irradiation explains the much slower discoloration found by 
homo-SPEF-like that needed practically 180 min to yield a colorless 
solution. In contrast, Fig. 15b highlights that faster COD removal was 
achieved for homo-PEF-like and homo-SPEF-like, achieving 70% and 
74% at 480 min, respectively. The homo-SPEF-like treatment then pre-
sented a higher ACE = 25% (see Fig. 15c) and a lower ECCOD = 0.076 
kWh (g COD)− 1 (see Fig. 15d). This behavior can be related to the quick 
photolysis of Fe(III) species formed, like complexes with final carboxylic 
acids that can be photodecarboxylated via reaction (40). This was 

Fig. 14. (a) Schematic diagram of the flow-through two-electrode reactor with a plane photoreactor for the homo-photoelectro-Fenton (PEF)-EDTA treatment of 
Rhodamine B (RhB) including the electrochemical and photolytic reactions involved. A perforated DSA anode and a carbon-PTFE onto graphite felt cathode were 
used upon a 5 W UVC light and added EDTA as a chelating agent of Fe(III). (b) Percent of color removal and (c) the rate constant for discoloration after 60 min of 
different treatments of 500 mL of 0.02 mM dye with 0.050 M Na2SO4, 0.20 mM Fe2+, and 0.20 mM EDTA in pure water at air flow rate = 20 mL min− 1, liquid flow 
rate = 7.0 mL min− 1, and I = 50 mA. (d) Percentage of EDTA removal in the above trials at pH = 7.0, and (e) effect of isopropanol content on the hetero-EF-EDTA 
process. 
Adapted from [117] 
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confirmed by the detection of recalcitrant maleic and acetic acids only in 
the EO-HClO and homo-EF-like processes, as shown in Fig. 15e. 

The homo-SPEF treatment has been performed in a synthetic sulfate 
medium at pH 3.0 with CF [134] and GDE [131,132] cathodes. In all 
these cases, Table 4 displays that the dyes solutions were more rapidly 
discolored and mineralized in the sequence: EO-H2O2 < homo-EF <
homo-SPEF, being more potent with a BDD anode than Pt and a DSA like 
Ti|RuO2. As an example, Fig. 16a presents a sketch of the solar flow pre- 
pilot plant with a DSA/GDE reactor and a solar CPC photoreactor used 
by Salazar et al. [132] for the treatment of 10 L of 233.5 mg L− 1 of the 
azo dye Acid Blue 29 in 0.050 M Na2SO4 at pH = 3.0, 35 ◦C, and liquid 
flow rate = 150 L h− 1 upon an average solar irradiation = 1240 mW 
cm− 2. Homo-EF and homo-SPEF ran after adding 0.50 mM Fe2+. The 
variation of the percent of normalized absorbance and dye 

concentration with electrolysis time shown in Fig. 16b and 16c, 
respectively, make evident the superiority of homo-SPEF over homo-EF 
followed by EO-H2O2, with faster abatement at j = 50 mA cm− 2 as 
compared with j = 25 mA cm− 2 by the greater production of M(•OH) and 
homogeneous •OH, as pointed out above. For the homo-SPEF process, 
total discoloration and total dye removal were reached at 120 and 180 
min for 50 and 25 mA cm− 2, respectively. Under these conditions, 
Fig. 16d depicts that overall mineralization was achieved after 300 min 
of electrolysis, whereas Fig. 16e illustrates that the smaller ECTOC =

0.057 kWh (g TOC)− 1 was determined for the lower j = 25 mA cm− 2 (see 
also Table 4), The authors detected 13 aromatic derivatives by LC-MS/ 
MS and quantified the evolution of 7 final carboxylic acids by ion- 
exclusion HPLC. It was thus confirmed that total mineralization ach-
ieved by homo-SPEF was feasible by the total removal of all carboxylic 
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Fig. 15. (a) Percentage of color removal, (b) normalized COD, (c) average current efficiency, and (d) energy consumption per unit COD mass vs. time for the 
remediation of 6 L of 0.192 mM of the azo dye Acid Red 1 with 0.025 M Na2SO4 + 0.035 M NaCl in pure water at pH 3.0 by EO-H2O2, homo-EF-like, homo-PEF-like, 
and homo-SPEF-like using a flow pre-pilot plant with an FM01-LC reactor equipped with a DSA anode and a stainless steel cathode, and a compound parabolic 
collector (CPC) photoreactor under 15 W UVA light or direct sunlight, at liquid flow rate = 3.2 L min− 1 and j = 15 mA cm− 2. The Fenton-based processes were made 
with 0.40 mM Fe2+. (e) Time-course of the concentration of carboxylic acids detected in the above runs. 
Adapted from [129] 
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acids due to the fast photolysis of their Fe/III) complexes by reaction 
(40). 

5.2. Heterogeneous process 

Few articles have considered the remediation of dyes solutions by 
hetero-PEF with solid catalysts [136–138]. It is noticeable the work of 
Pinheiro et al. [137] who used a two-electrode tank reactor like of 
Fig. 3a with a Pt anode and a GDE cathode under UVA light to treat 350 
mL of 100 mg L− 1 of the azo dye Sunset Yellow in 0.10 M Na2SO4 or 0.13 
M NaCl with 0.25 g of Fe3O4 as the catalyst at pH 3.0 and 20 ◦C by 

applying an I = 100 mA lasting 90 min. They found that Fe3O4 gave a 
low quantity of heterogeneous •OH from the heterogeneous Fenton’s 
reaction (28) to destroy the dye in front of the high amount of active 
chlorine formed from reactions (23) and (24). So, total discoloration was 
obtained after 15 min of hetero-EF and hetero-SPEF in 0.13 M NaCl, 
whereas these processes were much slower in 0.10 M Na2SO4, with 55% 
and 78% color removal, respectively (see Table 4). In contrast, similar 
TOC decay and MCE and ECTOC values were found for the hetero-SPEF in 
both media at 90 min (see Table 4). This points to an effective formation 
of heterogeneous •OH from Fe3O4 for the simultaneous non-selective 
removal of the dye and its by-products. This means that the attack of 

Fig. 16. (a) Sketch of the solar flow pre-pilot plant with a two-electrode reactor and a solar CPC photoreactor used for the homo-solar PEF (SPEF) process of the azo 
dye Acid Blue 29. The two-electrode reactor was a filter-press cell equipped with a DSA anode and a carbon-PTFE air-diffusion (GDE) cathode. (b) Percentage of 
normalized absorbance and (c) Acid Blue 29 concentration vs. time for the EO-H2O2, homo-EF and homo-SPEF treatments with the above pre-pilot plant at 25 and 50 
mA cm− 2 (stated the numbers in parenthesis) of 10 L of 233.5 mg L− 1 of dye with 0.050 M Na2SO4 in pure water at pH = 3.0, 35 ◦C, liquid flow rate = 150 L h− 1, and 
solar irradiation = 1240 mW cm− 2. 0.50 mM Fe2+ were added for homo-EF and homo-SPEF. (d) Percentage of TOC removal and (e) energy cost per unit TOC mass 
after 300 min of the above assays. 
Adapted from [132] 
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active chlorine over the dye was much more selective, thus yielding a 
much quicker discoloration. The authors find a good reusability of the 
catalyst after 8 consecutive cycles by hetero-PEF with Na2SO4, corrob-
orating its practical application. 

