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Herbicides have been largely utilized during the last decades to maintain the quality and quantity of
agricultural crop, ensuring the need of an increasing world food production. However, these synthetic
organics are highly biorecalcitrant and stable at mild conditions and cannot be effectively destroyed in
conventional wastewater treatment facilities. Among the advanced oxidation processes used to remove
herbicides, electrochemical technologies have been recently developed at bench scale as potential
powerful treatments. This review presents a critical, exhaustive and detailed analysis on the application
of single and combined electrochemical advanced oxidation processes to remediate wastewaters and
soils contaminated with common herbicides, covering the period 2010e2019. Nine kinds of treatments,
including single methods like anodic oxidation, anodic oxidation with electrogenerated H2O2, homo-
geneous and heterogeneous electro-Fenton, photoelectro-Fenton, solar photoelectro-Fenton and pho-
toelectrocatalysis, as well as combined ones involving hybrid and sequential processes, have been
examined. The fundamentals of each technology are briefly described, and the main results obtained for
the removal of the most used herbicide families from synthetic solutions and soil-washing effluents are
carefully exposed and discussed. The role of generated oxidizing agents and/or photolytic reactions in
photo-assisted processes is explained to justify the mechanisms proposed for herbicide mineralization.
The comparative oxidation ability of the different methods is discussed. Finally, future challenges
remarking the need of treating real agricultural wastewaters and contaminated soils, the construction of
electrochemical systems with stable electrodes at industrial scale and the realization of techno-economic
studies are envisaged.

© 2021 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Pesticides or agrochemicals are synthetic substances that are
produced for destroying, preventing or controlling unwanted
fungal or animal pests. Based on the target organism, they have
been classified into herbicides, insecticides, fungicides, rodenti-
cides, and so on. From their chemical structure, herbicides have
been categorized into triazine, chlorophenoxy acid, organochlorine,
organophosphate and urea families, among others. Herbicides used
to crop can act as plant growth regulators, defoliants, desiccants or
agents for thinning fruit or preventing the premature fall of fruit
(Vagi and Petsas, 2019). The increasing use of herbicides in inten-
sive agriculture during the last decades has maintained the quality
and quantity of agricultural crop with the consequent rise in world
food production. However, these compounds can enter into aquatic
ecosystems via surface run-off, leaching, spray-drift, soil erosion
and deposition (Vagi and Petsas, 2019). The occurrence of herbicide
residues and their metabolites in aquatic bodies (rivers, lakes, sea)
has beenwell documented, being detected usually at trace contents
fromng L�1 to mg L�1. Despite their lowcontent, they are considered
as priority persistent organic pollutants (POPs) due to their po-
tential acute and chronic toxicity that can affect the ecosystems and
human health (Mahour et al., 2014).

The majority of herbicides are chemically and photochemically
stable at mild conditions. For this reason, they are hardly degraded
in wastewater treatment facilities from conventional physico-
chemical and biological (abiotic and/or biotic) processes. The
treatment of soils requires the previous extraction of the herbicides
with surfactants to obtain a flushing effluent for remediation
(Rodrigo et al., 2014). Among the different techniques developed to
remove herbicides from wastewaters and soils, the advanced
oxidation processes (AOPs) have been described as the most effi-
cient treatments. AOPs are characterized by the in situ production
of hydroxyl radical (�OH), which is the second stronger oxidant
known with a standard reduction potential (E�) of 2.72 V/SCE. �OH
can non-selective react with most organics up to their minerali-
zation via hydroxylation and dehydrogenation reactions, among
others (Oturan and Aaron, 2014). Other weaker oxidants (e.g., O2

��,
O3, active chlorine) can be produced depending on the method,
operation conditions and matrix tested. Several AOP treatments of
herbicide wastewaters have been reported using UV/H2O2 photol-
ysis and photocatalysis (with TiO2/UV or ZnO/UV) (Ribeiro et al.,
2015), as well as pulse electric discharge plasma, gamma irradia-
tion, sulfate radical-based catalysts, sonolysis and O3-based AOPs
(Malakootian et al., 2020). More effective processes have been
described with electrochemical AOPs (EAOPs) like anodic oxidation
(Martínez-Huitle and Panizza, 2018) and electro-Fenton (Nidheesh
et al., 2019). The good performance of EAOPs to destroy other kinds
of POPs such as pharmaceuticals and personal care compounds
(Moreira et al., 2017) and a high number of dyes (Brillas and
Martínez-Huitle, 2015). EAOPs are considered as environmental-
2

friendly methods because the injected electrons caused the
destruction of organic pollutants. They present several advantages
over other AOPs including the absence or addition of low content of
non-toxic catalysts, relatively lowcost, safety because of their use at
mild conditions under ambient conditions and simple equipment
with amenability to be easily scaled-up at industrial scale and
automatized.

