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Abstract

The production, commercialization and use of dyes by industries has increased significantly over the last few decades. The
frequent release of liquid effluents into water bodies, which contain high loads of toxic contaminants, such as dyes and pig-
ments, represents a substantial risk to aquatic biota, and negative influence on wildlife as a whole. Among the main dyes used
in the textile industries, Azo-dyes are considered the group with the largest usability for dyeing jeans, cotton, and polyester.
Considering their dangerous effect on the environment, the development of methods for the removal of these species has
become forceful nowadays. The processes of oxidative degradation are considered highly efficient, especially when electro-
chemical advanced oxidation processes (EAOPs) are applied, such as electrochemical oxidation (EO), electro-Fenton (EF),
and Heterogeneous Electro-Fenton (HEF), Photoelectro-Fenton (PEF), and Solar Photoelectro-Fenton (SPEF). Thereby, this
review presents a state of the art based on these electrochemical removal technologies, taking into account their applications
in some pH conditions, different types of electrodes, and different mechanisms of electro-generation of mediators when it is
necessary. Furthermore, our review addresses some methods of monitoring the extent of electrochemical reactions involved
in EAOPs and presents and suggests different applications in the scaling-up spectrum for pilot plant systems, discussing the
issues of efficiency and feasibility for possible implementation later.
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Introduction

Over the last few decades, the degradation of water resources
caused by industrial activity has become a major risk factor
for the environment (Guimardes et al. 2020). This problem
arises from the discharge of untreated wastewater, which
contains high loads of highly toxic contaminants, thus caus-
ing a great impact on the environment (Rajkumar and Kim
2006; Steter et al. 2016). In textile industries, water is used
as a vehicle for chemical products in fiber processing and
the removal of excess species is considered undesirable for
the final product (Guaratini and Zanoni 2010). Among the
chemical products used in textile production, dyes and pig-
ments stand out, which are considered the most harmful
substances present in industrial liquid effluent emissions.
According to historical estimates, purple-blue was the
first synthetic dye to be used in textile production, and until
the mid-1970s, around 60% of the total production of this
industrial branch was of synthetic origin (Valero et al. 2014).
On the market, there is a wide variety of dyes available,
being produced annually around 100 to 250 tons all over
the world (Adedayo et al. 2004; Waghmode et al. 2011). In
the last 50 years, the production and sale of textile dyes have
made a gigantic leap. Ramya et al. (2017) report that, in the
year 2017, textile industries produced about US$ 35 billion,
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which is equivalent to 16% of the total production value of
the European manufacturing industry (Ramya et al. 2017).
In addition, among the industrial branches that most pollute
the environment, the textile branch has a contribution share
of around 27-30%. From an environmental point of view,
the removal of color from the textile-washing bath is one
of the biggest problems in the sector. It is estimated that
around 15% of the world's production of dyes is lost to the
environment during their synthesis, processing, or applica-
tion (Kyziol-Komosiriska et al. 2018).

There is a range of dyes commonly used in industry, with
azo-dyes being the class of dyes widely used in dyeing jeans,
cotton, and polyester. According to Vasconcelos et al. (2016)
due to their complex chemical structure, these types of dyes
are resistant to disaggregation/degradation by chemical,
physical or biological treatments (Vasconcelos et al. 2016;
Tomaz et al. 2022). Due to their high solubility in water,
azo-dyes manage to change their color and turbidity, even at
low concentrations, promoting eutrophication processes in
aquatic bodies (Coura et al. 2020). As long-term exposure
to these contaminants promotes mutagenic and carcinogenic
effects on human beings, their removal from industrial efflu-
ents has become a matter of great urgency, given their harm-
ful effects on life (Eren and Acar 2007; Tung et al. 2009).
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In order to minimize the impacts caused by the presence
of azo-dyes in tailing, some effluent treatment methods such
as precipitation, followed by coagulation, membrane filtra-
tion, oxidative processes, and adsorption have been devel-
oped (Eren and Acar 2007; Pham et al. 2021). Advanced
oxidative processes (AOPs) are considered green method-
ologies applied to the degradation of organic matter, aim-
ing at it reaching a mineralization stage. In this process,
hydroxyl radicals (HO-) are used as active reagents, which
are generated in situ during the procedure (Titchou et al.
2021a). Electrochemical Advanced Oxidation Processes
(EAOPs) have been widely used in the field of wastewater
treatment, showing high efficiency in removing persistent
contaminants, such as azo-dyes (Oller et al. 2011; Brillas
2020). In this method, hydroxyl radicals are generated in an
electrolytic system from the addition of external catalysts,
as occurs in purification processes by Electro-Fenton (EF)
or by Electrochemical Oxidation (EO).

In general, the amount of catalysts used in EAOPs is
smaller compared to AOPs. In specific cases, such as EF,
reagents are generated in situ during the phenomenon of
electrolysis, with the formation of hydrogen peroxide from
the cathodic reduction of dissolved oxygen (Titchou et al.
2021a). These oxidative processes are adopted for cases
where the contaminants present in effluents have a chemical
oxygen demand (COD) in the order of 0.1-5.0 g L™!. One
of the main points of interest in the use of these oxidative
techniques is the biodegradability of contaminants and the
purification of aqueous bodies containing dyes and heavy
metals (Nidheesh et al. 2020). Furthermore, these techniques
have the differential of operating under ambient temperature
and pressure conditions, without the need to add auxiliary
reagents. As they are modular techniques, AOPs and EAOPs
allow the combination of several other techniques to the oxi-
dative process, such as for example, coagulation or adsorp-
tion, to complete treatments and increase the purity index
of the aqueous body. Although very efficient, the EAOPs
presents as the main problem the application and/or cycle
limits, in addition to the work electrodes suffering from
adsorption processes of a chemical and irreversible nature
when it operates in reduction reactions, making it unfeasi-
ble and/or reducing its useful life due to the blocking of the
electrode surface of the electrodes (Oller et al. 2011; Sirés
et al. 2014; Roshini et al. 2017).

EAOPs can be divided into different techniques, the most
common are direct and indirect Electrochemical Oxidation
(EO), Electro-Fenton (EF), Heterogeneous Electro-Fenton
(HEF), Photoelectro-Fenton (PEF), Solar Photoelectro-
Fenton (SPEF), and Electro-Coagulation (EC). Generally,
the efficiency of EAOPs depends on some parameters, such
as the type of electrode, the nature of the support, the type
of coating, and the preparation method (Comninellis and
Vercesi 1991). Furthermore, an EAOPs also depends on the
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Fig.1 Application of EAOPs in the electro-degradation of azo-dyes
present in effluents. Keywords: Azo-dyes, removal, EAOPs, electro-
coagulation, Electro*. Researched June 02, 22. Database: Web of sci-
ence

shape of the electrochemical cell, the pH of the medium, the
current density (A m~2), supporting electrolyte, and the flow
velocity (e.g. in cases of using flow systems for the process)
(Siedlecka et al. 2018).

The importance of developing azo-dyes removal meth-
ods can be reflected in the significant increase in scientific
research on the subject. As an example, Fig. 1 shows the var-
iation in the number of publications over the last 20 years,
where it is possible to verify an exponential increase in the
use of advanced electro-oxidative processes for the degrada-
tion of azo-dyes present in both synthetic and real effluents.
In this sense, an adjustment of bibliometric data to a generic
exponential function allowed listing coefficients of determi-
nation of R?=0.9744 and R>=0.9372 for synthetic and real
effluents, respectively. Another important observation is the
analysis of the growth in the number of publications between
the first two years with 2021. It was found that the number
of works associated with synthetic effluents increased about
20.6 times and those of real effluents showed an increase
of approximately 15 times about the 2001-2002 biennium.

From the bibliometric search, it was evident that the
number of publications related to the use of EAOPs for the
degradation of azo-dyes showed and still shows an increas-
ing trend. It is noticed that the application of synthetic
effluents in the removal tests is prominent when compared
to real effluents. One of the reasons for this behavior is
justified by the ease of compositional control of the solu-
tion under study, since real effluents have a huge variety of
spectator chemical species (e.g., metals, anions, and resid-
ual organics) that, in an electrochemical test, can damage
the working electrode (i.e., poisoning of catalysts) and
make the execution of the method unfeasible (Waghmode
et al. 2011).
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Another reason is related to scaling up. Electrochemi-
cal tests involving only the species of interest (azo-dye)
are essential to establish initial parameters of efficiency
and subsequently increase to studies on an industrial
scale, with real effluents and flow systems (Vaghela et al.
2005). However, although the use of synthetic effluent
degradation studies via electrochemical techniques has
some advantages, it is limited to defining the complex-
ity of real procedures. This characteristic is more promi-
nent when taking into account some parameters, such as
Total Organic Carbon (TOC) and COD, which vary widely
between a synthetic and real sample. Thus, an in vitro test
with a synthetic sample may not always reflect, in fact, the
reality of a purification treatment process.

As stated, EAOPs are powerful technologies for the
degradation of environmentally harmful species. Thus,
this work will provide a review of the aforementioned
techniques, especially EO, aiming to better understand
their effectiveness in purifying effluents rich in azo-dyes.
In addition, this work will present an updated approach to
what has been published more in the field of purification
of effluents by electrochemical means. Thus, this proposal
will have great potential to provide different conceptions
that inspire research and better orient them to the topic
reported. Therefore, this review aims to suggest new par-
adigms involving the application of EAOPs in different
dimensions, from pilot-scale tests to large-scale industrial
processes.

Azo-dyes and textile dyeing effluents

Some species, when exposed to electromagnetic radiation
in the visible spectral region (400—700 nm), start to absorb
it and appear colored. Species with this property are most
often known as dyes and pigments. Chemically, dyes have
chromophore groups in their structure, made up of conju-
gated unsaturated systems (CUS). Some autochrome groups
are also present, which intensify the visual effect of the color
due to the presence of acceptor or electron donor groups
(Baban et al. 2003; Sudha et al. 2014). Among the best-
known chromophore groups are -C=C-, -C=N-, -C=0-,
-N=N-, and -NO, which change their color due to the syn-
ergistic process of resonance of the CUS (Pandey et al. 2007,
Singh et al. 2019).

Synthetic dyes are mostly derived from petroleum or min-
erals and are classified according to the mode of application.
In textile industries, dyes can be classified into azo-dyes,
direct-dyes, disperse-dyes, sulfur-dyes, pigments, reactive-
dyes, anthraquinone, and metal complex dyes (Gung and
Taylor 2004). Among the listed classes, azo-dyes are one of
the oldest and most common in the industry, used in the dye-
ing of various materials. These species have a wide spectral
range of colors (around 420 nm to 699 nm), and therefore
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represent about 65% of commercially available dyes (Coura
et al. 2020). According to Ramsay and Nguyen (2002),
azo-dyes are characterized by the presence of one or more
azo groups (-N=N-), in addition to the presence of reac-
tive vinyl sulfone groups (RS(=0)(=0)-R"), and the bonds
between two or more aromatic rings, which ensure high sta-
bility for the structure due to resonance phenomena (Ramsay
and Nguyen 2002; Vasconcelos et al. 2016). Furthermore,
azo groups can also be linked to naphthalene structures, het-
erocyclics, or aliphatic groups (Bafana et al. 2011).

In technological research and development, some species
of azo-dyes have been successfully applied to the operation
of equipment such as lasers, 3D printers, LCDs, and photoe-
lectric devices (Ibrahim et al. 1991). It is estimated that there
are about 3000 different types of azo-dyes being produced
and applied by industries today. Most azo-dyes used in the
dyeing process are mono-sizes that have at least one chromo-
phore group (-N =N-) which are normally linked by two
aromatic systems (Grirrane et al. 2008; Selvaraj et al. 2020).
Some molecules composed of heterocyclics are applied for
medicinal and therapeutic purposes, such as Violet acid and
Yellow aniline.