dos Santos et al. [139] proposed the mineral sodium vermiculite as a 
solid catalyst for the hetero-SPEF remediation of 130 mL of 0.075–0.225 
mM of the diazo dye Ponceau SS (see chemical structure in Fig. 1) in 
0.050 M Na2SO4, at pH 3.0, and 25 ◦C. The catalysts used were 0.018 
mM Fe2+ for homo-EF or 0.25–2.0 g L− 1 sodium vermiculite for hetero- 
EF, hetero-PEF, and hetero-SPEF. The electrolytic system was a two- 
electrode tank reactor like of Fig. 3a with a BDD anode and a carbon- 
PTFE GDE cathode fed with 400 mL min− 1 of air by applying a j =
16.6–66.6 mA cm− 2 upon illumination with a 6 W UVA light or direct 
sunlight. Fig. 17 shows the best results obtained for 0.150 mM dye, 1.0 g 
L− 1 of sodium vermiculite, and j = 33.3 mA cm− 2. From Fig. 17a, one 
can infer an enhancement of the percentage of color removal as: EO- 
H2O2 < homo-EF < hetero-EF < hetero-PEF < hetero-SPEF, indicating a 
greater oxidation power of the heterogeneous •OH formed at the sodium 
vermiculite surface than homogeneous •OH proceeding from Fe2+. Total 
loss of color with kdis = 0.914 min− 1 was achieved after 300 min of 
hetero-SPEF (see Table 4). This process also yielded quicker TOC 
removal, up to 84% at 360 min (see Fig. 17b), with the higher MCE =
6.6% (see Fig. 17c). The partial mineralization attained can be attrib-
uted to the incomplete removal of the final carboxylic acids since their 
complexes with the surface ≡Fe(III) were more slowly photo-
decarboxylated than those with soluble Fe(III). Fig. 17d illustrates the 
presence of large amounts of tartronic, malic, oxamic, and oxalic acids in 
the final solution of hetero-SPEF, preventing their total mineralization. 

6. Combined processes 

Several combined treatments of EF and PEF have been proposed to 
upgrade the removal of dyes in waters. They include MFCs, other hybrid 
processes, and sequential treatments, which will be detailed in this 
section. The best results obtained from selected works are listed in 
Table 5. 

6.1. Microbial fuel cells 

A reduced number of papers have described small MFCs as an elec-
trical energy source and simultaneous EF destruction of dyes such as 
Methylene Blue (see chemical structure in Fig. 1) [140], Methyl Orange 
[141,142], Rhodamine B [142], Acid Orange G [143], and Reactive 
Black 5 [144]. 

The dual-chamber separated by a proton exchange membrane (PEM) 
with a carbon fiber anode and a carbon fiber|Fe-Mn-Mg cathode 
designed by Wang et al. [140] is schematized in Fig. 18a. Carbohydrate 
active enzymes acted in the anodic biofilms in an anaerobic environ-
ment enhancing the biofilm degradation and the electron transfer and 
yielding an excess of sludge, whereas the hetero-EF took place in the 
cathodic compartment filled with 30 mg L− 1 of Methylene Blue in 0.10 
M Na2SO4 at pH = 2.0–7.0, upon an air flow rate = 200–500 mL min− 1. 
An external resistance between 10 and 1000 Ω was used. The best results 
were determined at pH 3.0 after 480 min, where 93.5% discoloration 
and 27.5% COD removal were achieved with an external resistance =
100 Ω and air flow rate = 400 mL min− 1 (see Table 5). This small MFC 
operated with an open circuit voltage = 0.96 V and power density =
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Fig. 17. Time course of the (a) percent of color removal, (b) normalized TOC, and (c) mineralization current efficiency for the EO-H2O2, homo-EF, hetero-EF, hetero- 
PEF, and hetero-SPEF treatments of 130 mL of 0150 mM of the diazo dye Ponceau SS with 0.050 M Na2SO4 in pure water at pH 3.0 and 25 ◦C using a two-electrode 
tank reactor with a BDD anode and a carbon-PTFE GDE cathode under 6 W UVA light or direct sunlight by applying a j = 33.3 mA cm− 2. The homo-EF process was 
carried out with 0.018 mM Fe2+, whereas the hetero ones were made with 1.0 g L− 1 sodium vermiculite as the catalyst. (d) Evolution of the concentration of 
carboxylic acids detected during the hetero-PEF assay. 
Adapted from [139] 
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Table 5 
Selected results reported for combined EF-based treatments of synthetic organic dyes from wastewaters.  

Dye System (anode/cathode) Experimental remarks Best results Ref. 

Microbial fuel cell (MFC)    
Methylene Blue Dual-chamber with closed cylinder anodic 

and rectangular parallelepiped part 
separated by a PEM a 

(carbon fiber/carbon fiber|Fe-Mn-Mg) 

Excess of sludge in the anodic chamber under 
an anaerobic environment. 
30 mg L− 1 dye in pure water, 0.10 M Na2SO4 in 
the cathodic-chamber, pH = 2.0–7.0, external 
resistance = 10–1000 Ω, air flow rate =
200–500 mL min− 1, 480 min 

93.5% discoloration, and 27.5% COD removal 
for pH 3.0, external resistance = 100 Ω, and air 
flow rate = 400 mL min− 1. Open circuit 
voltage = 0.96 V and power density = 1.99 W 
m− 3, (Control: 0.81 V and 1.31 W m− 3). 
Thirteen aromatic derivatives identified by LC- 
MS. Generated oxidants detected by 
scavengers. Carbohydrate active enzymes on 
anodic biofilms enhanced biofilm degradation 
metabolism, reaction rate, and electron 
transfer 

[140] 

Rhodamine B 
Methyl Orange 

Dual-chamber MFC powered double- 
cathode reactor (Pt/air–cathode and CF 
cathode). 
Air cathode for H2O2 generation and CF for 
cathodic iron reduction 

50 mM of PBS served as anodic substrate 
containing 1 g L− 1 C2H3NaO2, 12.5 mL L− 1 

minerals, 5 mL L− 1 vitamins. In cathodic- 
chamber, 14 mL of 40 or 74 mg L− 1 of dye in 
pure water, 0.050 M Na2SO4, 0.50 mM Fe2+, 
pH = 2.80, 25 ◦C, external resistor =
50–10000 Ω 

64.5 mg L− 1 of accumulated H2O2 with AC&G 
(1:5) b air cathode with CE = 49% from − 0.4 
to − 1.2 V/Ag|AgCl in 60 min and j = 2.5 mA 
cm− 2. For CF cathode, 95.4% iron reduction in 
20 min with rate constant of 0.11 min− 1 at 
− 0.8 V/Ag|AgCl. After 10 min of MFC-EF of 40 
mg L− 1 Rhodamine B: 97% discoloration and 
98.2% TOC decay with MCE = 6.22%. 
Maximum power densities of 1.51, 1.11, and 
0.66 W m− 2 at − 0.8, − 0.6, and − 0.4 V/Ag| 
AgCl. Six aromatic by-products detected via 
LC-MS and nine final carboxylic acids were 
quantified by HPLC 

[142] 

Acid Orange 7 Three systems: 
I. Single-chamber reactor for hetero-EF 
(Graphite/Fe@KSC c) 
II. Two-electrode AMEFS d 

(CB|SSM e/Fe@KSC-800) 
III. Single-electrode AMEFS 
(Fe@KSC-800/ Fe@KSC-800) 