This paper presents an exhaustive critical review over the
development of emerging EAOPs that have been applied to herbi-
cide remediation in wastewaters and soils during the last decade.
The oxidation power of single and combined (hybrid and sequen-
tial) processes including anodic oxidation (AO), Fenton-based
treatments like electro-Fenton (EF) and photoelectro-Fenton
(PEF), and photoelectrocatalysis (PEC) has been examined as
function of their operation parameters for the pre-eminently used
herbicide families. The electrochemical systems utilized in these
techniques are described. The action of generated oxidizing agents
are detailed to explain the degradation andmineralization routes of
the herbicides tested.
2. Methods

This section analyzes all the literature related to the remediation
of herbicide wastewaters by EAOPs identified during the period
2010e2019.
2.1. Data sources and search strategy

To select the scientific and review articles dealing with the
EAOPs applied to the treatment of herbicides in wastewaters and
soils, an exhaustive search of the peer-reviewed literature was
made in the Scopus database. Since a low number of papers was
found with the keywords electrochemical advanced oxidation
processes AND herbicides, the search was extended directly to each
technology and the generic name of pesticides, because many ar-
ticles used the latter general term instead of the particular name of
herbicides. Four literature searches were then performed with the
following keywords: anodic oxidation AND pesticides, electro-
Fenton AND pesticides, photoelectro-Fenton AND pesticides, and
photoelectrocatalysis AND pesticides. The literature was limited to
publications (scientific articles and reviews) written in English
from 2010 to April 2020, covering the period of the last ten years.
The name of authors, title, publication data and abstract of each
retrieved paper were listed to be further revised individually. In this
way, all the publications including herbicides were selected. Pre-
sentations, letters to the editors, books and papers related to the
electrochemical detection of herbicides were excluded. The full text
of all the selected publications was then obtained andwas analyzed
to decide its inclusion in the present review with the following
criteria:
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(i) a correct application of single or coupled EAOPs,
(ii) the remediation of single and/or mixtures of herbicides from

wastewaters and soils,
(iii) an appropriated information over the experimental

methods, including the electrochemical cell and electrodes
employed, experimental conditions, equipment for analysis,
and degradation and mineralization calculations, and

(iv) a detailed descriptionwith adequate discussion of the results
obtained, regarding the decay of the herbicide, its removal
kinetics, the efficiency of the abatement of total organic
carbon (TOC) and/or chemical oxygen demand (COD), the
effect of operation variables, comparison between different
EAOPs, the energy consumption and if possible, the detection
and identification of primary and final by-products, allowing
in many cases, the proposal of a degradation or mineraliza-
tion mechanism. These parameters are remarked for each
treatment in the figures and tables presented in this review.

From the aforementioned analysis, the development of 9 kinds
of methods involving EAOPs was identified: AO, AO with electro-
generated H2O2 (AO-H2O2), homogeneous EF (homo-EF), hetero-
geneous EF (hetero-EF), PEF, solar PEF (SPEF), PEC and combined
(hybrid and sequential) processes. The degraded herbicides were
Fig. 1. Herbicide families with chemical structure of some compounds treated by
electrochemical advanced oxidation processes (EAOPs).

3

finally ascribed to each of such treatments, regardless of the matrix
utilized. Fig. 1 shows the 8 main herbicide families studied by
EAOPs, alongside the name and chemical formula of some notable
compounds.

The present review aims to describe the fundamentals and
characteristics of each one of the above 9 treatments, followed by a
critical analysis of its application to the removal of herbicides. For
each process, special emphasis is made over the cell employed, the
oxidation ability of the method as function of the operation pa-
rameters and the by-products originated.
2.2. Bibliometric analysis

Following the above criteria, 6 key review articles were selected.
They are focused on a general electrochemical treatment of herbi-
cides up to 2013 (Rodrigo et al., 2014), a general use of AOPs to
remove pesticides (Ribeiro et al., 2015) and herbicides (Vagi and
Petsas, 2019), and recently, the specific application of boron-
doped diamond (BDD) electrodes to the remediation of pesticides
inwaters (McBeath et al., 2019), wastewaters (Nidheesh et al., 2019)
and soils (Trellu et al., 2019). The analysis was completed by
selecting 149 scientific articles related to herbicide remediation
over the last decade. Fig. 2a shows the annual distribution of the
155 publications (scientific articles and reviews) identified. As can
be seen, a growing number of papers has been published since
2015, especially with a higher increase in the last year. This dis-
closes the great interest of the EAOPs to be applied to remediate
wastewaters and soils contaminated with herbicides.