Azo-dyes, when present in an aqueous medium, tend to
undergo chemical and biological degradation, exacerbating
the consumption of oxygen in the medium. Consequently,
this behavior promotes alterations in the pH value of the
industrial effluent (about two to three pH units, ranging from
5.9 to 8.9); reduction of dissolved oxygen (DO) (generally
DO levels below 3 mg per liter (mg L") are of concern, and
waters with levels below 1 mg L™! are considered hypoxic),
variation in chemical and biological oxygen demands (COD
and BOD) and finally alterations in the ionic balance of the
aqueous body (Eden 1996).

Specifically, azo-dyes are responsible for interfering with
a range of biological processes, such as inhibition of DNA,
RNA, protein synthesis dysfunction, reduced oxidant scav-
enging, reduced nitrogen metabolization, and genomic muta-
tions (Catino and Farris 1985; Beharry and Woolley 2011).
The degree of toxicity of azo-dyes defined by the European
Union means that the lethal dose, which affects 50% of the
tested species (LDs,), varies between 250 and 2000 mg kg™
of body mass (Clarke and Anliker 1980). Thus, some azo-
dyes, such as Congo red, can have catastrophic effects on
the human body. This species acts to inhibit the metabolism
of serum albumin, aggregating to it and forming a structure
of low solubility, which precipitates on connective tissues.
Table 1 presents the main representatives of the family of
azo-dyes used in the transformation industries, their struc-
ture, and hazardous effects.

Textile industries can be ranked as one of the most harm-
ful to the environment, and large volumes of liquid efflu-
ents contaminated with dyes originate annually (around).
Approximately 7 x 103 tons of dyes are produced annually,
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Table 1 Some azo-dyes and their hazardous effect

Dye Structure

CAS
Number

Hazardous effect

Acid
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1
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= H @LO 0

16

) OH HN NH,CH,CH,S0,CH,CH,050;Na
Reactive I
NaOJSOHchZCDZSO—N:N OO F

Red 228 Na0,$ S05Na

NH,

Aniline N

/

AN
Yellow N

SOzNa
NaO3SO-CH,CH5 SO5 N=N
Reactive

HO
black 5

H,N

NaO3SO—CHzCH2—SOf©‘N=N SON
sNa

QO

4321-69-1

20262-58-
2

140876-
11-5

60-11-7

17095-24-
8

Acid violet 7 can
induce the formation
of chromosomal
aberrations,  lipid
peroxidation,  and
degenerative effects
(Bafana et al. 2011)

Studies have been
reported that this
textile dye has a
high mutagenic and
teratogenic potential
(da Costa Soares et
al. 2017).

It has a high
bioaccumulative
and biomagnifying
power, and can
cause blindness in
concentrations
above its LDso (da
Costa Soares et al.
2017).

Exaggerated
exposure to this azo-
dye caused
malignant tumors in
the urinary tract of
tested mice
(Puvaneswari et al.
2006).

It  restricts  the
efficient use of
nitrogen by plants,
reduces urease
activity, in addition
to being mutagenic
and  carcinogenic
(Zhang et al. 2013).
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Table 1 (continued)

Dye Structure

CAS

Number Hazardous effect

Congo

Red 7

Direct

OCH; (-CH3)
Red @

e s! g,
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red 1

ON

/
/ \ of low

SR

It  inhibits  the
functioning of
serum albumin,
Q: Iy aggregating to it and
=07 Na® forming a structure
solubility
573.58.0  Which precipitates
\ on connective
tissues (Pandey et al.
2007; Zhang et al.
2013; Singh et al.

2019).

It causes mutagenic,
carcinogenic effects,
chromosome
breakage, and
respiratory
intoxication
(Khehra et al. 2005).

I SO;Na

2610-10-8

OH
It affects the

intestinal flora,
causing acute
diarrhea and loss of
cellular ionic
balance. In large
amounts, it can
cause cancer of the
gastrointestinal tract
(Padmavathy et al.
2003).

2872-52-8

of which 2.8 x 10° tons are not used and incorporate water-
courses, causing devastating effects on the natural environ-
ment. This means that around 40% of the annual production
is converted into effluent. Generally, effluents from textile
industries present a chemical oxygen demand in a range
of approximately 250 to 1900 mg L= of O, (Huang et al.
2018). On the other hand, European environmental legisla-
tion estimates that for a textile liquid effluent to be released
within the biosafety protocols, it must present a maximum
COD value between 50 mg L~! to 20 mg L™! (Scalbi et al.
2005).

In general, textile effluents present relative conductivity,
due to the presence of ions (e.g., sulfates and carbonates)
from reagents used in the fabric processing steps. This char-
acteristic favors the electrochemical oxidation process, not
requiring the addition of salts to the medium that would act
as supporting electrolytes. Furthermore, chloride ions may
be present in the aqueous medium, favoring the generation
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of active chlorine species with reactive oxygen species to
mediate complete electrochemical oxidation. However, it
should be considered that the efficiency parameters of the
electro-oxidation process (COD, DOC, or color removal)
have kinetics that is are strongly dependent on the initial
concentration of chlorine present in the effluents (Aradjo
et al. 2016).

In the literature, some authors such as Aratjo et al. (2016)
verified in their work that the use of dimensionally stable
anodes (DSA) type for electro-oxidation of real textile efflu-
ents presented a decolorization of 85% in a time of 180 min,
however, an addition of 0.5% (w/V) of NaCl to the effluent
guaranteed the same effect in a time of just 100 min (Aradjo
et al. 2016; Keshavayya et al. 2018). This proves that the
nature of the ions present in effluents is a factor intrinsically
linked to the electrochemical efficiency of the oxidative pro-
cess. Also, in the degradation efficiency segment, the decol-
orization index is considered one of the essential parameters
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for the evaluation of the electrochemical process, since the
main environmental standards, are based on the accentuated
presence of coloration in the effluents.

Given the problems generated by the production and
emission of textile effluents, it is necessary that engineering
solutions such as, example, dimensioning, technical feasi-
bility, and costs are optimized aiming at a better use of the
water used in textile processing. Also, if the water treated
via EO is reused in a new dyeing process, there will be a
reduction of around 60% in the consumption of electrolytes
and 70% in the volume of water (Sala and Gutiérrez-Bouzan
2014). Therefore, the electrochemical treatment prior to
reuse promotes a clean chemical process with the high
efficiency and low energy consumption possible. Further-
more, these mechanisms can promote processes reasonably
eco-friendly.

Azo-dyes have been frequently degraded using physico-
chemical or biological techniques, which favor the discolora-
tion of liquid effluents and reduce the toxicity of the product
(Bafana et al. 2011). In general, each technique has its own
advantages and limitations that depend on several factors,
such as: the type of dye, composition and concentration of
the effluent, hazardousness, cost-effectiveness, operational
cost of large-scale implementation and intermediates formed
during the process of degradation (Soni et al. 2020). The
Fig. 2 presents a flowchart of the main technologies cur-
rently applied for the degradation of azo-dyes.

Fig. 2 Different techniques
used in the degradation/removal
of azo-dyes present in textile
effluents

Methods Applied for the
Removal of Azo-dyes

Differents electrochemical techniques applied
for the removal of azo-dyes

In the last 10 years, electrochemical processes have gained
prominence in the remeasurement of liquid effluents contain-
ing azo-dyes. Thus, the most used and best performing elec-
trochemical techniques for this purpose can be listed as those
based on EAOPs (Khehra et al. 2005; Blanco et al. 2014).
These electrochemical techniques are eco-friendly and have
several advantages, for example, simplicity of equipment,
relative easy operation, low operating temperature, can be
easily combined with other technologies to enhance the deg-
radation effect (Chekir et al. 2016).

Specifically, EAOPs have gained increasing attention in
the context of purification of various effluents, such as those
from the pharmaceutical, pesticides, azo-dyes, carboxylic
acids and dioxins industries (Garcia-Segura and Brillas
2016). Among the different EAOPs, electrochemical oxida-
tion (EO) is the most studied technique due to its enormous
versatility and ease of application in different scales.

Electrochemical oxidation (EO)

In general, electrochemical processes involve oxidative
reactions in the anode region, and reductive reactions in the
cathode region. Based on this, such processes are supported
by the fundamental idea that a redox reaction must occur in
both compartments (i.e., oxidation of persistent organics in
the anode or reduction of heavy metals in the cathode), so
that it is possible to guarantee the purification of the aqueous
medium both in processes of reduction and electro-oxidation

Electrochemical
Oxidation (EO)

Chemical

Electro-Fenton (EF)

Physical

Heterogeneous Electro-
Fenton (HEF)

Physicochemical

Photoelectro-Fenton
(PEF

Biological

Solar Photoelectro-
Fenton (SPEF)




630

Brazilian Journal of Chemical Engineering (2023) 40:623-653

(Michael-Kordatou et al. 2015; Nancharaiah et al. 2015).
The main characteristic that keeps the application of tech-
nologies based on electro-oxidation lies in the possibility
of partially degrading or completely mineralizing persistent
organic pollutants (POPs). Thus, the electrocatalytic proper-
ties of the materials used in anodes play a fundamental role
in the electrochemical procedure (Sirés et al. 2014; Brillas
and Martinez-Huitle 2015; Nancharaiah et al. 2015; Titchou
et al. 2021a).

The electrochemical oxidation of POPs in an electrolytic
cell can occur via two different mechanisms, which can be
stated as (i) direct electrochemical oxidation and (ii) indi-
rect electrochemical oxidation. Direct oxidation or simply
electrolysis takes place directly on the anode surface and
presents a net transfer of charges between the electrode and
the POPs. The mechanism only involves the mediation of
electrons that have the ability to oxidize some organic pol-
lutants, under conditions of potentials less positive than the
oxygen evolution potential (Soni and Ruparelia 2013). The
direct oxidative process often requires adsorptive phenom-
ena to occur on the anode surface. This process is defined
as the limiting step and does not lead to general combus-
tion of organic pollutants (Garcia-Segura et al. 2018). Thus,
when electrolysis is conducted under potential conditions
lower than the oxidation potential of water, the electrodes
become susceptible to surface poisoning, inhibiting the
electrochemical oxidation process (Michael-Kordatou et al.
2015; Garcia-Segura et al. 2018). On the other hand, in the
indirect mechanism, the oxidation of the molecule of interest
occurs through the formation of oxidizing agents, known as
mediators, which are responsible for oxidizing the molecule
of interest (Pelinson 2017; Soni et al. 2020). Different oxi-
dizing species can be produced during EO, such as reactive
oxygen species and active chlorine (Sandoval et al. 2019).

The indirect electro-oxidation process with reactive oxy-
gen species is based on the electro-generation of adsorbed
hydroxyl radicals (at a potential of 2.8 V/SHE) on the anode
surface as an intermediate species of the oxygen evolution
reaction (OER) (Cavalcanti et al. 2013). Thus, the initial
reaction of the electro-oxidative process occurs through the
formation of hydroxyl radicals adsorbed on the surface of
the anodic electrode, Eq. (1).