For system I: 28 mL of 13.35 mg L− 1 dye in 
pure water, 5 g L− 1 Na2SO4, 30 ◦C, Ecat from 
− 0.5 -to + 0.2 V/Ag|AgCl, 24 h. 
For system II: 28 mL of anolyte with 50 mM 
PBS (pH = 7.0) containing vitamin and trace 
metal (0.31 g L− 1 NH4Cl, 0.13 g L− 1 KCl, 3.04 g 
L− 1 NaH2PO4⋅H2O, 10.923 g L− 1 

Na2HPO4⋅H2O, 12.5 mL L− 1 mineral, and 12.5 
mL L− 1 vitamin) and 20 mM sodium acetate. 
Ecat = +0.2 V/Ag||AgCl for preselecting 
electroactive biofilms at CB/SSM. 28 mL of 
catholyte with 20–50 mg L− 1 of dye in pure 
water, 5 g L− 1 Na2SO4, load = 0–1000 Ω, 30 ◦C 
For system III: 28 mL of 20–50 mg L− 1 dye in 
pure water, 50 mM PBS with vitamin, trace 
metal, 20 mM sodium acetate, 5 g L− 1 Na2SO4, 
30 ◦C, load = 0–1000 Ω, 24 h 

For system I, 90% discoloration with Fe@KSC- 
800 cathode at − 0.3 V and − 0.5 V/Ag|AgCl, 
whereas only 30% discoloration for Fe@KSC- 
900. 
For system II, 96% discoloration for 13.5 mg 
L− 1 dye in the absence of external resistance. 
Using the single-electrode AMEFS for system 
III, 98% discoloration for 13.5 mg L− 1 dye in 
the absence of external resistance, quite stable 
after six cycles. Discoloration was 94–96% for 
20–50 mg L− 1 of dye.No  
need for extra addition of Fe2+ as Fenton 

catalyst and pH control using AMEFS, 
especially for the single-electrode one 

[143] 

Other hybrid processes    
Reactive Black 5 Self-power crossflow two-electrode cell 

integrated nanofiltration and EF process 
(Stainless-steel/ graphite paper) and NF270 
membrane 

20 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, 0.20 mM Fe2+, pH = 3.0, air flow rate 
= 5 mL min− 1, 120 min 

Energy harvested from hydraulic pressure 
vibration into electrical energy via PENG f 

ceramic and used for EF. (219.6 V voltage at 20 
psi pressure). 
8.8% discoloration for rectified negative and 
positive wires imposed to electrode > 6.8% for 
alternating piezoelectricity > 4.5% for rectified 
positive and negative wires imposed to 
electrodes. The low performance of dye 
degradation mainly came from low H2O2 

accumulation (2.65 mg L− 1 after 120 min) 

[146] 

Amaranth Dual-chamber photocatalytic fuel cell 
(PFC)/EF reactor with two identical 
chambers (C|ZnO/carbon) under 36 W UVA 
lamp/(Fe /carbon) 

500 mL of 10 mg L− 1 of dye in pure water, pH 
= 5.7 in PFC and pH = 3.0 in EF, 25 ◦C, 
external load = 1 kΩ, air flow rate = 1 L min− 1, 
480 min. Four configurations with different 
number of cathodes and anodes so-called S1, 
S2, S3, and S4 

Discoloration increased both in PFC and homo- 
EF with decreasing electrode distance. Better 
discoloration, 94.0% with kdis = 0.3610 h− 1 for 
PFC by S1 and 78.1% with kdis = 0.2204 h− 1 for 
EF by S2 at 2 cm electrode distance. 
Maximum power for S1 to S4 configurations; 
25.3934 27.8347, 30.9602, and 38.7434 μW 

[149] 

Acid Orange 7 
Real WWTP effluent 

Cylindrical reactor for AC adsorption and EF 
system (porous carbon/porous carbon) 

2.0 L of 10 mg L− 1 dye in pure water or real 
WWTP effluent, 4 mM K2SO4, pH = 7.0, 20 ◦C, 
Fe(II) loaded resin = 2 g, liquid flow rate = 50 
mL min− 1, j = 0–2.27 mA cm− 2, 60 min 

3.5 and 6.6 mg L− 1 of H2O2 accumulation in 60 
min under air and O2 saturation at 2.27 mA 
cm− 2, without granular AC and Fe(II) loaded 
resin. •OH concentration increased from 1 to 
1.70 µM with 100% packing level of AC using 
Fe(II) loaded resin at j = 1.36 mA cm− 2. 
Discoloration of 59, 70, 80 and 83% in 90 min 
for j of 0.45, 0.90, 1.36 and 2.27 mA cm− 2, in 
pure water. Lower (around 10%) for WWTP 
effluent with 35% AC packing level 

[151] 

Bright Blue FCP Three compartments (C1-C3) connected in 
series used for AC adsorption and EF process 
(graphite cloth/graphite cloth) 

100 mg L− 1 of dye in pure water, 0.050 M 
Na2SO4, pH = 3.0, liquid flow rate = 30 mL 
min− 1, I = 0.5 A (Ecell = 8 V), 40 min. 

Influence of AC pretreatment, AC source, 
particle distribution, and amount of iron 
loaded on resin over discoloration investigated 

[152] 

(continued on next page) 
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Table 5 (continued ) 

Dye System (anode/cathode) Experimental remarks Best results Ref. 

Resins in C1 adjacent to the cathodic side of C2 

loaded with 0.25–2.5 mM Fe(II) and acid, 
whereas resins in C3 loaded with Na+

by response surface methodology. AC source 
was the most significant factor, followed by 
interaction of the AC source with other 
parameters. 98.4% of discoloration in 20 min 
of AC adsorption and 40 min of hetero-EF with 
2.9 mg L− 1 Fe loaded on resin. Cation exchange 
resins in C1 and C3 for delivering and retaining 
Fe and acid 

Acid Orange 7 Real 
wastewater from 
industry 

Two-electrode reactor for electro-peroxone 
and ultrasound (EP/US) process (Pt/GF) 

650 mL of 50 mg L− 1 of dye in pure water, 
0.010 M Na2SO4, pH = 3.0–9.0, air flow rate =
0.5 L min− 1, O3 dosage = 15–41 mg L− 1 (US 
power = 100 W), 0.50 mM Fe2+ for homo-EF 
comparison, I = 100–400 mA, 60 min 

100% discoloration in 20 min with 88% 
mineralization at 60 min for EP/US at pH = 7.0 
with 33 mg L− 1 O3 dosage and I = 300 mA >
68.5% for O3/US > 49.8% for O3. kdis for EP/ 
US with Na2SO4, NaCl, and NaNO3: 0.276, 
0.0696, and 0.0644 min− 1. 73% and 80 % 
discoloration for homo-EF and US/EF after 30 
min of electrolysis. For the real wastewater, 
BOD5/COD grew from 0.18 to 0.36 and 0.32 
after 60 min of EP/US and EP 

[153] 

Orange G Undivided dual-anode reactor for PEC/PEF 
process (TiTiO2 anode and stainless steel 
anode/graphite) under 8 W UVA light 

200 mL of 0.10 mM dye in pure water, 0.10 M 
Na2SO4, 0.10 mM FeSO4, pH = 3.0–5.0, O2 

flow rate = 200 mL min− 1, 75 and 45 μA cm− 2 

on Ti|TiO2 and stainless steel, radiation 
density = 0.33 mW cm− 2, 180 min 

Discoloration followed the order: PC ＜ PEC ＜ 
PEC- 0.10 mM FeSO4 ＜ homo-EF ＜PEC/PEF 
with 99.8% decolorization at pH 3.0. The 
carbon oxidation state changed from − 0.21 to 
+ 2.03 after 7 h of PEC/PEF. 6 μM Fe2+

concentration needed in the PEC/PEF system 
as compared to 0.1–0.8 mM for the 
conventional Fenton or homo-EF 