A total of 218 different treatments were distinguished within
the 149 scientific articles. Fig. 2b makes in evidence that the most
utilized EAOPwas AO (38.1%), the simplest technique, being applied
in many cases as blank assay of other technologies, for example, in
PEC. Among the electrochemical Fenton-based processes, the
homo-EF (17.9%) was the more largely developed, which compar-
atively tested AO-H2O2 (6.9%) as blank treatments. Hetero-EF (2.7%)
and photo-assisted methods like PEF (7.3%), SPEF (2.3%) and PEC
(6.4%) were explored to smaller extent. It is also noticeable the large
study of combined processes, hybrid (11.9%) and sequential (6.4%),
mainly developed since 2017.

Regarding the herbicides studied, a total of 165 were considered
in the 149 scientific articles selected, corresponding an 84.8% to the
8 families shown in Fig.1. Fig. 2c highlights that the triazine (23.0%),
chlorophenoyacetic acid (20.0%) and urea (17.6%) families were the
most largely investigated. In them, atrazine (17.0%), 2,4-D (13.9%)
and diuron (7.9%) were the preferential herbicides tested.

It is also noticeable that only 15 scientific articles of the 149
identified reported the remediation of soil-washing effluents, being
the rest related to wastewater treatments. That means that greater
research efforts have to be made for clarifying the treatment of
herbicide in soils since they only represent a 10.1% of the papers
published during the period 2010e2019. The EAOP processes could
then serve to give an industrial solution to the remediation of these
effluents, which has also been poorly studied by different unsatis-
factory separation techniques like adsorption, precipitation and
membrane technology, as well as by less potent chemical AOPs
such as H2O2/UV and O3 (Gusiatin et al., 2020).

Finally, note that real agricultural wastewaters have not been
treated by EAOPs yet. This is an important challenge for future
research that is needed to be investigated in order to show the
ability of using such treatments at industrial level. Most research in
the 149 scientific articles selected was carried out by dissolving the
herbicides in synthetic waters (89.3%) and to much less extent, by
spiking them into soils (6.7%) or urban or industrial wastewaters
(4.0%).



Fig. 2. Bibliometric analysis of the literature. (a) Number of publications by year. (b)
Percentage of single or combined treatments. (c) Percentage of treated herbicide
families.
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3. Electrochemical systems

The oxidation ability of the EAOPs is determined by the elec-
trochemical system used, including the cell, electrodes and equip-
ment. The treatments identified in this review were performed
with small bench-scaled laboratory systems, then being required a
next great research effort for scaling up them at industrial scale in
order to solve full-scale problems such as cost evaluation and
optimization of operation parameters. An interesting advantage of
the electrochemical technology is the versatility of a given system
to be employed in different EAOPs with little modifications, for
example, by changing the nature of electrodes or by exciting the
system with ultrasounds (US) or light irradiation.

Figs. 3e5 depict the sketch of several electrochemical systems
employed for the treatment of herbicides wastewaters by AO,
homo-EF, PEF, SPEF and hybrid processes. The majority of such
4

systems are composed of undivided cylindrical tank reactors and
flow cells with two- or three-electrodes. Fig. 3c shows an example
of a divided three-electrode H-flow cell for AO where the anodic
and cathodic compartments with two BDD electrodes are separated
with a Nafion 424 membrane (Valenzuela et al., 2017). The anolyte
and catholyte continuously recirculated from two reservoirs driven
by two pumps. The third electrode was an Ag|AgCl reference
electrode, which served to provide a constant anodic potential (Ean)
by operating under potentiostatic mode. Divided cells are scarcely
employed in EAOPs, being preferred the undivided ones because
they avoid the potential penalty of the membrane or separator with
the consequent lowering of the electric cost of the process.

Tank reactors are the more ubiquitous systems used in AOPs for
their easy adaptability to the different operation conditions. These
small cells are usually cylindrical, operate in batch mode and are
magnetically stirred, not only for the homogenization of the treated
solution but also for enhancing the mass transport by diffusion-
convection of the reagents toward the electrodes and of the by-
products from them. In contrast, Fig. 3b shows a curious three-
electrode tank reactor for AO with an inner rotary mixer for stir-
ring (Alves et al., 2012), which has not been more used in the
literature. Note that in EF, some authors use three-electrode cells to
fix the cathodic potential (Ecat) for H2O2 generation (Zhao et al.,
2018). Several tank reactors are jacketed to keep a constant solu-
tion temperature regulated with an external thermostated water
circuit. The temperature regulation and pH adjustment are two
necessary requirements for a correct kinetic analysis of the abate-
ment of the target herbicide. An example of a jacketed divided two-
electrode cell for AO is given in Fig. 3a (Samet et al., 2010b). Fig. 4a
depicts an undivided two-electrode tank reactor for homo-EF
characterized by a large carbon-felt cathode (Tran et al., 2019).
The versatility of the latter kinds of cells can be corroborated from
the feasible immersion of an UVC light in solution for photo-
electrolysis (PE) with H2O2 electrogeneration, as shown in Fig. 4b
(Frangos et al., 2016), as well as in other hybrid processes, for
example, by coupling US in Fig. 5a giving rise to the sonoelectrolysis
(SE) one (Bringas et al., 2011), SPEF with solar photocatalysis (SPC)
with TiO2 onto glass spheres in Fig. 5b (Garza-Campos et al., 2014),
and granular activated carbon (GAC) for adsorption/AO in Fig. 5c
(Pedersen al., 2019). The two-electrode cells run when a constant
current (I) or current density (j ¼ I/electrode area) is provided with
a power supply, which determines the cell voltage or potential
difference between the electrodes (Ecell) that serves to calculate the
electric consumption of the assay.