M+ H,0 - MHO) + H" + e~ €h)

In this case, M is designated as the anode and M(HO-)
corresponds to the adsorbed hydroxyl radical. However,
competitive reactions, such as those represented by Egs. (2)
and (3), can occur and consume the radicals to form oxygen
in the evolution reaction, as can be seen,

M(HO) + Hy,O - M + O, + 3H" + 3¢~ )
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2M(HO) + H,0 — 2M + O, + 2H" + 2¢~ (3)

Aiming to produce hydroxyl radicals in large proportion,
anodes able to undergo overpotential above OER reaction
should be used for ensuring the progress of reaction (1)
with no parallel reactions (2 and 3) (Ribeiro and de Andrade
2006; Caifiizares et al. 2006). According to Comninellis and
Vercesi (1991), Comninellis and Pulgarin (1993), the elec-
trocatalytic influence of anode materials is directly linked
to the classification of the anodes used in overpotential
conditions for OER. It appears, therefore, that electrodes
can be classified into two types: “active” and “non-active”
electrodes (Comninellis and Vercesi 1991; Comninellis
and Pulgarin 1993). The different efficiencies verified in
these electrodes, during the treatment of textile effluents,
occur through the difference in enthalpies of the adsorption
process on their surface. In general, species that undergo
physisorption are considered to be better oxidants than spe-
cies that are strongly attached to the surface (chemisorbed).
Reaction (4) shows a chemisorption process on the electrode
surface,

M+ H,0 = MO +2H* +2¢~ 4)

Specifically, active electrodes are only capable of per-
forming a milder electrochemical conversion, transforming
organic molecules into more biodegradable species, such as
short-chain organics. These anodes cannot completely min-
eralize the pollutant or degrade them to the final CO, stage
(Cavalcanti et al. 2013). This behavior can be explained by
the high oxidation states of the metal or the metallic oxides
used in the manufacture of electrodes, which have a stand-
ard potential above that required for the formation of OER
(E°=1.23 V/SHE), leading to the preferential occurrence
of desorbed active oxygen species on the electrode surface.
As seen, the electrochemical efficiency of processes gov-
erned by chemical adsorption is lower compared to physi-
cal adsorption. Among the active electrodes, the most com-
monly reported in the literature are dimensionally stable
anodes (DSAs), composed by TiO,, RuO, and IrO, (Mar-
tinez-Huitle and Ferro 2006).

On the other hand, in non-active anodes, the hydroxyl
radicals generated in reaction (1) undergo a physisorption
process on the electrode surface. Subsequently, the radicals
start to present greater mobility, reactivity, high oxidizing
power to conduct electrochemical combustion processes of
organic molecules. This degrades the pollutant to a minimal
stage, i.e. complete conversion of POPs to CO, and water
(Gargouri et al. 2014). Among the different types of materi-
als used in non-active anodes, there are titanium dioxide
(IV), ruthenium oxides (IV), lead oxides (IV), antimony
oxides (IV) and boron-doped diamond electrodes (BDD)
(Comninellis and Pulgarin 1993; Sandoval et al. 2019;
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Titchou et al. 2021a). However, it is worth emphasizing
that anode materials are not exclusively active or non-active,
because in many cases they present ambiguous behavior,
sometimes with active characteristics and sometimes with
non-active characteristics.

A pertinent example is the BDD electrode, which has a
maximum potential as a non-active anode. However, recent
researches verified that this electrode has a dualistic charac-
teristic, dependent on the structural conformation of the sp*/
sp° carbons, which have a high potential to affect its non-active
behavior. In addition, BDD electrodes have different character-
istics also due to the type of electrode activation, doping level
and electrochemical activation. Specifically, the advantage of
using BDD in these cases lies in (i) the largest electrochemical
potential window for aqueous (~3.0 V=3.5 V) and non-aque-
ous media (~5.0 V=7.5 V); (ii) A small and stable background
current, which is attributed to the low capacitance of the BDD
material (C= 10 pF cm™2) when compared with other materi-
als, such as Au (C=30 pF cm™?); (iii) A broad electromagnetic
transparency window ranging from the UV-Vis region to the
far-infrared region; (iv) Electrochemical properties tunable
by the boron concentration in the diamond lattice (Muzyka
et al. 2019). Figure 3 shows the different mechanisms involved
in the electro-oxidative process using active and non-active
anodes.

Another type of indirect electro-oxidation process that
deserves attention is the one mediated by chloroactive species.
This technique is often applied for the purpose of removing
highly toxic species (Garcia-Segura and Brillas 2016). The

Fig.3 Scheme of action of a
active and b non-active anodes
in the electro-oxidation of pol-
lutants using active oxygen spe-
cies generated in situ. Reprinted
(adapted) from Garcia-Segura
et al. (2018), Copyright (2018),

S S

articles written by Rajkumar and Kim (2006); Martinez-Huitle
and Ferro (2006) show the high efficiency of the EO process in
electro-oxidation tests of dyes and pigments in textile effluents.
Soni et al. (2020), Caiiizares et al. (2006) showed that the reac-
tions from (5) to (9) are those involved in the indirect process
of electro-oxidation of azo-dyes involving electro-generation
of active chlorine (Rajkumar and Kim 2006; Caiiizares et al.
2006; Ferro et al. 2014; Michael-Kordatou et al. 2015; Soni
et al. 2020).

2H,0+ 2" - H,+20H" )
2CI" — Cly +2e” (6)
Clyory + H,O = H" + CI” + HCIO 7
HCIO - H* + ClO~ (8)

Dye + ClO™ — CO, + H,O + CI” + Dyedegraded )

According to Caiiizares et al. (2006), the reduction of
water in the cathode electrode will occur first, which will
produce hydroxyl ions in the medium (5) (Cafiizares et al.
2006). On the other hand, at the anode, the electro-genera-
tion of active chlorine will effectively take place (6).

Under acidic pH conditions, the molecular chlorine pre-
sent within the solution will form hypochlorous acid, as
shown in Eq. (7), which is a potent oxidizing agent and is

S S

with permission from Elsevier
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also responsible for stabilizing the pH of the medium in
the range of 3.0-8.0. A high consumption of H +ions will
increase the number of OH- radicals within the solution, also
increasing the pH and concentration of HCIO. In this way,
hypochlorous acid will act as a strong oxidizing agent, as
mentioned, breaking the azo bonds. This break will promote
a change in the chromophore structure of the dye, reducing
the color of the solution (Cafizares et al. 2006).

Under other conditions, alkaline or neutral, HC1O deple-
tion follows in accordance with Eq. (8). Under these cir-
cumstances, hypochlorite ions will form, which also func-
tion as excellent oxidants, acting readily in breaking the
azo bond of the chromophore portion. The product of this
mechanism will be Eq. (9), presenting, as a result, the deg-
radation products of the dye, chloride ions, carbon dioxide
and water (Duan et al. 2015). The dependence of pH on the
oxidative efficiency of this active chlorine electrogeneration
process is a crucial factor and must be considered. Thus,
the standard reduction potential of Cl, (E°=1.36 V/SHE)
and HCIO (E°=1.49 V/SHE) are considerably greater than
ClO™ (E°=0.89 V/SHE). This indicates that the oxidative
process of organic species will occur more efficiently and
completely when it is carried out under acidic pH condi-
tions. The possibility of simultaneous electrogeneration of
chlorine-active species with oxygenated species was veri-
fied in works such as Bonfatti and contributors (2000), and
Rosestolato et al. (2014). In this mechanism, oxygen transfer
reactions will be carried out by oxy-chlorinated species and
adsorbed by the reaction (10) as intermediates in the evolu-
tion of chlorine present in the reaction (11) (Bonfatti et al.
2000; Ferro et al. 2014; Rosestolato et al. 2014)

M(OH) + CI~ — M(HCIO) (10)

M(HCIO) — %cz2 +OH" an

Regarding the industrial application of this technique,
in recent years there has been a great increase in the use
of chlorine electro-generation for purification processes of
effluents from the most diverse fields. However, even though
it is fast and efficient, when compared to the generation of
adsorbed hydroxyl radicals, this technique can have some
disadvantages, such as the formation of highly toxic organo-
chlorine intermediates such, for example, haloacetic acids
and halomethanes, in addition to persistent ionic species
(Rosestolato et al. 2014; Radjenovic and Sedlak 2015).

In general, the materials commonly used in the manufac-
ture of anodes used in electro-oxidation by chlorine-active
are similar to those already described in this section. How-
ever, it is notable that the materials used in active anodes
have better performance than non-active ones. Thus, it
appears that the best electrocatalytic properties for chlorine
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Fig.4 Scheme of generation of active chlorine species for electro-
oxidation processes of organic pollutants. Reprinted (adapted) from
Garcia-Segura et al. (2018), Copyright (2018), with permission from
Elsevier

evolution are found in active electrodes (e.g., Pt, RuO, e
IrO,), which can effectively convert chloride ions to active
chlorine (Bonfatti et al. 2000; Ferro et al. 2014; Rosestolato
et al. 2014; Garcia-Segura et al. 2018).

Studies previously reported in the literature suggest that
it is extremely necessary to stipulate minimum concentra-
tions of active chlorine for the oxidation process to occur
efficiently, but with a much smaller load of intermediates
and within the limits required by environmental agencies.
In fact, defining parameters and concentrations of applica-
tion of chloro-active species on an industrial scale is a great
challenge nowadays (Radjenovic and Sedlak 2015). Figure 4
presents a schematic of the electro-generation process of
chlorine-active species acting on the indirect oxidation of
organic pollutants.

Although active-chlorine and oxygenated species are
the most used in indirect electro-oxidation processes, oth-
ers also present in the solution can be selected to carry out
pollutant oxidation processes, acting as mediators. These
species are generated electrochemically from the oxidation
of components of the electrolyte used, for example, sulfates,
phosphates and hydrogen-carbonates yielding perosulfates,
peroxydiphosphates and peroxydicarbonates (Pefia 2017;
Aratjo et al. 2018). However, in comparative terms, these
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oxidants are not capable of carrying out a complete oxida-
tion of pollutants to the point of mineralizing them.

Dimensionally stable anodes (DSA)

Taking into account the main mechanisms of the EO pro-
cess, direct and indirect, it is necessary to have a better
understanding of the working electrodes, which are routinely
applied to promote them. Therefore, Dimensionally Stable
Anodes (DSA) can be considered as powerful working elec-
trodes to promote the mineralization of persistent organic
pollutants.

The DSA are composed of a metallic support, usually
titanium (T1), coated with electronically conductive or semi-
conducting metallic oxides, such as RuO,, PtO,, TiO, and
Ta, 05, which can present a high specific area due to their
rough/porous surface (Vasconcellos et al. 2021; Gonzalez
et al. 2016). DSAs also have excellent mechanical, electrical
and electrocatalytic properties, and easy control of composi-
tion during the synthesis by combining mixtures of precur-
sors. This enables a precise stoichiometric control in the
manufacture of binary, ternary or quaternary metal oxide
electrodes (Profeti et al. 2009). This combination of metals
or metallic oxides is essential to raise the useful life of the
material and improves the parameters of efficiency in the
degradation process.

Beer (1963) introduced DSA electrodes in the 1960s, and
for several decades, the use of these anodes was aimed at
the chlorine-soda production. Although DSA have excel-
lent properties for the electro-oxidation processes of organic
molecules, their application in textile dye degradation is still
a recent issue. In this context, one of the first works to be
developed on DSA dates back to the 1970s, developed by
Galizzioli and Trasatti (1973); and Galizzioli et al. (1975).
The work function, electronegativity and electrochemical
behavior of metallic oxides used in coatings on metallic
supports were studied. However, it was only in the 1990s
that DSA began to be widely used in the electro-oxidation
of organic molecules, receiving due attention in the area of
effluent treatment and macromolecule degradation (Boodts
and Trasatti 1990). Currently, the availability of DSA is
great, and the composition used in its preparation corrobo-
rates with the desirable properties of the final material.

The use of metal oxides in DSA aims to facilitate the
transport of electrons for the target electrochemical reac-
tion to take a place. Furthermore, the oxide layer promotes
high chemical stability and favors catalytic activity. The
development of an efficient electrode depends on the choice
of its materials, mainly on the oxides used (Galizzioli and
Trasatti 1973). As attested, the oxide to be chosen must pre-
sent high conductivity and high stability, in order to reduce
the electrode passivation and to guarantee a longer service
life, respectively. Furthermore, the intense adhesion of the

mixture of oxides applied to the titanium metallic support is
guaranteed by the formation of a thin layer of TiO, during
the preparation heat treatments. Specifically, the different
oxidation states of the cations present on the surface of the
metallic oxide layer allow the adsorption of OH and O spe-
cies, which can act as highly effective oxidizing agents in an
electro-oxidation reaction. This feature consists of a strategy
against the poisoning of the catalyst surface caused by the
irreversible adsorption of fragments of organic molecules
(Profeti et al. 2009).