[156] 

Indigo 
Carmine 

Two-electrode tank reactor (Pt or TiO2 NTs 
/air-diffusion cathode or stainless steel 
(AISI 304) sheet) upon 36-W UV LED 

150 mL of 0.260 mM dye in pure water, 0.050 
M Na2SO4, 0.50 mM Fe2+, pH = 3.0, 25 ◦C, j =
2–3 mA cm− 2, 120 min 

2.6 mg L− 1 of H2O2 accumulation with 
maximum CE = 107% in homo-PEF and 3.2 mg 
L− 1 with CE = 101% in PEC/PEF. 46% 
discoloration by PEC with TiO2 NTs/air- 
diffusion at j = 3 mA cm− 2. 100% discoloration 
in 30–35 min in homo-EF with Pt or TiO2 NTs 
anode and homo-PEF with Pt anode at such j. 
kdis: 0.058, 5.1 × 10− 3, 4.9 × 10− 3, and 2.2 ×
10− 3 min− 1 for PEC/PEF, PEC, EO with Pt/ 
stainless steel, and EO-H2O2. TOC removal: 
4.6%, 43.2%, 81.5%, and 84.6% for EO-H2O2 

with a Pt anode, homo-EF with a Pt anode, 
homo-PEF with a Pt anode, and PEC/PEF with 
TiO2 NTs at j = 3 mA cm− 2 at 480 min. MCE 
rose in the sequence: EO-H2O2 ≪ homo-EF ≪ 
homo-PEF < PEC/PEF (131.4%). Isatin-5- 
sulfonic acid identified as primary derivative 
by HPLC and final carboxylic acids detected by 
ion-exclusion HPLC 

[157] 

Sequential processes    
Acid Blue 29 Continuous EC single-cell reactor - ECO-cell 

g for PEF-like process (1018-steel plates/ 
1018-steel plates) - (Ti|Ir-Sn-Sb oxides 
/316-type stainless-steel) upon 15 W UVA 
light 

EC: 2 L of simulated tannery effluent with 
0.71–1.42 mM dye in pure water, COD =
150–300 mg L− 1, 2000 mg L− 1 NaCl, neutral 
pH = 7.0, j = 12–36 mA cm− 2, linear flow rate 
(u) = 0.69–3.47 cm s− 1, linear flow velocity 
(tR) = 23, 11.5, 7.7, and 4.6 s, 60 min for flocs 
sedimentation. 
PEF-like process: 0–0.4 mM Fe2+ added, pH =
3.0, j = 15 mA cm− 2, u = 24.2 cm s− 1, 480 min 

For EC at 150 mg L− 1 COD, discoloration of 12, 
61, 83, 85, and 84% for 12, 18, 24, 30, and 36 
mA cm− 2, respectively, at the lowest flow 
velocity of 0.69 cm s− 1. 62% COD removal at 
0.69 cm s− 1 and 36 mA cm− 2 with EC = 1.689 
kWh m− 3. 131, 197, 258, 324, and 400 mg L− 1 

of Fe obtained at 12, 18, 24, 30, and 36 mA 
cm− 2, respectively. 
For PEF-like, 100% discoloration and 84% 
COD removal at j = 36 mA cm− 2 and 0.69 cm 
s− 1 of residual dye by active chlorine-based 
PEF-like. 
Detection of the components of iron flocs. Total 
cost via the hybrid process EC/PEF-like was 
0.87 and 0.89 USD m− 3 for 150 and 300 mg L− 1 

COD, respectively 

[158] 

Methylene Blue Three-electrode reactor for hetero-EF - 
aerobic granular sludge (AGS) 
(Ti|IrO2-RuO2/GF) 

Hetero-EF: 0.2 L of 100 mg L− 1 dye in pure 
water, 0.050 M Na2SO4, Fe-C catalyst = 10 g 
L− 1, pH = 3.0, Ecat = -0.75 V/SCE, air flow rate 
= 0.6 L min− 1, 120 min. 
AGS: 0.2 L of supernatant from hetero-EF, pH 
= 7.5, air flow rate = 0.6 L min− 1, 360 min 

94.2 mg L− 1 of H2O2 accumulation with CE =
91.2% for modified GF, 2-fold higher than 46.2 
mg L− 1 for raw GF. For hetero-EF, 90.2% and 
97.9% discoloration for PEDOT:NaPSS 
modified GF i and GO/PEDOT:NaPSS modified 
GF j in 30 min > 69.7% for raw GF in 120 min. 
68.9%, 73.2% and 47.6% TOC removal for 
PEDOT:NaPSS, GO/PEDOT:NaPSS. and raw 
GF. 
TOC and COD removals for the hetero-EF-AGS: 
86.5% and 60.5% 

[164] 

Real textile 
wastewater 

Two-electrode tank reactors for EC-EF (Fe/ 
Fe) - (BDD/CF) 

EC: 400 mL of real textile wastewater with 
Methylene Blue as the main dye (COD = 325 
mg L− 1, TOC = 52 mg L− 1, BOD5 = 35 mg L− 1), 

97% TOC removal for EC-EF. ECTOC (kWh (g 
TOC)− 1): 0.003 for EC at 20 mA cm− 2 < 0.0182 
for EC-EO at 10 mA cm− 2 < 0.00045 for EC-EF 

[160] 

(continued on next page) 
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1.99 W m− 3. The authors identified 13 aromatic derivatives of the dye by 
LC-MS and generated oxidants were detected by scavengers. 

Wang et al. [142] proposed a dual-chamber MFC powered with a 
double-cathode reactor. Fig. 18b shows the cathodic chamber with a Pt/ 
air–cathode system for H2O2 generation from an applied j or Ecat and a 
CF cathode for cathodic iron reduction when connected to a biofilm 
anode that spontaneously yielded CO2 from a 50 mM PBS substrate (see 
composition in Table 5) in the anodic chamber. The EF reactions 
occurring at the cathodic chamber for dye removal are schematized as 
well. The air cathode was a 1:5 mass ratio of AC and graphite powder 
(AC&G) and a PEM separated both solutions. This curious arrangement 
aimed to minimize the electricity consumption for dye removal, sup-
plied to the Pt/air–cathode system and partially countered by that 
produced by the coupled MFC. The cathodic chamber contained 40 mg 
L− 1 of Rhodamine B or 74 mg L− 1 of Methyl Orange in 0.050 M Na2SO4 
with 0.50 mM Fe2+ at pH = 2.80 and 25 ◦C. Table 5 shows the best 
results obtained, being remarkable the excellent ability of the CF cath-
ode for Fe2+ reduction favoring the 97% discoloration and 98.2% TOC 
decay with MCE = 6.22% achieved by the Rhodamine B solution in only 
10 min at a low j = 2.5 mA cm− 2, demonstrating the high oxidative 
effectiveness of the hybrid system. Maximum power densities of 1.51, 
1.11, and 0.66 W m− 2 for the MFC were determined at − 0.8, − 0.6, and 
− 0.4 V/Ag|AgCl applied to the air cathode. 6 aromatic by-products of 
Rhodamine B were detected by LC-MS, along with 9 final carboxylic 
acids quantified by HPLC. 