It is noticeable that the study with small tank reactors should be
limited to the knowledge of the effectiveness of the treatment,
including its comparative oxidation ability with others, the kinetics
of the herbicide abatement, the effect of operation parameters over
the degradation and mineralization processes and the detection of
by-products. However, many authors determine from these data,
the efficiency and energy consumption of the treatments, which are
not useful at industrial scale due to the small volume of treated
solutions. A better approach to a full-scale application can be
envisaged using flow systems, where greater flowing solution
volumes can be treated in batch. Figs. 3d, 4c and 5d present ex-
amples of flow systems utilized for AO (de Matos et al., 2020), SPEF
with a solar compound parabolic component (CPC) photoreactor
(Garcia-Segura et al., 2011) and SE with US (dos Santos et al.,
2017a,b). These systems contain a reservoir to introduce the
wastewater, which is driven to the cell through a pump with a flow
rate regulated by a flowmeter. Heat exchangers can be coupled to
the circuit to regulate the temperature. Two main flow cells, cy-
lindrical and filter press, with simple hydrodynamics are employed,
as schematized in Figs. 3ee4d. The advantage of the flow systems is
that can be easily scaled at industrial level and the information



Fig. 3. Schemes of experimental setups used for the anodic oxidation (AO) treatments of herbicides in wastewaters operating in batch mode. (a) Stirred two-electrode divided tank
reactor with a BDD anode and a graphite bar cathode. Adapted from Samet et al. (2010b). (b) Three-electrode electrochemical cell with rotary mixer. Adapted from Alves et al.
(2012). (c) Divided three-electrode H-flow cell equipped with different anolyte and catholyte solutions. Adapted from Valenzuela et al. (2017). (d) Flow plant with (e) a cylin-
drical two-electrode tank reactor. Adapted from de Matos et al. (2020).
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reached at bench scale on the efficiency and energy cost at opti-
mum operation conditions provides a first idea over the possible
viability of the process at full-scale.
4. Treatment of herbicides from wastewaters and soils by
EAOPs

This section is devoted to an exhaustive analysis of each of the 9
identified treatments with EAOPs to remove herbicides from
wastewaters and soils, as explained in section 2. First, the funda-
mentals of each treatment are detailed to understand the origin
and oxidation power of the generated oxidizing agents as function
of the electrochemical system and the composition of the reaction
medium. Second, the application of each EAOP to herbicide reme-
diation is explained, remarking its recent development and main
achievements obtained.
5

4.1. Anodic oxidation

The simplest and more popular EAOP for wastewater treatment
is AO. The effectiveness of this procedure relies on the nature of the
anode material because it determines not only the oxidants elec-
trogenerated, but also their oxidation power. Table 1 summarizes
selected results obtained for the AO process of main herbicides
belonging to the 8 families specified in Fig. 1. For each assay, the
system and best experimental conditions are specified.
4.1.1. Fundamentals
AO is based on the oxidation of organic pollutants in an elec-

trolytic cell by:

(i) Direct electron transfer to the anode, leading to very weak
decontamination, and



Fig. 4. Sketches of experimental setups used for electrochemical Fenton-based/UV treatments of herbicides in wastewaters with a two-electrode cell in batch. (a) Stirred tank
reactor with a Pt anode and a carbon-felt cathode for homogeneous electro-Fenton (homo-EF). Adapted from Tran et al. (2019). (b) Stirred tank reactor with an inner UVC lamp for
photoelectrolysis (PE) with H2O2. Adapted from Frangos et al. (2016). (c) Solar pre-pilot flow plant with a CPC photoreactor and (d) a filter-press Pt/air-diffusion electrolytic cell for
solar PEF (SPEF). Adapted from Garcia-Segura et al. (2011).
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(ii) mediated oxidation with species generated from water
discharge or electrolyte oxidation at the anode at high I,
giving partial or total decontamination.