DSA electrodes can be prepared using several methods,
the most reported in the literature being the thermal decom-
position of an appropriate precursor material (Steter et al.
2016; Soni et al. 2020). In general, oxide coatings are com-
monly prepared from salts of metal chlorides, dissolved in
appropriate solvents, and subsequently applied to the metal-
lic support of the electrode by brushing (Martinez-Huitle
and Ferro 2006; Profeti et al. 2009; Baran et al. 2019; Soni
et al. 2020). Regarding the effects of the procedure, the
microstructural characteristics and the electrochemical effi-
ciency of the metal oxide layer are largely influenced by the
preparation method, the type of solution used, and the oxide
synthesis temperatures (Soni and Ruparelia 2013). Some
problems can arise from the synthesis of the electrode, for
example, microstructural problems caused by brushing pro-
cess in the preparation of the film layer or lost of metal ions
by evaporation during the thermal treatment. Moreover, as
the DSA preparation is a manual and artisanal procedure,
the electrodes usually have reproducibility problems, which
consequently causes variation in parameters during electro-
chemical tests (Sandoval et al. 2019; Titchou et al. 2021a).

In order to overcome this problem, the method of thermal
decomposition of polymeric precursors instead inorganic
salts precursors, is an alternative to ensure the stoichiomet-
ric compositions of the metals. In this procedure, resins are
prepared, generally by heating a solution of the metal ions in
ethylene glycol and citric acid, until finishes the polymeriza-
tion process (Galizzioli et al. 1975). This resin containing
the precursors is applied to the surface of the DSA support
by brushing. In this method, precise control of stoichiom-
etry is reached and the efficiency of the working electrode
is ensured (Galizzioli and Trasatti 1973).

Considering the use of DSA toward the dye oxidation,
Soni et al. (2020); Rajkumar and Kim (2006); Baddouh et al.
(2018) studied the removal of dyes, and specially Reactive
Black 5 and Rhodamine B, via indirect oxidation using
active chlorine generated in situ. The studies demonstrated
that the chemical oxygen demand of the real textile efflu-
ent reduced by around 75% and 89% when compared to the
original COD. On the other hand, Titchou et al. (2021a, b)
reported the efficient degradation of the azo-dye Acid Yel-
low 25 and Acid blue 29, showing reductions in COD from
78.0 to 89.5% using sodium chloride as electrolyte. Studies
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Table 2 Application of titanium electrodes coated with multimetal oxides in the electro-oxidation of azo-dyes molecules present in real and syn-

thetic effluents

Anode Electrolyte Azo-dye Parameters References
Ti/PtOx-RuO,-Sn0O,—Sb,05;  H,SO,/NaCl  Reactive black 5 j=5.00 mA cm~2,COD: 85.0%, Soni et al. (2020)
Decolorization: 99.6%
Ti/TiO,-RuO, H,SO4/NaCl  Reactive black 5 j=15.00 mA cm~2,COD: 75.0%, Rajkumar and Kim (2006)
Decolorization: 79.0%
Ti/ZrO,-Y,04 NaCl Acid blue 29 j=10.00 mA cm~2,COD: 89.0%, Subba Rao and Venkatarangaiah
Decolorization: 100% (2014)
Ti/IrO,-Sn0,-Sb,05 NaCl Acid yellow 36 j=10.00 mA cm~2,COD: 89.2%, Aguilar et al. (2018)
Decolorization: 96.5%
Ti/IrO,-RuO, H,S04/NaSO, Reactive black 5 7=30.00 mA cm~2,COD: 71.0%, Vasconcelos et al. (2016)
oxamic dye 6 85.0% (respectively)
Ti/TiO,-Ru0O, (DSA®-Cl,)  NaCl Acid Yellow 25 j=10.00 mA cm~2,COD: 89.5%, Sandoval et al. (2019)
Acid Blue 29 Decolorization: 78.0%
Ti/ SnO,-1rO, NaCl/Na,SO, Reactive black 5 j=10.00 mA cm~2,COD: 92.4%, Baddouh et al. (2018)
Ti/ RuO,-IrO, direct red 88.2%,
Decolorization: 89.0%, 90.1%
(respectively)
Ti/IrO,-Sn0,-Sb,05 NaCl/Na,SO, Mixture of violetrl j=50.00 mA cm~2,COD: 90.0%, Bravo-Yumi et al. (2020)
green a and Decolorization: ~85.0%
brown DR
Ti/TiO,-RuO, NaCl/Na,SO, Blue 19 dye j=50.00 mA cm™2,COD: 81.4%, Santos et al. (2020)
Ti/PtOx-IrO, 92.0% (respectively)
Ti/SnO,-Ru0O, Na,SO, Direct blue 86 j=20.00 mA cm™~2,COD: Kumar and Gupta (2022)
78.3%—85.0%,Decolorization: 88.0%
Ti/SnO,-Sb-CNT Na,SO, Acid Red 73 j=50.00 mA cm~2,COD: 80.0%, Isarain-Chévez et al. (2017)
TOC: 60.0%
Ti/TiO,-RuO,-IrO, NaCl Methyl red j=20.00 mA cm~2,COD: Sathishkumar et al. (2017)
90.0%,Decolorization: 99.9%, TOC:
77.2%
Ti/TiO,-RuO, H,SO4/NaSO, Mordant blue 13 j=100.00 mA cm~2,COD: Kenova et al. (2018)
98.0%,Decolorization: 100%
Ti/Ti0O,-RuO, NaSO, Reactive blue 4 j=37.80 mA cm~2,COD:65.0%, Silva and Andrade (2015)
Decolorization: 100%, TOC: 43.0%
Ti/CoO,—Ru0O,-Sn0,-Sb,05 NaCl Reactive black 5 j=50.00 mA cm~2,COD:26.5%, Saxena and Ruparelia (2019)
Decolorization: 97.0%, TOC: 25.0%
DSA®* (De Nora) /BDD® NaCl/Na,SO, Red reactive 5B j=10.00 mA cm™2, Decolorization: ~ Cotillas et al. (2019); Titchou et al.

63.0% (2021a, b)

#DSA Dimensionally stable anodes
®BDD Boron-doped diamond electrode

developed by Santos et al. (2020); Cotillas et al. (2019) and
Titchou et al. (2021a, b) reported a reduction in COD values
for Red Reactive 5B Dye and Reactive Blue 104 Dye from
58.0 to 63.0%, respectively. Table 2 shows some azo-dyes
used in direct and indirect electrochemical oxidation tests

promoted by active and non-active anodes (Santos et al.
2020).

Electro-fenton (EF)
The Electro-Fenton technique is considered an extension

of the Fenton process, in which H,0, is electrochemically
generated in situ under acidic pH conditions. In general,
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Fenton-based technologies are frequently reported to present
high efficiency parameters in the removal of different pol-
lutants (Brillas et al. 2009; Sennaoui et al. 2018; Babu et al.
2019). Some recent works, such as in Liu et al. (2021), show
the importance and the most current developments in the
generation of peroxide via Fenton and in other technologies
based on Fenton. In Mousset et al. (2021) the importance of
combining EF with biological treatments in order to enhance
the removal effects was reported.

On the other hand, authors such as Steter et al. (2016)
and Sirés et al. (2014) have carried out advanced studies
of several trends for applications of EAOPs in the degrada-
tion of textile effluents, especially with the aim of updating
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and circumventing the main limitations of the EF process.
Among the various studies carried out, the works reported
by Coha et al. (2021), Salazar-Banda et al. (2021) and Nid-
heesh et al. (2013) show that depending on the speciation
of iron ions, the EF process can be represented in cathodic
form or in anodic form. In the cathodic Fenton process,
iron is added in its Fe(IT) or Fe(III) salt speciation, and one
or both Fe(Il) and H,0, reactants are produced in situ. On
the other hand, in the anodic Fenton processes, also known
as peroxicoagulation, the source of iron ions is the sacri-
fice of a metallic body made of Fe® (Brillas et al. 2009;
Nidheesh 2018).

According to Titchou et al. (2021a, b) and Neyens
et al. (2003) the processes involved in the original Fenton
technique can be better described from Egs. (15) to (23).
Initially, we will have the reduction of gaseous oxygen
at acidic pH, producing hydrogen peroxide. The Fe(III)
ions present in the solution will be reduced to Fe(I) and
the sacrificial metal body will be oxidized with regards to
Fe(II) species forms. Reactions (12) to (14) present the
processes (Neyens et al. 2003; Li et al. 2018).

0, +2H" +2¢~ - H,0, (12)
Fet + 1le” > Fe** (13)
Fe — Fe** +2¢~ (14)

In view of the aforementioned reactions, which are con-
sidered of great importance for the formation of precursor
reagents, reactions (15) to (20) present the initial stages,
propagation and conclusion of the Fenton process.

Start:

Fe’* + H,0, — Fe** + OH™ + HO (15)

Fe** + H,0, — Fe** + H" + HO' (16)
Propagation

HO + H,0, - HO, + H,0 17
Finish:

Fe*t + HO, — Fe** + 0, + H* (18)

HO, + Fe** - HO; + Fe’* (19)

HO + Fe** - OH™ + Fe** (20)

According to Li et al. (2018) the removal process via
EF has shown greater efficiency when the system oper-
ates under pH conditions around 3.0. Under pH conditions
below 3.0 substantial reductions can occur in the presence

of equilibrium H,0, according to reactions (21) and (22)
(Adams et al. 2021). On the other hand, an enhanced and
quick increase in the pH values can force hydrogen peroxide
decomposition reactions in gaseous oxygen and water, in
addition to decrease the solubility of iron ions in solution,
producing a Fe(OH), solid. Equations (21) to (23) describe
the effect of pH on equilibrium displacement.

H,0, +2H" +2¢~ - 2H,0 1)
H,0, + 4H" - 2H,0" (22)
2H,0, — 2H,0 + O, (23)

According to the main reactions of the EF process, some
comparisons can be made between the latter and the tradi-
tional Fenton process. In general, the EF process has advan-
tages such as, for example, the production of hydrogen per-
oxide in situ facilitates transport and makes the procedure
safer. Moreover, the EF technique increases the oxidation
rates of POPs and azo-dyes, since the regeneration of Fe?*
ions on the surface of the cathode electrode promotes a high
efficiency of the oxidation process (Oturan and Aaron 2014).
Another feature to be considered is the possibility of control-
ling and optimizing the degradation process and kinetics of
electrochemical combustion, which enables the studies on
mechanisms. Similar to the classic Fenton process, the EF
process is related to the concentration of reagents used in the
electrochemical procedure. Thus, an increase in Fe (II) and
H,0, concentrations could limit the process through clean-
ing reactions, in which a reduction in the reactivity of (HO-)
radicals occur. In general, EF processes can be implemented
by combining this technique with electrochemical oxidation
promoted by non-active anodes.

Yang et al. (2017) used graphite anodes to treat methyl
orange via EF method. A color removal from the solution
of about 98.6% was verified, with a current density (j) of
9 mA cm™? in Na,SO, medium (Yang et al. 2017). Rahm-
ani et al. (2020) investigated the degradation of the azo-
dye Acid Black 1 and Acid Blue 113 in batch assays with
j=100 mA cm™2, finding a color removal of 27.0% and
47.0%, respectively. Furthermore, a reduction in COD of
83.5% and 92.1%, respectively, were also verified (Rahmani
et al. 2020).