Yu et al. [143] considered three systems including two automatic 
MFC-EF systems for Acid Orange 7 (AO7) removal. The system I corre-
sponded to a two-electrode reactor like of Fig. 3a for the hetero-EF 
process and Fig. 18c presents the sketch related to a two-electrode 
configuration with the cathode separated from the bioanode (System 
II, left) and that of a single-electrode configuration with the 
microchannel-structured carbon as both anode and EF cathode (system 
III, right). The different operating variables of these three systems with 
different Fe@KSC cathodes at several calcination temperatures (800 and 
900 ◦C) are given in Table 5. The intermediate box of Fig. 18c remarks 
the main EF reactions involved in dye destruction. From the data of 
Table 5, one can infer that the best performance was reached with 
System III that yielded 98% discoloration after a long treatment of 24 h 
for 13.5 mg L− 1 dye in the absence of external resistance, quite stable 
after six cycles. The loss of color was slightly decreased to 94–96% for 
20–50 mg L− 1 of dye. Note that the cathodes were well efficient in these 
systems and non-extra addition of Fe2+ as Fenton catalyst and pH con-
trol was required. 

The above findings highlight the effectiveness of MFC systems with 

homo-EF and hetero-EF for dyes removal, although much more research 
is needed for its feasible implementation in practice. 

6.2. Other hybrid processes 

Other hybrid treatments have been developed for the removal of 
dyes with persulfate/EF [145], nanofiltration/EF [146], photocatalytic 
fuel cell (PFC)/EF [147,148,149,150], AC adsorption/EF [151,152], 
electroperoxone/ultrasound (EP/US) [153], US/PEF [154], US/persul-
fate/PEF [155], and photoelectrocatalysis (PEC) with EF [156] or PEF 
[157]. 

A flow stainless-steel/graphite paper cell connected to a nano-
filtration (NF270) membrane was checked to remediate a solution of 20 
mg L− 1 of the diazo dye Reactive Black 5 in 0.050 M Na2SO4 with 0.20 
mM Fe2+ at pH = 3.0 with air flow rate = 5 mL min− 1 for 120 min [146]. 
However, this hybrid system only gave a very small discoloration of 
8.8% as maximal due to the low H2O2 generated (see Table 5) and hence, 
it was not a valid proposal for dye treatment. 

Much better performance has been described by Thor et al. [149] 
who proposed four hybrid PFC/EF configurations for the parallel 
treatment of two solutions of 500 mL of 10 mg L− 1 of the azo dye 
amaranth in pure water at pH = 5.7 in PFC, pH = 3.0 in EF, and 25 ◦C. 
The PFC cell contained a C|ZnO photoanode illuminated with a 36 W 
UVA light and a carbon cathode, whereas the EF cell contained an iron 
anode and a carbon cathode under an air flow rate = 1 L min− 1. In the 
PFC cell, the light irradiation caused the separation of charges with an 
electron in the conduction band (eCB

− ) and a hole in the valence band 
(hVB

+ ) over the semiconductor photoanode by reaction (43). Spontane-
ously, the photoexcited eCB

− then circulated to the cathode, and so, the 
remaining hVB

+ reacted either with organic pollutants or more quickly 
with H2O to originate •OH from the reaction (44).  

Semiconductor + hν → eCB
− + hVB

+ (43)  

H2O + hVB
+ •OH + H+ (44) 

The EF cell worked by the current supplied by the PFC with an 
external load = 1 kΩ by dissolving the iron anode to Fe2+ to further react 
with electrogenerated H2O2 at the cathode yielding homogeneous •OH 
from Fenton’s reaction (1). This corresponds to a variant of homo-EF so- 
called peroxi-coagulation [1]. Fig. 19a shows the schemes of the four 
configurations tested with different number of cathodes and anodes, so- 
called S1, S2, S3, and S4. It was found that discoloration always 
increased at a smaller electrode gap, being optimal for 2 cm. Under these 
conditions, Fig. 19b and c highlight a quite similar percentage of color 

Table 5 (continued ) 

Dye System (anode/cathode) Experimental remarks Best results Ref. 

pH = 8.75, j = 20 mA cm− 2, 60 min 
EF: pH = 3.0, 25 ◦C, j = 10 mA cm− 2, 60 min 

at 10 mA cm− 2. BOD5/COD grew from 0.1 to 
0.46 after EC-EF. Removal efficiencies of 74, 
89, 75, 84, and 74% for Cu, Mn, Zn, Fe, and Cr 
after EC treatment alone and 82, 93, 94, 97, 
and 81% after EC-EF 

Real wastewater from 
a dye 
manufacturing 
industry 

Two-electrode tank reactor for EF-US 
process 
(Graphite/graphite) 

750 mL of real dye wastewater (COD = 15360 
mg L− 1, TOC = 20040 mg L− 1, BOD5 = 90 mg 
L− 1, NH4-N = 741.44 mg L− 1), 50–200 mg L− 1 

of FeSO4 pH = 0.89–3.5, 25 ◦C, Ecell = 1–4 V, 
120 min.Sonication  
(33 kHz frequency and 100 W power), 
38–40 ◦C, 60 min 

59.4% and 79.2% for NH4-N and COD removals 
by homo-EF with 100 mg L− 1 FeSO4 at pH 3.0 
and 3 V. Further improvement by subsequent 
sonication to 63.2% and 81.3%, respectively. 
In EF-US, ECCOD = 0.0837 kWh (g COD)− 1 and 
EC for NH4-N = 2.985 kWh g− 1. BOD5,/COD 
increased from 0.00585 to 0.0265 after 120 
min of EF 

[162]  

a PEM: proton exchange membrane. 
b AC&G(1:5): cathode prepared with 1:5 mass ratio of AC and graphite powder. 
c Fe@KSC: direct carbonization of Kenaf (Hibiscus cannabinus) and then decorated with iron oxides. d AMEFS: automatic microbial electro-Fenton systems. 
e CB|SSM: carbon black modified stainless steel. 
f PENG: piezoelectric nanogenerator. g: ECO-cell: filter-press reactor. 
i PEDOT: NaPSS modified GF: poly (3,4-ethylenedioxythiophene) (PEDOT) and sodium polystyrenesulfonate (NaPSS) modified graphite fiber (GF). 
j GO/PEDOT: NaPSS modified GF: graphene oxide with PEDOT|NaPSS modified GF. 
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removal for all PFC and EF configurations, with maximum values at 480 
min of 94.0% with kdis = 0.3610 h− 1 for PFC by S1 and 78.1% with kdis 
= 0.2204 h− 1 for EF by S2. Nevertheless, a greater power of 38.7434 μW 
was achieved for the S4 configuration. This procedure then allowed 
efficient dye destruction with electricity production in an analogous way 
to an MFC. In the next future, more research should check the feasible 
use of more cost-effective PFC cells under sunlight, avoiding the electric 
cost of artificial UVA lamps. 