Comninellis proposed two extreme ideal anodes to explain their
oxidation power when only water discharge occurred (Panizza and
Cerisola, 2009):

(i) Active anodes, exemplified by Pt and dimensionally stable
anodes (DSA) like RuO2 and IrO2, which yield an electro-
chemical conversion with selective transformation of or-
ganics into biodegradable by-products, usually carboxylic
acids, and
6

(ii) non-active anodes, exemplified by metal mixed oxides
(MMO) like SnO2 doped with Sb2O5 and PbO2, along with
BDD. These electrodes lead to the electrochemical combus-
tion or incineration of organics with complete mineraliza-
tion, i.e., oxidation to CO2 and inorganic ions.

For both kinds of anodes (denoted as M), the water discharge to
O2 with E� ¼ 1.23 V/SHE involves the initial formation of phys-
isorbed �OH (M(�OH)) as intermediate as follows:

M þ H2O / M(�OH) þ Hþ þ e� (1)

In the case of active anodes, M(�OH) is oxidized to a



Fig. 5. Schemes of experimental setups used for hybrid treatments of herbicides in wastewaters using a two-electrode cell in batch mode. (a) Thermostated sonoelectrochemical
cell. Adapted from Bringas et al. (2011). (b) Stirred tank reactor with TiO2/glass spheres for solar photocatalysis (SPC)/SPEF. Adapted from Garza-Campos et al. (2014). (c) Stirred tank
reactor with granular activated carbon (GAC) for adsorption. Adapted from Pedersen al. (2019). (d) Flow electrochemical plant with a filter-press reactor and ultrasounds (US) for
sonoelectrolysis (SE). Adapted from dos Santos et al. (2017b).
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chemisorbed “active oxygen” MO with a higher oxidation state of
the metal M, which attacks the organics until carboxylic acids are
formed. In contrast, the non-active anodes act as inert electrodes
with lowM-�OH interaction, and M(�OH) yields full transformation
of organics into CO2 as follows:

a M(�OH) þ R / M þ m CO2 þ n H2O þ x Hþ þ y e� (2)

where the organic R contains m carbon atoms and its complete
mineralization requires a ¼ (2m þ n) oxygen atoms. This reaction
competes with the parasitic reactions of M(�OH), like its direct
oxidation to O2 by reaction (3), its dimerization to H2O2 by reaction
(4) or its reactionwith the latter species to form theweaker oxidant
hydroperoxyl radical (M(HO2

�)) by reaction (5). Another weaker
oxidant such as ozone can be produced by reaction (6). Although
reactive oxygen species (ROS) like H2O2, M(HO2

�) and O3 can be
generated from water discharge, the strongest M(�OH) is the ROS
that pre-eminently attacks the organic pollutants (Sir�es et al.,
2014).

M(�OH) / M þ ½ O2 þ Hþ þ e� (3)

2 M(�OH) / 2 M þ H2O2 (4)

M(�OH) þ H2O2 / M(HO2
�) þ H2O (5)

3 H2O / O3 þ 6 Hþ þ 6 e� (6)

High cell voltages are applied to the electrochemical cell in AO to
7

avoid the anode fouling (frequently occurring at low cell voltage
values), maintaining the anode activity for the oxidation of water
and organic pollutants. It has been found that the change from
active to non-active anodes is closely related to the increasing of
the O2-evolution overpotential. The BDD anodes are considered as
the best electrodes for AO because they possess the highest O2-
evolution overpotential as compared to the rest of anodes and then,
they producemore quantities of reactiveM(�OH) (Boye et al., 2002).
The BDD anodes potentiate the production of other oxidizing
agents when sulfate (or hydrogen sulfate), hydrogen carbonate or
phosphate are contained in the electrolyte. The anodic oxidation of
these anions yields peroxodisulfate, peroxodicarbonate or perox-
odiphosphate as follows (Martínez-Huitle et al., 2015):

2SO4
2� / 2SO4

�� / S2O8
2� þ 2e� (7)

2HCO3
� / C2O6

2� þ 2Hþ þ 2e� (8)

2PO4
3� / P2O8

4� þ 2e� (9)

The S2O8
2� ion is a very weak oxidant at mild conditions. It arises

from the dimerization of the sulfate radical anion (SO4
��), which is a

strong oxidant with a variable E� value between þ2.5 and þ 3.1 V/
SHE, that increases with raising pH from pH 0 to pH 12. (Sir�es et al.,
2014).

The mediated oxidation with ROS, preferentially M(�OH), be-
comes less relevant when the AO process is performed in chloride
medium because it competes with that of generated active chlo-
rine. The anodic oxidation of Cl� to Cl2(aq) via reaction (10) is



Table 1
Selected results obtained for the anodic oxidation (AO) and AOwith H2O2 generation (AO H2O2) treatments of several herbicide pollutants in synthetic aqueous matrices using
different electrochemical systems.

Pollutant System (anode, cathode) Experimental remarks Best results Ref.