Corona-Bautista et al. (2021) reported excellent results
in the degradation of the azo-dye Brown HT, using a BDD
electrode, in Na,SO, medium and j=71 mA cm~2, showing
an efficiency of 100% in removing the color from the solu-
tion and 80% in reducing demand oxygen chemical. The
degradation of the Basic Blue 9 dye was studied by Bustos-
Terrones et al. (2021), using BDD with j=100 mA cm™
in Na,SO, medium, with a removal of 97.7% in the wash
bath coloration. On the other hand, da Costa Soares et al.
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Table 3 Use of the EF technique with different electrodes to remove azo-dyes present in textile effluents

Electrode Electrolyte Azo-dye Parameters References
DSA¥BDD" Na,SO, Methyl orange j=9mA cm 2,COD: 75.6%. Yang et al. (2017)
Decolorization: 98.6%.
pH=3.0
BDD" Na,SO, Acid black 1 j=100 mA cm~2,COD: Rahmani et al. (2020)
acid blue 113 83.5% € 92.1%. Decoloriza-
tion: 27%—47%. pH=3.5
BDD Na,SO, Brown HT j=71 mA cm™2,COD: 80.0% Corona-Bautista et al. (2021)
¢ 92.1%. Decolorization:
100%. pH=3.0-4.0
BDD Na,SO, /H,SO, Basic blue 9 j=100 mA cm~2 Decolori-  Bustos-Terrones et al. (2021)
zation: 97%. pH=3.0
Ti/TiO,-SnO,/BDD Na,SO, Reactive orange 16 reactive  j=35 mA cm™%,COD: 75.6%. da Costa Soares et al. (2017)
violet 4 reactive red 228 81.0%. 69.3%. 75.0%.
Reactive black 5 pH=5.5
BDD NaCl Brown HT j=20mA cm~2.COD: 95.0% Pacheco-Alvarez et al. (2019)
eriochrome black (Brown HT) and 91.0%
(Eriochrome Black),
Decolorization: 100% (both)
pH=2.8-3.0
SS¢-Graphite Na,SO, Orange G j=45mA cm™2.TOC: 20.0%, Liu et al. (2019)
Decolorization: 75.00%
pH=3.0
GDEY/ nanoparti- K,SO, /H,SO, Orange II j=50mA cm™2.TOC: 82.0% Paz et al. (2019)
cles of WO, ,,/ Sunset yellow FCF (Orange 11)—90.0% (sunset
BDD yellow), Decolorization:
100% (both) pH=3.0
BDD/GDE Na,SO, Acidred 1 j~67 mA cm~2, Decoloriza-  Wang (2022a)
tion: 95.2% pH=3.0
CG®/SS Na,SO, Methyl orange j=80 mA cm™>. Adachi et al. (2022)
TOC: ~45.0%, Decoloriza-
tion: 94.5% pH=3.0-4.0
CG/Pt Na,SO, /H,SO, Mixture of industrial Azo- =200 mA cm~2.TOC: Wakrim et al. (2022)
dyes 65.0%, Decolorization:
93.0% pH=3.0
BDD/BDD Na,SO, Blue BR j=18 mA cm~2.TOC: Alcocer et al. (2018)
brown mf Removal of 70.0%, 78.0%,
violet SBL and 82.0% for blue BR,
violet SBL, and brown MF,
decolorization: 60.0% (blue
BR), 100% (Brown MF and
Violet SBL), pH=3.0
BDD/GDE Na,SO, Direct red 23 j=5.00 mA cm~%.TOC: Titchou et al. (2021a, b)
98.0%, Decolorization:
100% pH=3.0
BDD/CF' Na,SO, Naphthol blue black j=30.00 mA cm™2.TOC: Afanga et al. (2021)
93.0%, Decolorization:
100% pH=3.0
Iron NaCl. KCI. Na,SO,.MgSO, Acidred 18 j=1.0A cm™%.COD: 85.5%. Malakootian and Moridi

84.1%. 81.5%. 79.9%.
pH=3.0

(2019)

#DSA Commercial dimensionally stable anodes
®BDD Boron-doped diamond

¢SS Stainless steel electrode

4GDE Gas diffusion electrode

°CG: Carbon graphite electrode

fCF Carbon felt electrode
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(2017) carried out more comprehensive studies on the effect
of EF on azo-dyes, and found that the use of ADE of the Ti/
Ti0,-SnO, type in medium at pH 3,0 and j=35 mA cm™2,
was able to effectively remove Reactive Orange 16, Reactive
Violet 4, Reactive Red 228, Reactive Black 5 species (da
Costa Soares et al. 2017). Table 3 presents these and other
works reported in the literature that describe the application
of FE to remove azo-dyes.

Heterogeneous Electro-Fenton (HEF)

The EF procedure proved to be very effective in the degra-
dation of several pollutants, but each technique has its own
advantages and limitations that will depend on several fac-
tors. Therefore, its application in acidic pH ends up restrict-
ing its execution on a large scale (Bello et al. 2019). The
pH of industrial wastewater is commonly basic or neutral
(Ganiyu et al. 2018), and under these conditions the solubil-
ity of iron ions in solution is decreased due to the formation
of a precipitate of Fe(OH),. As a consequence, the decom-
position of the generated H,0, into water and O, hinders the
production of radicals (HO-). In this case, it is possible that
the electrocoagulation process is used to remove contami-
nants, instead of degradation (Nidheesh and Gandhimathi
2012). Therefore, the use of the heterogeneous electro-Fen-
ton technique can be an ally to promote its application in the
treatment of real effluents.

The development of HEF has aroused recent interest
because it is a technique that allows waste treatment in a
wide range of pH, using insoluble iron catalysts or cathodic
materials with iron contents (Ganiyu et al. 2018). Although
the kinetics of this technique is complex, the pH independ-
ence is achieved mainly by the production of the HO- radical
through the heterogeneous Fenton reaction of the Fe’* and
H,0,, that will be controlled by the properties existing on
the surface of the solid catalyst (represented by = Fe?*), as
described in the reaction (24) (Brillas 2020).

= Fe** + H,0, »= Fe** + HO + OH™ (24)

where H,0, is directly decomposed by Fe>* catalyst into
HO', which can oxidize the pollutants until complete min-
eralization into CO, and H,0. In addition, the iron-based
catalysts can release small amounts of iron ions into the
treated solution, which prevents the formation of sludge or
iron sludge (Brillas 2021). These features increase efficiency
and reduce process costs when compared to the conventional
EF treatment since in the latter the iron catalyst is lost in
the EF process because of the impossibility of separation
from the treated effluent without a pH neutralization treat-
ment that ensures environmental safety prior to disposal (Li
et al. 2009). Another advantage of the HEF process is that

the solid catalyst may be recycled and reused after a care-
ful cleaning of the surface, which is necessary in order to
remove the organic by-products likely attached to it. These
fragments of organic molecules strongly adsorb onto surface
sites and inactivate them.

Furthermore, many materials can be designated as a
model for the catalyst, which can be grouped into some
categories, such as iron minerals, for example goethite and
pyrite (Babuponnusami and Muthukumar 2013); iron sup-
ported materials, such as ion exchange resins and mem-
branes, organic polymers and inorganic materials (Navalon
et al. 2011); and iron nanoparticles (Dhakshinamoorthy
et al. 2012). Functionalized materials, the so-called modi-
fied cathode materials, can also be used. In this case, the
cathode performs a double function, both as a catalyst and
an electrode, in order to guarantee a greater effectiveness
of the reaction when considering the cathodic properties
and electrical conductivity, in addition to the electrogen-
eration of H,0, (Rosales et al. 2012; Poza-Nogueiras et al.
2018). These modifications can be metallic, made by carbon
nanotubes and derivatives, airgel, bimetallic and non-metal-
lic (Poza-Nogueiras et al. 2018).

Generally, many varieties of materials can be selected
as model catalysts and a range of reaction conditions can
be involved. Thus, it is essential to observe some criteria
regarding the distinction of the catalyst for the success of the
process. The catalytic materials must have a good catalytic
activity in order to allow variations in pH and temperature.
The chemical and mechanical stability are also important
properties for ensuring that the catalysts can be reused (Gan-
iyu et al. 2018). The porous structure, large surface area and
homogeneity are required for a good performance of the
HEEF catalysts (Poza-Nogueiras et al. 2018). In addition, the
nature and amount of solid catalyst needed in the HEF must
be taken into account, as well as the volume of treated solid
and the organic matter content of the wastewater (Navalon
et al. 2010).

Studies reported in the literature show that the HEF tech-
nique is efficient to catalyze the decomposition of H,0, into
HO- and, in turn, the mineralization of different classes of
pollutants, especially POPs and azo-dyes. Jiang et al. (2016)
reported excellent results for Methyl Orange degradation
using RuO,-Ti anode and a magnetite nanoparticle catalyst
in Na,SO, medium and current density (j) of 10 mA cm™2,
and obtained 86.6% removal of the dye from the aqueous
solution. He et al. (2014a, b) carried out studies for the oxi-
dation of the Methylene Blue dye in effluents using graphite
anode assisted by a kaolin catalyst modified with Fe,O; in
NaCl medium applying j=69,23 mA cm~2. In these con-
ditions, it was obtained 100% efficiency in dye degrada-
tion and a removal of 96.47% of chemical oxygen demand
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Table 4 Use of the HEF technique with different electrodes to remove azo-dyes present in dyeing effluents

Electrode Electrolyte Azo-dye

Parameters References

RuO , -Ti/ CB-PTFE* Na,SO, Methyl orange

graphite NaCl

graphite Na,SO, Methyl orange

BDD" Na,S0, Methylene blue

CoFe,0,/NOM magnetic
hybrid catalyst

Na,SO, Acid black 210

Magnetite Na,SO,/H,SO, C.I. Reactive blue 19

FeV0O,/CeO, nanocomposites/
SS

Na,SO, Methyl orange

BDD/Carbon-PTFE Na,SO, Acid blue 29 diazo

GE*/SS¢ NaCl

SS/GE NaCl Yellow 2G

CoFe,0,/CF Na,SO, Tartrazine dye

N-doped-CNF-Co/CoOx/CF ~ Na,SO, Acid orange 7

BDD/CF® Na,SO,

Methylene blue/methyl orange j=69.23 mA cm™2,COD:

Mixture of industrial azo-dyes j=20.00 mA cm™2, COD:

4-amino-3-hydroxy-2- p -tol-
ylazo-naphthalene-1-sul-
fonic acid + Di-azo dyes

j=10.00 mA cm™2, TOC:
32%, Decolorization: 86.6%,
pH=3.00

Jiang et al. (2016)

Ma et al. (2009)
96.5%, Decolorization:
100%, pH=3.00

j=68.00 mA,COD:
92.5%, Decolorization:
99.2%, pH=4.34

j=10.00 mA cm™2, COD:
83.0%, Decolorization:
98.0%, pH=3.00
j=45.40 mA cm™2, COD:
95.0%, Decolorization:
100%, pH=6.00
j=3.00 mA cm™2, COD:
87.0%, Decolorization:
100%, pH=13.00
j=100 mA, COD:
70.0%, Decolorization:
96.3%, pH=3.00
j=333mA cm~2,
COD: ~45.0%, Decoloriza-
tion: 100%, pH="7.00

He et al. (2014a, b)

Zhao et al. (2016)

Cruz et al. (2021)

He et al. (2014b)

Setayesh et al. (2020)

dos Santos et al. (2019)

GilPavas and Correa-Sanchez
67.0%, TOC: 59.0%, Decol-  (2019)

orization: 100%, pH=3.50
j=12.50 mA cm™2, TOC:
85.0%, Decolorization:
94.0%, pH="7.00
j=8.33 mA cm™2, COD:
78.5%, Decoloriza-
tion: ~100%, pH=3.50
j=10.00 mA cm~2, TOC:
92.4%, Decolorization:
100%, pH=3.00
j=1.70-1.75 mA cm~2,DOC:
95.0%, Decolorization:
90.0%, pH=2.9-4.0

Benhadji and Ahmed (2020)

Dung et al. (2022)

Barhoum et al. (2021)

Labiadh et al. (2015)

4CB-PTFE: Carbon Black — Polytetrafluoroethylene Electrode
®BDD Boron-doped diamond

°GE Graphite electrodes

4SS Stainless steel electrode

*BDD/ CF Boron-doped diamond/Carbon felt

(COD). Table 4 shows some works reported in the litera-
ture that describe the application of HEF for the removal
of azo-dyes.
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Photoelectro-Fenton (PEF) and Solar
Photoelectron-Fenton (SPEF)

The association of irradiation with the conventional EF
process will characterize the PEF and SPEF techniques, by
artificial light or natural sunlight, respectively. Several strat-
egies have been developed by research groups in order to
minimize the problems arising from the oxidation processes
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of organic pollutants. Homogeneous and heterogeneous PEF
treatments, as well as SPEF, have been highlighted since
these photo-assisted techniques have provided the increase
in mineralization efficiency (Brillas 2020). This effect hap-
pens for two main reasons: (i) the competitive photoreduc-
tion reactions of Fe(III) complexes at pH values close to 2.8
to 3.5, with consequent production of HO- and regeneration
of Fe(Il) (Sun and Pignatello 1993); (ii) the direct photoly-
sis caused by excitation of ligand-metal charge transfer of
Fe(IIT)/organic intermediate compounds complexes, possibly
formed in the process (Horvath and Stevenson 1993), such
as carboxylic acids and weak oxidizing species. These pro-
cesses will be described by reactions (25) and (26).