Hybrid AC adsorption/EF systems [151,152] led to good discolor-
ation of several synthetic and real wastewater with dyes, as can be seen 
in Table 5. A more complex and potent hybrid process involving EP/US 
has been developed by Ghanbari et al. [153]. The scheme of the two- 
electrode system tested is depicted in Fig. 20a. It contained a Pt 

anode, a GF cathode, and a sonoctrode of 100 W to generate a low fre-
quency of 25 kHz of US. An air flow rate = 0.5 L min− 1 and an O3 dosage 
= 15–41 mg L− 1 were maintained in 650 mL of 50 mg L− 1 of the azo dye 
Acid Orange 7 with 0.010 M Na2SO4 in pure water at pH = 3.0–9.0 by 
applying an I = 100–400 mA lasting 30 min. In EP, the electrogenerated 
H2O2 at the cathode reacted with injected O3 to form homogeneous •OH 
from the peroxone reaction (45). Additionally, O3 can directly attack 
organic pollutants as well. The US raised the mass transport of all these 
species to accelerate their reaction.  

2H2O2 + 2O3 → H2O + 3O2 + HO2
• + •OH                                     (45) 

This EP/US system allowed efficient working at neutral pH that is 
beneficial for the treatment of natural waters and real wastewater. 
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(MFCs) coupled with EF for dyes removal. (a) Dual- 
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Fig. 20b shows a faster discoloration of the above solution at pH = 7.0, 
O3 dosage = 33 mg L− 1, and I = 300 mA in the sequence: O3 < O3/US <
homo-EF (with 0.50 mM Fe2+) < homo-EF/US < EP < EP/US. The latter 
process gave rapid overall discoloration in only 20 min with kdis = 0.276 
min− 1(see Table 5). Fig. 20c illustrates that this kdis-value was strongly 
reduced with 0.010 M NaCl or NaNO3 due to the scavenging effect of Cl−

and NO2
− (formed at the cathode from NO3

− reduction) over O3. The 
mineralization ability of EP/US was also superior to the other methods, 
achieving 88% TOC abatement after 60 min of electrolysis, as shown in 
Fig. 20d. This treatment was extended to real industrial wastewater 
contaminated with 50 mg L− 1 Acid Orange 7 and found a growth of the 
BOD5/COD from 0.18 to 0.36 (see Table 5). This suggests that the EP/US 
process could be applied as a pre-treatment of real wastewater polluted 
with dyes, followed by a biological treatment for their cheaper and more 

effective decontamination. 
The combination of PEC and EF represents an excellent hybrid 

treatment of dyes. Liu et al. [156] used this arrangement to remediate 
solutions of the azo dye Orange G, whose chemical structure is given in 
Fig. 21a. Fig. 21b shows the schematic diagram of the undivided dual- 
anode reactor tested by these authors in which the tank reactor with 
the solution contained a Ti|TiO2 photoanode exposed to an 8 W UVA 
light and a stainless-steel anode coupled to each graphite cathode. So, 
two independent Ti|TiO2/graphite and stainless-steel/graphite systems 
for PEC and homo-EF, respectively, were simultaneously electrolyzed by 
two power supplies. The PEC process involved the photocatalysis (PC) of 
the semiconductor TiO2 by UVA light through reaction (43), followed by 
the extraction of the photoexcited eCB

− by the external current causing a 
high concentration of oxidant hVB

+ . While a small amount of M(•OH) 
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Adapted from [149] 
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from reaction (6) was formed at both anodes, a large quantity of •OH 
was originated from: (i) the oxidation of H2O with hVB

+ by reaction (44) 
at the photoanode surface from PEC and (ii) Fenton’s reaction (1) from 
the electrogenerated H2O2 at both graphite cathodes and added Fe2+

from homo-EF. Fig. 21c depicts the normalized absorption measured for 
several treatments of 200 mL of 0.10 mM of dye with 0.10 M Na2SO4 and 
0.10 mM Fe2+ at pH = 3.0 using 75 and 45 μA cm− 2 on Ti|TiO2 pho-
toanode and stainless-steel anode, respectively, for 180 min. The 
discoloration followed the order: PC ＜ PEC ＜ PEC- 0.10 mM FeSO4 ＜ 
homo-EF ＜PEC/PE. For the latter most powerful process, the solution 
became colorless in 150 min. The authors remarked on the very low 
amount of Fe2+ catalyst needed in the hybrid PEC/EF system of only 6 
μM, a value much lower than 0.1–0.8 mM necessary for the conventional 

Fenton or homo-EF (see Table 5). 
Another interesting paper has been published by Oriol et al. [157] 

dealing with the treatment of Indigo Carmine (see the chemical formula 
in Fig. 1) by a hybrid PEC/PEF process. They used a two-electrode tank 
reactor with a Pt anode and a stainless-steel cathode for EO, the same 
anode and an air-diffusion cathode for EO-H2O2 (without Fe2+), homo- 
EF, and homo-PEF, a TiO2 nanotubes (NTs) photoanode and a stainless- 
steel cathode for PEC, and the same photoanode and an air-diffusion 
cathode for PEC/PEF. In the photo-assisted processes, the solution was 
illuminated with a 36 W UV LED. The runs were carried out with 150 mL 
of 0.260 mM of the dye in 0.050 M Na2SO4 with 0.50 mM Fe2+ in pure 
water at pH = 3.0, 25 ◦C, and j = 2–3 mA cm− 2 during 120 min. It was 
found a similar H2O2 accumulation (2.6–3.2 mg L− 1) with CE =

Fig. 20. (a). Scheme of the hybrid electroperoxone (EP)/ultrasound (US) system with a Pt anode and a GF (graphite felt) cathode used for Acid Orange 7 azo dye 
removal. (b) Percentage of color removal for various processes of 650 mL of a solution with 50 mg L− 1 of the dye and 0.010 M Na2SO4 in pure water at pH = 7.0, air 
flow rate = 0.5 L min− 1, O3 dosage = 33 mg L− 1 (US power = 100 W), and 0.50 mM Fe2+ for homo-EF comparison using the above cell at I = 300 mA. (c) 
Comparative rate constant for discoloration of Acid Orange 7 for EP/US upon the above conditions with 0.010 M of several electrolytes. (d) Percentage of TOC 
removal after 60 min of the treatments of graphic (b). 
Adapted from [153] 
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101–107% for homo-EF and PEC/PEF at j = 3 mA cm− 2, demonstrating 
the good H2O2 generation at the air-diffusion cathode. Larger perfor-
mance was obtained at j = 3 mA cm− 2 than j = 2 mA cm− 2 due to the 
generation of more •OH from the quicker H2O2 generation, Fe(OH)2+

photolysis, and eCB
− extraction yielding more water oxidation with hVB

+ . 
Table 5 reveals that the percent of color and TOC removal increased in 
the order: EO < EO-H2O2 < PEC < homo-EF < homo-PEF < PEC/PEF. 
The latter process was quite powerful because TOC was reduced by 
84.6% with a high MCE = 131.4% in 480 min. Isatin-5-sulfonic acid was 
identified as the primary derivative by HPLC and final carboxylic acids 
such as oxalic, oxamic, and pre-eminently formic were detected by ion- 
exclusion HPLC. 

More research should be made on the potent PEC/EF and PEC/PEF 
processes for their implementation at a large scale. The use of sunlight as 
an energy source seems necessary to be assessed to develop more cost- 
effective treatments that are more attractive for industrial applications. 

6.3. Sequential processes 

The remediation of dyeing wastewaters has also been investigated by 
sequential processes such as EC-PEF [158,159,160,161], EF-US [162], 
EF-adsorption [163], EF-aerobic granular sludge (AGS) [164], and 
anaerobic-PEF in photo-assisted MFCs [165]. 