Anodic oxidation
Chlorophenoxy acid
2,4-D Flow plant with a cell like of

Fig. 4d (BDD, BDD)
2.5 L of 92 mg L�1 herbicide
(TOC0 ¼ 40 mg L�1), 0.050 M
Na2SO4, pH 3.0, Flow
rate ¼ 200 L h�1, I a ¼ 1 A, 300 min

62% TOC removal,
MCE ¼ 10%,
ECTOC ¼ 1.13 kWh (g TOC)�1. Carboxylic
acids detected

García et al. (2014)

Flow plant with a Diacell®
1001 cell, 10 compartments
(BDD, SS b)

1.2 L of 100 mg L�1 herbicide,
3.0 g L�1 NaCl, natural pH, Flow
rate ¼ 26.4 L h�1, I ¼ 10 A, 250 min

100% degradation
(130 min),
k1 ¼ 0.031 min�1,
100% TOC removal

Souza et al. (2016a)

Cubic cell (graphite, SS) 100 mL of 50 mg L�1 herbicide,
0.10 M Na2SO4, pH 7.0,
j ¼ 3.0 mA cm�2, 50 min

70% degradation.
By-products detected

Samarghandi et al. (2019)

Cubic cell (Ti/Ru0.3Ti0.7O2,
Pt)

100 mL of 100 mg L�1 herbicide,
0.050 M Na2SO4, pH 3.0, j
c ¼ 50 mA cm�2, 120 min

42% degradation,
21% TOC removal,
19% COD removal,
ACE ¼ 20%

Forti et al. (2020)

Diphenyl ether
Oxyfluorfen Fig. 3d with a filter-press

cell (BDD, SS)
600 mL of 100 mg L�1 herbicide
spiked in a soil-washing effluent
with SDS d surfactant (dosage
5.0 g kg�1), Flow rate ¼ 200 L h�1,
j ¼ 30 mA cm�2, Q e ¼ 20 Ah L�1

100% degradation,
98% SDS removal.
650 mg L�1 SO4

2� released

dos Santos et al. (2016)

Organochlorine
Pentachlorophenol Cylindrical cell (Pt, Pt) 50 mL of 14 mg L�1 herbicide,

0.50 M KCl, pH 3.9e10.0,
Ean

f ¼ þ1.50 V/Ag|AgCl, 120 min

100% degradation at:
20 min (pH 3.9),
60 min (pH 7.8),
120 min (pH 10.0)

Wu (2010)

Cubic cell (Ti/SnO2-Sb, Ti/
SnO2-Sb)

30 mL of 100 mg L�1 herbicide,
0.010 M Na2SO4, pH 6.2, I ¼ 72 mA,
15 min

99.8% degradation,
k1 ¼ 3.94 min�1.
By-products detected

Niu et al. (2013)

Organophosphate
Chlorpyrifos Fig. 3a (BDD or PbO2,

graphite)
150 mL of COD0 ¼ 480 mg L�1 of
herbicide, 1 M H2SO4, pH 2, 70 �C,
I ¼ 120 mA, 420 min

COD removal:
100% (BDD),
40% (PbO2)

Samet et al. (2010b)

Glyphosate Fig. 3d with a filter-press
cell (BDD, SS)

600 mL of 100 mg L�1 herbicide,
3 g L�1 Na2CO3, Na2SO4 or NaCl,
natural pH, I ¼ 7.8 A, 180 min.

TOC reduction:
38% (Na2CO3),
80% (Na2SO4),
100% (NaCl).
By-products detected

Rubí-Juarez et al. (2016b)

Cylindrical cell (Ti/
Ru0.36Ti0.64O2, SS)

100 mL of 100 mg L�1 herbicide,
0.15 M NaCl, pH 3.0, I ¼ 600 mA,
180 min.

100% TOC removal
(pure herbicide),
60% TOC removal
(commercial herbicide)

Lima et al. (2019)

Triazine
Atrazine Cylindrical cell (BDD, SS) 100 mL of 30 mg L�1 herbicide

(TOC0 ¼ 13 mg L�1), 0.050 M
Na2SO4, pH 3.0, 35 �C, I ¼ 300 mA,
360 min.

100% degradation
(24 min),
k1 ¼ 0.168 min�1,
92% TOC removal.
By-products detected

Borr�as et al. (2010)

Fig. 4a (BDD, carbon felt) 220 mL of 0.10 mM herbicide,
0.050 M Na2SO4, pH 6.7, I ¼ 50, 250
and 500 mA, 60 min.