Fe(OH)* + hv — Fé** + HO' (25)

Fe**(L), + hv — Fe** (L), , +L,, (26)

In the PEF method, the effluents are treated using artifi-
cial lamps with exposure in the UVA region at wavelength
(M) ranging from 315 to 400 nm, UVB at 1=280-315 nm,
and UVC at 1<280 nm (Brillas 2014). Although UVA is
the most used (Borras et al. 2013), depending on the wave-
length and intensity of the radiation source, pollutants can
be degraded by different mechanisms. Direct photolysis of
these components will occur when the light source emits
radiation in the same length range in which these contami-
nants will absorb this radiation, that is, in the most efficient
possible way. Furthermore, the application of UVC light in
the presence of symmetrical peroxides such as H,O, can lead
to HO- additional formation through the homolytic cleavage
of the peroxide bond, as showed in Eq. (27) (Khataee and
Zarei 2011).

H,0, + hv —» 2HO 27

The application of light overcomes the limitation of the
EF method in the presence of organochlorine compounds,
for example, because different reactive species, such as °*Cl,,
*Cl and *HOCI" can be generated in the medium (Coledam
et al. 2018). However, monitoring of these products is neces-
sary to avoid the production of toxic derivatives.

Aiming at the treatment of industrial effluents, the het-
erogeneous PEF processes have been investigated address-
ing the use of insoluble solid catalysts or cathodic materi-
als iron-functionalized, similar to those described in 3.3.
(Peng et al. 2015). The Fe solid catalyst or cathode (= Fe*™)
immersed in the solution, is usually hydroxylated with —-OH
groups, which can produce the same reactive oxygen species
as the homogeneous PEF, to assume that similar reactions
take place on its surface, according to Eq. (24). This pro-
motes the formation of the radical HO- in basic or neutral
pH in the presence of incident light, in addition to decreasing

the dissolution of Fe(III) ions, and ensuring the stability and
reuse of the catalyst.

Despite the high efficiency of the PEF technique, the use
of artificial lamps is commonly responsible for high elec-
trical costs, which can be much higher than the cost of an
electrochemical cell. This consumption can be minimized
by applying the SPEF process, where the solution is directly
irradiated with photons of natural sunlight, which is a free
and renewable resource (Peng et al. 2015). The disadvantage
of the method is that it restricts the daily hours of sun, the
climate of the region, and its geographical location However,
if the input current is supplied by photovoltaic panels and
stored in batteries, it can be an inexpensive power source for
the electrochemical cells and UV lamps, in order to carry
out a suitable hybrid treatment for an effective remediation
content of dyes in effluents (Moreira et al. 2013; Brillas
2014, 2020).

Among the classes of synthetic dyes, azo-dyes are the
most commercialized, around 70% of the total (Selvaraj
et al. 2020). Several studies have demonstrated remark-
able initial discoloration rates and dye removals, Solano
et al. (2015) found 99% COD removals from the PEF-UVA
process for Congo Red treatment using BDD anode at
j=100 mA cm™2. An improvement of the PEF process was
performed by Iranifam et al. (2011a) by adding ZnO nano-
particles that allowed a mineralization of 94.7% of Basic
Yellow 28 through a platinum anode at j =100 mA cm™2.
Moreira et al. (2017) found 93% DOC removals by SPEF
for the treatment of Sunset Yellow FCF with BDD anode
at j=100 mA cm™2. Table 5 presents some studies of the
degradation of different azo-dyes and description of the
processes based on recent applications.

Evaluation of the feasibility of the process

During the electrolysis process, the efficiency in removing
the color from effluents contaminated with dyes can be
followed by determining the decay of the color intensity,
using the Eq. (28).

ABS, — ABS,

(%)CR = x 100 (28)

0

In this equation, the terms ABS, and ABS, correspond to
the maximum absorbance at a given visible wavelength, in
the initial stages and at time ¢ of the electrolysis process,
respectively (Brillas et al. 2009). However, in the evalua-
tion of the process by color removal ((%)CR), the incom-
plete dye oxidation and intermediates of oxidation reaction
are not detected, since many of the species do not absorb
radiation at the same wavelength as the chromophore por-
tion of the dye. Furthermore, the (%) CR does not allow a
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Table 5 Use of PEF or SPEF technique with different electrodes to remove azo-dyes present in textile effluents

Process Electrode Electrolyte Azo-dye Parameters References
PEF-UVA  BDD/C-PTFE? Na,SO, Congo red j=100.00 mA cm~2,COD: Solano et al. (2015)
99.0%, Decolorization: 100%,
pH=3.0
PEF Pt/CNT-PTFE® Na,SO, Basic yellow 28 j=100.00 mA cm™2,TOC: Iranifam et al. (2011b)
catalyzed 94.7%, Decolorization: 91.3%,
by ZnO pH=3.0
nanoparti-
cles
SPEF BDD/C-PTFE* Na,SO, Sunset yellow FCF j=100.00 mA cm~2,COD: Moreira et al. (2017)
93.0%, Decolorization: 100%,
pH=3.0
PEF-UVA  BDD/C-PTFE* Na,SO, Acid red 29 j=17.00-100.00 mA cm™2,COD:  Almeida et al. (2012)
92.0%, Decolorization: 98.0%,
pH=2.0-6.0
SPEF DSA/SS¢ NaCl/ Na,SO, Acid red 1 j=15.00 mA cm™2,COD: Murrieta et al. (2020)
75.0%, Decolorization: 100%,
pH=3.0
PEF-UVC  BDD, MnO,-ADE! K,SO, Reactive black 5 7=50.00 mA cm~2,TOC: Aveiro et al. (2018)
91.0%, Decolorization: 100%,
pH=3.0
PEF-UVA  BDD/ADE Na,SO, Orange G 7=200.00 mA cm~2,TOC: Pereira et al. (2016)
94.0%, Decolorization: 100%,
pH=3.0
SPEF DSA®/ADE Na,SO, Methyl orange j=60.00 mA cm™2,TOC: Salazar et al. (2022)
98.0%, Decolorization: 100%,
pH=6.0
SPEF DSA/ADE Na,SO, Acid blue 29 j=25.00 and 50.00 mA cm?TOC: Salazar et al. (2019)
75.0%, Decolorization: 100%,
pH=3.0
PEF BDD/CF Na,SO, 4-amino-3-hydroxy- j=17.50 mA cm*,TOC: Labiadh et al. (2015)
catalyzed 2-ptolylazo-naphtha- 95.0%, Decolorization: 100%,
by FeS, lene-1- pH=3.0-4.0
nanoparti- Sulfonic acid (AHPS)
cles azo
Dye
PEF-UVA  BDD/SS Na,SO, Chocolate brown HT ~ j=20.00—48.00 mA cm? COD:  Pacheco-Alvarez et al. (2019)
eriochrome black 97.0%—99.9%, Decolorization:
100% (both), pH=2.80-3.0
PEF-UVA  BDD/CF Na,SO, Acid red 1 j=33.40 mA cm?, COD: ~ Wang (2022)
87.0%—99.9%, Decolorization:
96.7% pH=3.0
PEF-UVC  Ti/PtO, | BC-PTFE Na,SO, Methyl orange j=40.00 mA cm?, TOC: 80.0% Kong et al. (2020)
Decolorization: 100.00%
pH=3.0
PEF-UVA  DSA/CF-ADE Na,SO, Methyl orange j=20.00 mA cm?, TOC: ~ 94.0%, Marquez et al. (2020)

Decolorization: 100% pH=3.0

4BDD/C-PTFE Boron-doped diamond /carbon— polytetrafluoroethylene electrodes
®Pt/CNT-PTFE Platinum/carbon nanotube—polytetrafluoroethylene electrodes

¢SS Stainless steel electrode
4ADE Air diffusion electrode
¢DSA Dimensionally stable anode
fBC Black carbon
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quantitative analysis of the electro-oxidation performance,
which makes it a useful technique for semi-quantitative
analysis (Brillas et al. 2009; Nidheesh and Gandhimathi
2012). Another very useful analytical method for moni-
toring the electro-oxidation reaction is high performance
liquid chromatography (HPLC). This technique allows the
sensitive and quantitative identification of the products
generated in the electrolysis reaction (Martinez-Huitle and
Brillas 2009).

In addition to (%)CR and HPLC, other methods for
monitoring the extent of the electrochemical reaction
can be used. The total organic carbon content (7TOC) and
chemical oxygen demand (COD) are the most usual in
stages of complete persistent organic pollutants (POP)
mineralization. Equations (29) and (30) mathematically
describe TOC and COD values.

roc@ry = 2250 =T0C 100

7 T0C, (29)
COD(%) = CODy — COD, 100

Y~ 7 cop, (30)

In these equations, COD, and TOC, are the experimen-
tal values of chemical oxygen demand and experimental
total organic carbon at time ¢ (mg L_l), on the other hand,
COD, and TOC, are the initial values of COD and TOC.
Additionally, other analyses of interest are the current effi-
ciency (CE), which can be given from the variation of the
COD during the experiment, as Eq. (31), and the measured
current efficiency (MCE) for complete POP mineraliza-
tion, obtained by Eq. (32).

A(COD)FV¢
CE(%) = ———— % 100 3D
81t
nFV,ATOC,,,
MCE(%) = 100 (32)

—_— %
432 x 10"m.It

wherein F corresponds to Faraday's constant (9.6487 x 10*
C mol™'), Iis the electric current (A), V, is the solution vol-
ume (L), 8 is the O, equivalent mass, A(COD) is the chemi-
cal oxygen demand decay,  is the time (s), A(TOC )exp is the
experimental change in TOC values at time #; m and n are the
number of carbon atoms and theoretical electron exchange
during the mineralization process of organic compounds.
The constant value (4.32 % 107) corresponds to the homoge-
neity correction factor. Under constant current conditions, an
efficient electrolysis process guarantees low specific energy
consumption values.

Cost analysis of the processes

The economic aspects are important issues in developing
clean processes. So, developing affordable, energy-saving,
and highly-effective technologies is extremely desirable as a
way to increase access to sustainable production by different
industrial sectors.