Márquez et al. [158,159] have developed the EC-PEF treatment of 
various dyes in NaCl medium. Fig. 22a shows the two-electrode reactor 
with two Fe electrodes and the sketch of the pre-pilot EC set-up used for 
the continuous removal of dyes in solution. EC is based on the contin-
uous dissolution of the Fe anode to Fe2+, which precipitates as Fe(OH)3 
sludge with coagulation of the organic pollutants on its surface. The 
supernatant liquid containing the remaining dye and small contents of 
soluble Fe2+ from EC was further treated by a homo-PEF-like process. 
Fig. 22b schematizes the filter-press two-electrode cell with a Ti|Ir-Sn-Sb 
oxides anode and a 316-type stainless-steel cathode and the pre-pilot 
homo-PEF-like set-up for the sequential decontamination of the pre- 
treated EC effluent. This method was first introduced by Murrieta 
et al. [129], as pointed in subsection 5.1, and consists of the organic 
oxidation by generated HClO and homogeneous •OH from the photolytic 
reaction (35) and the Fenton-like reaction (38) with the Fe2+ solubilized 
in the EC pre-treatment. For the azo dye Acid Blue 29 [158], 2 L of 
0.71–1.42 mM dye (150–300 mg L− 1 COD) with 2000 mg L− 1 NaCl in 
pure water at pH = 7.0 by applying j = 36 mA cm− 2 at a linear flow rate 
(u) = 0.69 cm s− 1 during 60 min were treated by EC for 60 min. As 
expected, Fig. 22c and d highlight a greater percentage of color removal 
(84% vs. 72%) and lower remaining COD (56 vs. 212 mg L− 1) for 0.71 
mM dye as compared to 1.42 mM owing to the smaller organic load. The 
resulting solutions were sequentially treated by homo-PEF like at pH =
3.0, j = 15 mA cm− 2, and u = 24.2 cm s− 1 lasting 480 min, with 400 mg 
L− 1 of solubilized Fe2+ (see Table 5). Again, the best performance was 
achieved for the starting 0.71 mM dye with 100% discoloration and 4.6 
mg L− 1 of remaining COD (97% of COD removal), as shown in Fig. 22c 
and d, with a cost of 0.87 USD m− 3. The sequential EC-PEF then pos-
sesses good effectiveness for dye remediation, opening the door to its 
application to real effluents with Cl− enough to run a homo-PEF-like 
process. Techno-economic studies should be made to benchmark this 
sequential process with other conventional methods. 

Liu et al. [164] proposed the sequential hetero-EF and aerobic 
granular sludge (AGS) process schematized in Fig. 23a for the removal of 
the thiazine dye Methylene Blue with unmodified GF, poly(3,4- 
ethylenedioxythiophene) (PEDOT): sodium polystyrenesulfonate 
(NaPSS) GF, or graphene oxide (GO)|PEDOT: NaPSS GF as alternative 
cathodes. Fig. 23a presents the H2O2 concentration accumulated at 120 
min and CE at 30 min for 0.2 L of 0.050 M Na2SO4 at pH 3.0 under an 
airflow = 0.6 mL min− 1 with the 3 cathodes at Ecat = -0.75 V/SCE during 
120 min. Greater values of 94.2 mg L− 1 H2O2 and CE = 91.2% were 
found for the GO|PEDOT: NaPSS GF cathode. This modified cathode 
offered the best performance for the treatment of 100 mg L− 1 dye with 
10 g L− 1 of C-Fe catalyst (see Table 5), yielding 97.9% discoloration in 
30 min and 73.2% of TOC and 60.5% of COD removal in 120 min. 
Parallel trials with AGS alone at pH 7.5 and air flow = 0.6 mL min− 1 for 
360 min gave smaller values of 63.9% of TOC and 50.3% of COD 
abatements, as can be seen in Fig. 23a. The sequential hetero-EF-AGS 
improved the mineralization of the individual methods to obtain 
86.5% of TOC and 75.7% of COD decays. Hetero-EF treatments with 
other cathodes and catalysts should be assessed to enhance their 
mineralization process and hence, upgrade the above sequential 
method. 

Sequential EC-EF [160] Aganga 2020] and EF-US [162] [Menon 
2021] processes have been described for real wastewaters with dyes (see 
Table 5). The runs of the EC-EF process were performed with separated 
two-electrode tank reactors by treating 400 mL of real textile waste-
water with Methylene Blue as the main dye. EC was carried out with 2 
iron electrodes at pH 8.75 by applying a j = 20 mA cm− 2 for 60 min, and 
the supernatant liquid (with solubilized Fe2+) was then treated by homo- 
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EF with a BDD anode and a CF cathode at pH 3.0 and j = 10 mA cm− 2 for 
60 min as well, Excellent performance of the sequential process was 
found, analogously to reported above in ref. [158,159], with 97% TOC 
removal and a very low ECTOC = 0.00045 kwh (g TOC)− 1 (see Table 5). 
The BOD5/COD ratio strongly grew up to a biodegradable value of 0.46, 
and 81–97% of metals like Cu, Mn, Zn, Fe, and Cr were removed from 
the solution, yielding a more depurated effluent. The sequential EF-US 
was carried out with a graphite/graphite tank reactor for homo-EF 
and a tank reactor equipped with a US of 33 kHz frequency and 100 
W power. The homo-EF process was assessed for 750 mL of real dye 
wastewater by adding 50–200 mg L− 1 of FeSO4 at pH = 0.89–3.5, 25 ◦C, 
and Ecell = 1–4 V lasting 120 min. Under the best conditions of 100 mg 
L− 1 FeSO4 pH 3.0, and Ecell = 3 V, 59.4% of NH4-N and 79.2% COD 
removals were found, which slightly raised up to 63.2% and 81.3%, 

respectively, after 60 min of US (see Table 5). Although low ECCOD =

0.0837 kWh (g COD)− 1 and EC for NH4-N = 2.985 kWh g− 1 were 
calculated for this sequential EC-US process, much better performance 
has been reported by the above sequential EC-EF because of the very low 
oxidation power of US that seems rather unappropriated for a sequential 
process. 

7. Conclusions and prospects 

This review summarizes the advances in electrochemical Fenton- 
based processes to remediate synthetic and real wastewaters contain-
ing synthetic organic dyes within the period 2018–2022. The works 
were made at a laboratory scale and provided fundamental information 
on the potential interest of these processes for wastewater remediation. 

Fig. 22. Sketches of (a) the electrocoagulation (EC) reactor with two Fe electrodes and EC set-up, and (b) the electrochemical reactor with a Ti|Ir-Sn-Sb oxides anode 
and a 316-type stainless-steel cathode and homo-PEF-like set-up used for the sequential treatment of the azo dye Acid Blue 29. (c) Percentage of color removal and (d) 
residual COD after 60 min of EC and consecutive 480 min of homo-PEF-like starting from 2 L of 0.71–1.42 mM dye (150–300 mg L− 1 COD) in pure water with 2000 
mg L− 1 NaCl at pH = 7.0 by applying j = 36 mA cm− 2 and linear flow rate (u) = 0.69 cm s− 1, For the homo-PEF-like process, no Fe2+ was added and the pH was 
adjusted to 3.0 at j = 15 mA cm− 2 and u = 24.2 cm s− 1. 
Adapted from [158] 
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However, much more research efforts are required to show their actual 
interest in industrial applications. In this way, the treatment of dyeing 
effluents at a pilot scale should be largely developed to clearly establish 
the advantages and drawbacks of such processes. Electrochemical en-
gineering studies should be made to design appropriate and efficient 
electrolytic reactors with the characterization of optimum operating 
variables to achieve the best performance of treatments. The current 
development of these technologies at a small scale allows the selection of 
good cathodes to electrogenerated H2O2 and provides a vast knowledge 
of the oxidation ability of the oxidizing agents produced in many 
aqueous matrices. The building-up of electrolytic systems at the indus-
trial level should take into account all these advantages for their rapid 

development. Techno-economic studies should also be carried out in the 
next future to show the feasible viability of selected electrochemical 
Fenton-based processes in front of other conventional oxidation 
methods to discolorize and mineralize dyeing effluents. 