100% degradation
(20 min, 500 mA),
k1 ¼ 2.8 � 10�3 s�1

Oturan et al. (2012)

Cylindrical cell (BDD or DSA
g anode of Ti/Ru0.3Ti0.4O2,
Pt)

50 mL of 20 mg L�1 herbicide,
0.033 M Na2SO4 or 0.10 M NaCl,
natural pH, I ¼ 40 mA, 240 min

TOC removal:
33% (BDD, Na2SO4),
79% (BDD, NaCl),
13% (DSA, Na2SO4),
56% (DSA, NaCl)

Malpass et al. (2013)

Cylindrical cell
(Pt or graphite,
graphite)

300 mL of 10 mg L�1 herbicide,
0.010 M Na2SO4 or NaCl, pH 6.8,
I ¼ 45 mA, 240 min

Degradation:
94% (graphite, Na2SO4),
96% (graphite, NaCl),
24% (Pt, Na2SO4),
38% (Pt, NaCl)

Zhu et al. (2019b)

Metribuzin Beaker (PbO2/
WO3, Ti)

200 mL of 40 mg L�1 herbicide,
0.050MNa2SO4, pH 4.0, I¼ 560mA,
90 min

100% degradation,
k1 ¼ 0.040 min�1,
76% COD reduction,
ACE ¼ 2.5%.
By-products detected

Yang et al. (2019a)

Urea
Diuron Cylindrical cell (Co3O4/

graphite felt, Pt)
300 mL of 20 mg L�1 herbicide
(TOC0 ¼ 50 mg L�1), 0.050 M
Na2SO4, pH 6.8, 25 �C, I ¼ 18 mA,
14 min

100% degradation,
67% COD removal

Zhu et al. (2019a)
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Table 1 (continued )

Pollutant System (anode, cathode) Experimental remarks Best results Ref.

Fig. 3d and e (Ti/
Ru0.36Ti0.64O2, SS)

4 L of 215 mg L�1 herbicide
(TOC0 ¼ 100 mg L�1), 0.050 M NaCl,
pH 3.0, Flow rate ¼ 50 L h�1, 25 �C,
I ¼ 7.8 A, 120 min

30% TOC removal,
MCE ¼ 2.0%,
ECTOC ¼ 0.67 kWh (g TOC)�1.
By-products detected

de Matos et al. (2020)

Tebuthiuron Fig. 3b (BDD, Pt) 450 mL of 100 mg L�1 herbicide
(TOC0 ¼ 38 mg L�1), 0.10 M
K2SO4 þ 0.10 M H2SO4, 20 �C,
I ¼ 830 mA, 180 min

90% degradation,
k1 ¼ 0.031 min�1,
82% TOCremoval, ECTOC ¼ 2.9 kWh (g
TOC)�1.
By-products detected

Alves et al. (2012)

Flow plant with a cell like of
Fig. 4d (BDD, Pt)

1 L of 100 mg L�1 herbicide, 0.10 M
Na2SO4 and/or 25 mM NaCl, pH 3.0,
Flow rate ¼ 390 L h�1, 25 �C, I ¼ 1.1
A, 240 min

100% degradation
(Na2SO4 and/or NaCl),
80% COD reduction
(Na2SO4),
100% COD reduction
(Na2SO4 þ NaCl).
By-products detected

Pereira et al. (2017)

Anodic oxidation with electrogenerated H2O2

Chloroacetoanilide
Alachlor Cylindrical cell (Pt, air

diffusion with H2O2

generation)

100 mL of 0.60 mM herbicide
(TOC0 ¼ 100 mg L�1), 0.050 M
Na2SO4, pH 3.0, I ¼ 100 mA, 25 �C,
360 min

96% degradation,
k1 ¼ 1.38 � 10�4 s�1,
78% TOC removal,
MCE ¼ 15%

Pipi et al. (2014a)

Metolachlor Cylindrical cell (BDD, air
diffusion with H2O2

generation)

100 mL of 0.55 mM herbicide
(TOC0 ¼ 100 mg L�1), 0.050 M
Na2SO4, pH 3.0, I¼ 150mA, 360min

100% degradation,
k1 ¼ 1.47 � 10�4 s�1,
EEO ¼ 86,2 kWh m�3

order�1,
58% TOC removal,
MCE ¼ 7.1%,
ECTOC ¼ 2.32 kWh (g TOC)�1

Thiam and Salazar (2019)

Triazine
Metribuzin Cylindrical cell (BDD, air

diffusion with H2O2

generation)

100 mL of 0.532 mM (112.0 mg L�1)
herbicide (TOC0 ¼ 50 mg L�1),
0.050 M Na2SO4, pH 3.0, 25 �C,
I ¼ 300 mA, 540 min

100% degradation
(180 min),
k1 ¼ 0.0189 min�1,
95% TOC removal,
MCE ¼ 2.6%.
By-products detected

Guelfi et al. (2019b)

Urea
Diuron Fig. 4c without

photoreactor and with a
flow cell like of Fig. 4d
(BDD, air diffusion with
H2O2 generation)

2.5 L of 0.185 mM herbicide
(TOC0 ¼ 20 mg L�1), 0.050 M
Na2SO4, pH 3.0, I ¼ 2 A, Flow
rate ¼ 200 L h�1, 25 �C, 240 min

67% degradation,
k1 ¼ 7.3 � 10�5 s�1,
21% TOC removal,
MCE ¼ 1.2%,
ECTOC ¼ 12.2 kWh (g TOC)�1