Despite their efficiency, electrochemical methods are
frequently considered expensive, as they require energy to
operate. Hence, energy consumption measurement is an
important criterion in choosing the degradation method.
Currently, the estimation of energy consumption per vol-
ume of treated effluent (E,,,., kWh m™) or the specific
energy consumption based on COD removal (SEC, in kWh
(kg (COD)™Y), are the values provided by the authors for
comparison between technologies. Usually, electrode costs
and sludge treatment are not considered in most studies. In
the COD-based approach, the specific energy consumption
(SEC) of the system is calculated by Eq. (33) (Ahmed Basha
et al. 2010; Rahmani et al. 2015), whereas the energy con-
sumption per volume (E, ) is given by Eq. (34) (Azarian

cons:

et al. 2018).
Vit
SEC =
ACV, 33)
Vit
Econs = 7 (34)

In the Egs. (33) and (34), the V is the electric potential
(V), I is the electric current (A), 7 is the reaction time (h), AC
is the difference in inlet and outlet concentration of COD (g
L_l), and Vj and v are the volume of dye solution in L and
m?, respectively.

The state-of-the-art of electrochemical oxidation pro-
cesses shows an energy consumption ranging from 0.5
to 100 kW h/kg COD (Avlonitis et al. 2003; Xiao et al.
2015; Lee et al. 2016; Zou et al. 2016). Among the works
which have estimated the energy consumption, Ozturk and
Yilmaz (2020) showed the indirect electrooxidation of
Basic Red 13 on Ti/Pt anodes. The energy consumption
values of the system were calculated as 7.91 kW h m~ and
0.98 kW h kg COD™! under optimal conditions to achieve
high removal efficiency (99.98%), such as a current density
of 19.53 mA cm~2 and pH 4.38. In another study, Morais
et al. (2013) investigated the direct electrochemical oxida-
tion of methyl red dye using Ti/Ru 3,Ti; 4 €lectrodes. In
this study, the energy consumption measured during galva-
nostatic electrolysis of dye solutions largely depended on the
applied current density, and the authors found 11.03 kWh
m~3 at 30 mA cm~2 (25 °C). The electrochemical decolori-
zation of methyl red by RuO,-IrO,-TiO, electrode through
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hypochlorite formation was investigated by Sathishkumar
et al. (2017). The authors calculated the cost of energy con-
sumption for the decolorization of dye for 99.96% decol-
orization as 0.43 kWh m™>. Li et al. (2017) developed a
carbon nanotube filter for electrooxidation of methyl orange
and others organic pollutants. In this work, the energy per
volume of treated dye solution was calculated to be 0.19
kWh m™3. Zhou et al. (2011) compared the electrochemi-
cal degradation of methyl orange on the mixed metal oxide
(ruthenium-based DSA) and boron-doped diamond (BDD)
electrode in the presence of NaCl. It was proved that the
degradation on BDD electrode was better cost-effective and
more suitable towards dye mineralization than metal oxide
anode. On BDD, an energy requirement of 15 kWh m™>
could obtain a COD removal higher than 90% for an initial
dye of 200 mg L.

Another study, performed by Kumar and Gupta (2022),
the electrochemical oxidation of direct blue 86 dye was
investigated using an electrochemical system DSA-based
(Ti/Sny ¢,Ruy 330,), under four different current density con-
ditions. In this investigation, a specific energy consumption
of about 9.06 kWh m™ at a current density of 20 mA cm™>
was observed. On the other hand, under conditions of low
current density, a consumption of about 3.5 kWh m™>
was obtained. So, the specific energy consumption (SEC)
increased significantly from 1.82 to 9.06 kWh m™ with
increase in current density. However, the reduction in elec-
trolysis time and dye removal efficiency was not significant
at high current densities. In addition, the authors investigated
the mean operating cost for the procedure, which was esti-
mated to be around 1.29 US$ m~>.

Alcocer et al. (2018) investigated the electrochemi-
cal degradation of the Violet Acid 90, Brown MF and
Blue BR dyes, using a BDD-based electrode as anode at
j=18 mA cm™2. The authors obtained the specific aver-
age current consumption ranging from 23 to 33 kWh m~>.
In addition, decrease of the discoloration index and COD
about 80% and 100%, for volume 0.5 L of treated effluent
was described. Furthermore, the average operating cost was
around 2.96 US$ m~3 to 4.50 US$ m~3, with considerable
variations proportional to the current density applied dur-
ing the procedure. Vasconcelos et al. (2019) investigated the
electrochemical oxidation of the Reactive Blue 19 dye on
an electrode based on Ni/BDD, with a specific energy con-
sumption of 18.3 kWh m~3 of treated solution, under condi-
tions of j: 41 mA cm ™ and 0.85 L of effluent. Furthermore,
the reported efficiency parameters indicated a reduction of
up to 70% in the absolute values of TOC.

Tang et al. (2020) conducted degradation studies of the
azo textile dye X-6G employing an electrochemical sys-
tem based on BDD, under j: 100 mA cm~2 and 0.01 mol
L~! of Na,SO, as support electrolyte. In the investigations,
it was found that after 2 h of electrolysis, the degree of
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mineralization of the dye was high, and the rate of reduction
of TOC presented values of 72.8%. In addition, the energy
consumption required for dye degradation was 44.86 kWh
m~>, with an average operating cost of about 3.58 US$ m~>
for the treatment of 0.2 L of effluent. In another investi-
gation, conducted by Elaissaoui et al. (2019), studies were
carried out aiming at the degradation of Amaranth azo dye,
using a system based on modified PbO,/Stainless Steel elec-
trode, under j: 25 mA cm™. It was possible to verify an
energy consumption of about 34.19 kWh m™ for an effluent
volume of 1L during 300 min of electrolysis. Del Rio et al.
(2009), investigated the use of an electrode based on Ti/
Sn0O,-Sb—Pt under j: 125 mA ¢cm™2 in NaCl 0.05 mol L™!
for the degradation of the dye C.I. Reactive Orange 4. In
this work, COD removal efficiency of 94.2% was verified,
accompanied by a specific energy consumption between 20.0
and 26.0 kWh m~3, for a volume of 0.055 L and an initial
concentration of 800 mg L.

As stated, the current literature has an extensive approach
to quantification, costing and optimization of EAOP-based
techniques for the degradation of Azo dyes (Oturan and
Aaron 2014). Brillas and Martinez-Huitle (2015) show
that energy parameters related to specific consumption and
operating costs are essential figures of merit for to evalu-
ate the feasibility of electrochemical treatments of dyes for
industrial application. Thus, in the approaches listed in this
review, specific consumption values within the range of ~ 1
kWh m~ — 40 kWh m~> were verified, while the average
energy costs reported ranged from 1.99 US$ m~> to incom-
plete oxidation conditions, reaching the level of 10.52 US$
m~> with the use of more energetically expensive systems
based on BDD electrodes. Further in approaching the fea-
sibility, cost and efficiency of EAOPs, the validation of the
formed products, as well as the establishment of techniques
aimed at monitoring become essential. Thus, knowing the
main intermediaries and elucidating their mechanisms of
formation and consumption is important, since allow us to
predict the impact of the technique on the removal of the
contaminant as a whole (Javaid and Qazi 2019).

Intermediates generated during the electrochemical
procedure (by-products)

During the execution of the electrochemical method, it is
extremely necessary to monitor intermediate reaction spe-
cies, such as highly toxic organic molecules and inorganic
ions. In general, this monitoring helps to determine the main
degradation route and, consequently, the type of resulting
effluent, in order to be able to categorize it within the legal
emission standards. Specifically, analytical techniques such
as high-performance liquid chromatography (HPLC) and gas
chromatography coupled with a mass spectrometer (CG-MS)
can identify the presence of different intermediate species
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arising from the electro-oxidation process (e.g., organochlo-
rines, carboxylic acids, inorganic ions and phenols) (Brillas
et al. 2009; Moreira et al. 2017). Furthermore, the HPLC
technique can be used to monitor the oxidation kinetics
of POP (Oh et al. 2014; Solano et al. 2015; Zazou et al.
2019). Solano et al. (2015), Soni et al. (2020); and Rajkumar
and Kim (2006) reported that the use of techniques such
as HPLC in the identification of intermediates allowed the
detection of approximately 13—15 hydroxylated derivatives,
21-35 aromatic intermediates, 6 phenolic derivatives and
persistent inorganic ions. These data come from the analysis
via HPLC of a sample of dyes: reactive black 5, congo red
and acid violet that underwent the EO processes with DSA,
EF and PEF, respectively. In all EAOPs mentioned, the
formation of intermediates such as benzene, naphthalene,
biphenyl, monoazo, diazo and phthalic acid was verified.
Furthermore, tartonic, tartaric, oxamic, oxalic and acetic
acids were detected in the analysis. In addition, the works
reported that most of the nitrogen was lost during the pro-
cess in the form of N-volatile species and oxidized to NO,

L

Fig.5 Scheme of the electrochemical reactor coupled to a photovol-
taic system on an enlarged scale. Reprinted from Valeroet al. (2014)
Copyright (2014), with permission from Elsevier

and to a lesser extent to NH; (Oh et al. 2014; Solano et al.
2015; Celebi et al. 2015; Zazou et al. 2019).

Scaling-up and pilot scale

The applicability of the electrochemical methods highlighted
in the previous discussion strongly depends on the elucida-
tion of projects for large-scale applications, for example,
for the treatment of real effluents in flow cells. Valero et al.
(2014) evaluated the feasibility of a treatment for removing
pollutants from a real industrial effluent by electrochemi-
cal oxidation performed on a laboratory scale, and then its
application on a pre-industrial scale. In the first stage, the
work was carried out on a laboratory scale, using a 63 cm?
cell, different anodes (Ti / Pt, and DSA (Ti/ RuO, and Ti /
IrO,)), ideal experimental conditions (pH, current density,
temperature), and chloride concentration (C) were studied
and established. It was verified that a DSA-CI, (Ti/RuQ,),
pH=9,0, j=50 mA cm?, C=2000 mg L~!, and room
temperature were the ideal conditions for the procedure in
the laboratory. The chemical oxygen demand (COD) was
reduced by up to 75%, indicating that the electro-oxidation
process can satisfactorily remove organic pollutants. In the
second stage, the process was scaled from laboratory to pre-
industrial scale, using a 3300 cm? cell. The electrochemical
reactor was then powered by a photovoltaic generator con-
nected directly to it, in order to operate using renewable
energy. The general procedure achieved a COD pollutant
clearance of about 80% and a drastic reduction in TOC val-
ues to above 56% from the original values. The prototype
used can be better presented in Fig. 5.

In the illustration proposed by Valero et al. (2014), it is
possible to verify the detailed scheme for an application of
the treatment process on a pre-larger scale, through a reactor.
In (1) there is the Solar Photovoltaic generator; in (2) Elec-
trochemical reactor; (3) Solution reservoir; (4) Thermometer
and pH-meter; in (5) Flow rate meter; ((»)) corresponds to
is the heat exchanger. When using the proposed system, it
was verified that the COD elimination rate reached 70%,
reduced to levels compatible with the discharge limit estab-
lished by legislation. Thus, the feasibility of these systems
is proven for pollutants present in real effluents. However,
the studies developed by the authors did not show real evi-
dence regarding the identification and quantification of by-
products. This criterion becomes fundamental since the EO
associated with DSA in chlorinated media (C17/Cl,) pro-
mote the formation of intermediate species of high toxicity
(organochlorine), which were not classified by the method-
ologies used by the authors (Martinez-Huitle and Brillas
2009; Moreira et al. 2017; Sirés and Brillas 2021). Another
point not investigated in the authors’ scale-up proposal con-
cerns the faradaic efficiency data of the process, nor the

@ Springer %%DABEQ::E:Z& e




644

Brazilian Journal of Chemical Engineering (2023) 40:623-653

e
A
s Q*O‘Q‘O

s
T
B

R RTR
ettty
NPT
ey

o
EHHE
I
-

T

tats

*

I

Hk
SRS
etatety

sty
o
%

o

+.