The works on the homo-EF process have been centered on the use of 
different cathodes such as raw and modified carbonaceous materials and 
GDE with excellent reusability. Graphite and CF have been widely tested 
as raw carbonaceous cathodes, whereas a large variety of modified 
cathodes have been prepared with higher H2O2 production, thus 
enhancing the •OH production from Fenton’s reaction and the ability to 
destroy the synthetic organic dyes. The GDE possessed a large efficiency 
to electrogenerate H2O2 as well. The best discoloration and minerali-
zation of dye solutions in all homo-EF treatments were then achieved at 
the optimum pH = 3.0 of Fenton’s reaction. This limits their application 
to acidic media since iron ions precipitate as Fe(OH)3 at pH > 4. The 
physisorbed M(•OH) radical formed at the anode surface also played an 
important oxidative role, and so, the quicker degradations of the syn-
thetic organic dyes and their by-products were obtained with a BDD 
anode, much more powerful than other conventional ones like Pt and 
DSA. The discoloration always obeyed pseudo-first-order kinetics, 
whereas the process efficiency increased with decreasing the dye con-
centration and increasing j, although with lower MCE and higher energy 
consumption. Similar behavior has been found for the other electro-
chemical Fenton-based treatments. An enhancement of homo-EF per-
formance has been found in chloride media as compared to sulfate ones 
due to the competitive removal with generated active chlorine. The 
action of this species along with that of hydroxyl radical has then to be 
considered in the treatment of real wastewaters containing Cl− . The 
organic components of these wastewaters are also oxidized, decelerating 
the destruction of dyes. Other metallic ions like Co2+, Ce3+, Ni2+, and 
Mn2+ have shown a good ability for •OH production as catalysts from the 
corresponding Fenton-like reactions, but their toxicity excludes their 
application in homo-EF, where the key catalyst Fe2+ is compatible with 
all living beings. 

The hetero-EF processes with solid catalysts and functionalized 
cathodes have been developed to destroy the synthetic organic dyes near 
neutral pH with very low precipitation of iron ions. This is feasible 
because heterogeneous •OH was produced at the material surface by the 
≡Fe3+/≡Fe2+ cycle through the heterogeneous Fenton’s reaction. Nat-
ural minerals such as pyrite and chalcopyrite regulated the solution pH 
close to 3.0, but they possessed lower power to destroy dyes than iron 
materials like sponge iron and iron-carbon composite at pH = 6.0. Other 
iron solid hetero-catalysts such as nano-stick FeSe2 and Fe83Si5B8P4 also 
yielded a good performance for dyes removal with excellent reusability. 
The same behavior has been described for LaCu0.5Mn0.5O3 perovskite to 
destroy Methylene Blue in the pH range 6.5–8.5. Many solid hetero- 
catalysts composed of iron-bearing materials deposited on supports 
such as magnetic hybrid Hb200 and HbLN, and ZSM-5 with Cu at pH =
3.0, as well as Mn2+ chelated on resins, have shown excellent results. 
Another approach of hetero-EF considered functionalized cathodes that 
simultaneously originated in situ H2O2 and heterogeneous •OH. Several 
iron-containing functionalized cathodes like Fe-NCCC, Fe3O4|ACF, 
ferrocene-graphite|CNTs, graphene|(AlCrCuFeNi)O, and CoFe2O4|CF 
have shown good effectiveness on dye discoloration and mineralization. 
Other excellent cathodes tested were a non-iron cathode such as N-CNF- 
Co|CoOx and a metal-free material like N,S-EEGr-CF, which need more 
attention to understand the role of their oxidizing agents generated and 
how these species evolved. Hence, in-situ measurements could help to 
uncover more fundamental mechanisms under these conditions. The 
current absence of comparative results between the different solid cat-
alysts or functionalized cathodes proposed for the destruction of a large 
variety of synthetic organic dyes makes it impossible to establish the 
best system for hetero-EF. In this manner, some potential unified key 
indicators are suggested to be used as a benchmark between diverse 
solid catalysts and functionalized cathodes. The synthetic organic dyes 
underwent a faster degradation and mineralization by homo-PEF or 

Fig. 23. (a) Schematic diagram of the sequential hetero-EF and aerobic gran-
ular sludge (AGS) process proposed for the Methylene Blue thiazine dye 
treatment. (b) H2O2 concentration accumulated at 120 min and CE at 30 min 
determined for the electrolysis of 0.2 L of 0.050 M Na2SO4 at pH 3.0 using three 
of the above hetero-EF system without catalysts and with unmodified GF, poly 
(3,4-ethylenedioxythiophene) (PEDOT): sodium polystyrenesulfonate (NaPSS) 
GF, or graphene oxide (GO)|PEDOT: NaPSS GF cathode under air flow = 0.6 
mL min− 1 and at Ecat = -0.75 V/SCE. (c) Percentage of TOC and COD removals 
determined for the above solution with 100 mg L− 1 dye after 120 min of hetero- 
EF upon the above conditions with a GO|PEDOT: NaPSS GF cathode and 10 g 
L− 1 of C-Fe catalyst, after 360 min of AGS at pH 7.5 and air flow = 0.6 mL 
min− 1, and after the sequential hetero-EF-AGS process. 
Adapted from [164] 
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homo-SPEF than homo-EF due to the additional •OH production in the 
bulk by photo-Fenton reaction and the photolysis of final Fe(III)- 
carboxylate complexes. The use of the chelating agent EDTA to stabi-
lize Fe2+ allowed a good degradation of Rhodamine B by homo-EF at pH 
= 7.0. The homo-SPEF process was more powerful than the homo-EF one 
and the study of Acid Blue 29 removal with a solar flow pre-pilot plant 
yielded acceptable and low ECTOC < 0.06 kWh (g TOC)− 1. Alternative 
processes with homogeneous •OH generation from added Fe2+ and 
electrogenerated HClO have been checked for Acid Red 1 in chloride 
medium, showing a greater discoloration in the order homo-EF-like >
EO-HClO > homo-PEF-like > homo-SPEF-like. Hetero-PEF and hetero- 
SPEF treatments have been developed with magnetic Fe3O4 and so-
dium vermiculite, respectively. The SPEF processes are the best option 
for the remediation of dyeing effluents. 

Few MFCs at bench scale have been constructed to simultaneously 
obtain electricity and remediate dyes wastewaters, which need much 
development in the next future. Other hybrid processes have been pro-
posed aiming to improve the destructive power of homo-EF and homo- 
PEF. PFC/EF, AC adsorption/EF, and PEC with EF or PEF seem the more 
promising methods for future research. The removal power of synthetic 
organic dyes at bench scale was also upgraded with sequential processes 
like EC-PEF, EF-US, EF-adsorption, and EF-AGS, which should be further 
scaled to search the best conditions for practical application. 
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