SRS

,.
Ll
s

o
i
BRI
PRSI

BAGE

+

B

-+
T+

Fig.6 Proposed flow reactor profile view. Reprinted (adapted) with
permission from Vaghela et al. (2005), Copyright (2005) American
Chemical Society

elucidation of the possibility of applying this system in real
textile effluents containing azo-dyes, which comprise a wide
range in the market of transformation.

Another study, developed by Vaghela et al. (2005), pro-
poses the construction and application of a reactor for the
electro-oxidation of real effluents containing azo-dyes.
In this sense, a rectangular PVC reactor with dimensions
(10.5 cm X 6 cm) with inlet and outlet flow was used with
an anode (effective area of 50.16 cmz), and a thin stainless-
steel plate (11 cm X 8 cm) as cathode. The total volume of
contained solution was 100 mL in one system. The efflu-
ent containing a mixture between azo-dyes (reactive red 2,
reactive red 20, reactive orange 4 and reactive orange 13)
was allowed to flow from the bottom of the cell at a cer-
tain rate, which was regulated in three flow rates 5, 10 and
15 mL min~!. A current between 0 and 100 mA cm? was
applied between the two electrodes while the effluent was
constantly fed into the cell. The effluent electrochemically
treated was analyzed to estimate the percentage discoloration
from the absorption data. The COD decay was determined
by a standard method using potassium dichromate. The cell
model described by Vaghela and collaborators (2005) can
be seen in Fig. 6.

The results obtained by the application of the reactor were
satisfactory for the initial purposes—removal of color and
attenuation of the chemical oxygen demand of the effluent.
For the range of investigated current densities, the decol-
orization was 85.3 to 99.2% at a flow rate of 5 mL min~!,
while at higher flow rates, as 15 mL min~', for example,
the removal reached the lowest values. Furthermore, it was
found that for all flow rates investigated, higher values of
color removal were found for higher current densities. The
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Fig.7 Scheme for a reactor plant used in the degradation of methyl
orange present in textile effluent. Reprinted from Brillas and Mar-
tinez-Huitle (2015), Copyright (2015), with permission from Elsevier

evaluation of the reduction in oxygen demand (COD) was
carried out as a function of the specific area of the elec-
trode, and it was observed that under conditions of high area
and applied current density, the high COD values achieve
the summit in 80.8% of decay at j=40 mA cm™ and area
of 21.5 cm?. Although the authors have obtained satisfac-
tory results, the flow reactor presents the use of Polyvinyl
chloride (PVC) in its structure as a disadvantage. There-
fore, because the dyes present high adhesion to polymers, an
alternative to the PVC reactors would be the use of systems
based on less reactive materials, as highlighted by El-Ghen-
ymy et al. (2014) and Antonin et al. (2015).

Brillas and Martinez-Huitle (2015) and Isarain-Chéavez
et al. (2013), developed a prototype/reactor plant based on
the EAOPs of Electro-Fenton for degradation of the methyl
orange azo-dye. In recent years, the electrochemical gen-
eration of Fenton’s reagent in situ, also known as the elec-
tro-Fenton (EF), has been studied in order to achieve high
standards of removal of several contaminants. These studies
are mainly based on the possibility of reducing dissolved
oxygen to hydrogen peroxide under conditions outside of
selectivity, i.e., outside the acidic medium (Isarain-Chavez
et al. 2013; Brillas and Martinez-Huitle 2015). Regarding
the developed plant, for each test performed, about 3 L of
real effluent solution was introduced into the reservoir and
recirculated in the system by means of a centrifugal pump
at a flow rate of 12 L min~!, controlled by a rotameter. The
electrochemical reactor had two BDD diamond-doped boron
electrodes as respective cathode and anode. Both rectangu-
lar plate electrodes, with a geometric area of 64 cm? and
a distance of 2.5 cm each other, were put in contact with
the 0.05 mol L™! Na,SO, solution. Before the degradation
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Table 6 Different electrochemical systems in a pilot plant and on a larger scale applied to the evaluation of the efficiency of the degradation pro-
cess of azo-dyes present in synthetic effluents

Azo-dye Pollutant characteristics Electrochemical Parameters Removal efficiency (%) References
processes/scale
Methyl Red, Orange II, 100 mg L' in each dye EF Anode: Pt (31.4 cm?) 11% Elias et al. (2011)

Biebrich Scarlett azo
dyes

Methyl violet 2B dye

Acid violet 7

Reactive orange 16,
reactive red 120,
direct red 80 (mix-
ture)

Methyl orange

Orange G azo dye

Indigo dye

solution

69-548 mg Methyl
violet 2BL'in7.0 ¢
Na,S0, L™

200 mg acid Violet 7
L™in 0.05 mol L™!
Na,SO,

100400 mg L' in
Na,SO,

10.00-50.00 mg L™" in
0.1 mol L™! NaClO,

294-3580 mg Orange
GL™!
in 7.0 g Na,SO, L™

315 mg Indigo L™" in
29¢g
NaCIL™

(Pilot-scale)

EO
(Pilot-scale)

EO

EO

Photo-EO

EO
(pilot-scale)

EO
(pilot-scale)

Cathode: Carbon Felt
(42 or 378 cm?)

E:—05V

Flow Rate: 5,8 L min™!;

T: 303 K

pH: 1.0 or 3.0

Anode: BDD*or Pt (3  74%
cmz)

Cathode: Pt (3 cm?)

j:33-150 mA cm™

Flow rate: stirring

T: 308 K

pH:3.00r 7.4

Anode: BDD/NDb (63.5 >82%
cmz)

Cathode: Ti

j: 1560 mA cm™2

Flow Rate: 2,67 L
min~!

T: 298 K

pH: 7.2

Anode: SS >98%
Cathode: SS
j: 47.00 mA cm™2
Flow rate: 0.0017 —
0.0082 L min™!
T: 298 K
pH:3.0-7.0

Anode: TiO, Nanotu- >70%
bular

Cathode: Ti Platini-
zaded

j:0.14-2.5 mA

Flow rate: 0.007 —
0.120 L min~!

T: 298 K

pH:3.0-7.0

Anode: BDD* (3 cm?)  99.8%

Cathode: SS° (3 cm?)

j:33-150 mA cm -2

Flow Rate: 11 mL
min~

T:35°C

pH: 2.0-6.0

Anode: 2D (plate)
BDD?

(64 cm?) or

3D (mesh) BDD? (444
cm?)

Cathode: Pt

j:5.60r 15 mA cm™

Flow Rate: 0.10-1.1 L
min~!

T:25°C

pH: 6.3

Approx. 30 — 60%

Hamza et al. (2009)

Brito et al. (2018)

Alagesan et al. (2021)

Mais et al. (2020)

El-Ghenymy et al.
(2014)

Nava et al. (2014)
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Table 6 (continued)

Azo-dye Pollutant characteristics Electrochemical Parameters Removal efficiency (%) References
processes/scale
Evans blue azo dye 235 mg Evans blue L' EF Anode: Pt (90.3 cm?) 75% Antonin et al. (2015)
in 7.0 g Na,SO, L™! PEF Cathode: C-PTFE® 88%
SPEF (90.3 cm?) 90%
j: 100 mA cm™2
Flow rate: 3.3 L min~!
T:35°C
pH: 3.0
Acid yellow 36 azo dye 20 mg Acid yellow 36 EO Anode: BDD? (9.4 cm?)  Approx. 30% Juang et al. (2013)
L'+ (Pilot scale) Cathode: Carbon felt
5mgkaolinL™tin 1.1 g j: 30 mA cm™
KCIL™! Flow rate: 1.3 L min™"
T:25°C
pH: 3.0

BDD Boron-doped diamond electrode
®C-PTFE: Carbon- polytetrafluoroethylene electrode
¢SS Stainless Steel Electrodes

experiments, the Na,SO, solution was electrolyzed in the
plant at 50 mA cm™2 for 60 min to remove surface impurities
BDD (Cruz-Gonzélez et al. 2010; Ruiz et al. 2011). Figure 7
allows a better verification of the system used by the authors.

The aforementioned treatment allowed to determine the
behavior of the applied current against removal by elec-
trolysis time. The experimental data demonstrated that the
oxidation rate and process efficiency are proportional to the
concentration of the azo-dye, as well as evaluated in empir-
ical kinetic profiles. Maximum efficiencies were obtained
during the early stages of the process, with a subsequent
loss of efficiency during the experiment, reaching a steady
state. According to the authors, this behavior is character-
istic of the electrochemical oxidation of wastewater using
the EF technique, both in flow cells and in pre-established
batches. The greatest decolorization efficiency was obtained
by applying 31 mA cm™2. Therefore, methyl orange is rap-
idly decolorized during the first 10 min under these condi-
tions, yielding 80% decolorization efficiency. On the other
hand, the use of current densities of 7.8 and 15 mA cm™
lead to 70% and 60% decolorization efficiency, respectively,
slightly reducing overall performance. Take into account the
energy consumption, the developed system presented an
energy consumption of 7.66 kWh m~2, which is considered
moderately low.

A positive point in the article explanations is the identi-
fication of by-products from the electro-oxidative process.
Thus, generated carboxylic acids such as ascorbic, benzoic,
citric, maleic and oxalic were detected by ion exclusion
HPLC (Isarain-Chavez et al. 2013). However, consider-
ing the energy demand for the Electro-Fenton procedure
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associated with BDD electrodes in a flow system, it is nec-
essary to dispose of renewable and eco-friendly sources
of electricity to operate this device. The setup powered by
hybrid technology, such as the association of photovoltaic
systems, for example, could be an alternative for overcoming
the cost limitations. This idea, already supported by Valero
et al. (2014) in apparatus using commercial DSA and a flow
system, can be easily migrated to the displayed plant, being
even more functional and energetically economical.

Table 6 shows other studies about the degradation of
azo-dyes present in real or synthetic effluents, regarding the
scaling-up applications for electro-oxidative systems.

Conclusion

The pollution of water resources has been a major issue now-
adays, mainly when dealing with pollution caused by dyes
from the azo group. These species permeate into trophic
levels and cause devastating problems, from the death of
marine animals by eutrophication to profound changes in
DNA. Due to this problem, it has become increasingly neces-
sary to search for effective methodologies to minimize these
effects. Taking this into account, the use of methodologies
based on EAOPs has gained a lot of attention today because
it is a viable alternative for the removal of azo-dyes present
in different matrices. In terms of removal efficiency, EAOPs
have been frequently reported in the literature as techniques
that allow obtaining high removal rates, very efficient water
remediation, and low energy consumption. In the present
review, it was possible to verify that the application of
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techniques such as Electrochemical oxidation (EO), Electro-
Fenton (EF), Heterogeneous Electro-Fenton (HEF), Photo-
electro-Fenton (PEF), and Solar Photoeletro-Fenton (SPEF)
are powerful technologies for the treatment of contaminated
effluents by dyes. These technologies show color removals
in the range of 80%-90% and a drastic reduction in COD,
BOD, and TOC. Such parameters are taken as real evidence
to assess the extent of the degradation procedure. In fact, it
is clear that even with the advances in electrochemical puri-
fication techniques, it is still necessary for more studies in
order to develop more stable catalysts, with longer lifetimes,
and high catalytic activity. In this sense, the modulation of
electrocatalyst properties combined with scale-up design
may reduce costs and improve the efficiency parameters of
EAOPs to even higher levels compared to those reported in
the literature so far. Further studies must also be devoted for
understanding of the degradation and by-product formation
processes since the dyes are usually present in a complex
mixture of chemical species and interactions or recombina-
tion can yield in more toxic compounds. In addition to this,
the efforts addressed to the design of hybrid systems based
on EAOPs will allow the development of novel technologies
for water treatment at an industrial scale. Thus, we conclude
in this review that the EAOPs are versatile and effective
wastewater treatment with dye contents, but many efforts
still have to be taken so that the acceptability of these tech-
niques is increasing within the textile industrial scope, in
post-transformation stages, guaranteeing great benefits in
financial and environmental shortly.
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