Pipi et al. (2014b)

a I: current.
b SS: Stainless steel.
c j: current density.
d SDS: Sodium dodecyl sulfate.
e Q: Electric charge consumed.
f Ean: Anodic potential.
g DSA: Dimensionally stable anode.
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followed by its hydrolytic disproportion to HClO by reaction (11),
which is in equilibrium with ClO� by reaction (12). Different active
chlorine species can oxidize organics as function of solution pH:
Cl2(aq) (E� ¼ 1.36 V/SHE) up to pH 3.0, HClO (E� ¼ 1.49 V/SHE) in the
pH interval 3.0e8.0 and ClO� (E� ¼ 0.89 V/SHE) at pH > 8.0. The
oxidation action of active chlorine is then more potent in acidic
medium where organics are attacked by the strongest agent HClO
(Martínez-Huitle and Brillas, 2009).

2 Cl� / Cl2(aq) þ 2 e� (10)

Cl2(aq) þ H2O $ HClO þ Cl� þ Hþ (11)

HClO $ ClO� þ Hþ pKa ¼ 7.55 (12)

However, the oxidation with active chlorine is limited by its
parasitic reactions. They include the consecutive oxidation to un-
desirable and toxic chlorite, chlorate and perchlorate ions, exem-
plified by reactions (13)e(15). Its cathodic reduction by reaction
(16) is also feasible in an undivided cell (Souza et al., 2017).
9

ClO� þ H2O / ClO2
� þ 2Hþ þ 2e� (13)

ClO2
� þ H2O / ClO3

� þ 2Hþ þ 2e� (14)

ClO3
� þ H2O / ClO4

� þ 2Hþ þ 2e� (15)

ClO� þ H2O þ 2e� / Cl� þ 2OH� (16)

It is noticeable that urban and industrial wastewaters usually
contain high Cl� contents, reason for which the study of the AO
performance in chloride medium is important to mimic the
oxidation of organics in real matrices. The RuO2 anodes (DSA-Cl2)
are preferable in such media because they originate larger amounts
of active chlorine, even superior to that produced by BDD. Although
these agents can oxidize sometimes more rapidly the target
pollutant than M(�OH), the production of highly recalcitrant
chloroderivatives limits the mineralization power of AO. The
experimental conditions have to be well selected to minimize both,
the quantity of chloroderivatives formed and the rate of parasitic
reactions like (13)e(16). A schematic mechanism of the different
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processes occurring at the BDD surface to destroy organics by direct
electron transfer and/or mediated oxidationwithM(�OH) and other
generated oxidants like active chlorine is presented in Fig. 6.

In the AO study of a herbicide wastewater, the concentration
decay of the target pollutant and/or the abatement of COD and/or
TOC are measured. The concentration decay typically obeys a
pseudo-first-order kinetics, allowing determining the apparent rate
constant k1 as the corresponding slope of the ln(c0/c)-t plot (Souza
et al., 2016a). From the COD decay (△COD, in mg O2 L�1) or TOC
removal (△TOC, in mg C L�1) obtained at constant I (in A) in batch
mode, the percentage of COD or TOC removal can be determined by
the following equations:

%COD removal¼DCOD
COD0

� 100 (17)

%TOC removal¼DTOC
TOC0

� 100 (18)

where COD0 and TOC0 denote the initial values before treatment.
These parameters allow obtaining the average current efficiency
(ACE, in %) at time t (in s) or the mineralization current efficiency
(MCE, in %) at time t (in h) according to Eqs. (19) and (20) (Brillas
and Martínez-Huitle, 2015):

ACEð%Þ¼ ðDCODÞFV
8It

� 100 (19)

MCEð%Þ¼ nFVðDTOCÞ
4:32� 107mIt

� 100 (20)

where F is the Faraday constant (96,487 C mol�1), V is the solution
volume (in L), the constant 8 is the oxygen equivalentmass (g eq�1),
n is the number of electrons exchanged in the mineralization pro-
cess, 4.32 � 107 is a conversion factor (¼ 3600 s h�1 � 12,000 mg C
mol�1) and m is the number of carbon atoms of the herbicide. For
Fig. 6. Schematic mechanism of the direct electron transfer, advanced oxidation and
indirect oxidation processes occurring at a BDD anode during AO. Adapted from
McBeath et al. (2019).
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MCE estimation, the fate of the inorganic ions generated from the
heteroatoms of the target herbicide needs to be determined for
establishing the theoretical total mineralization reaction with the
n-value (Moreira et al., 2017).

Other figures of merit involve the evaluation of the electric
consumption of the AO process, e.g., the electric energy per order
(EEO, in kWh m�3 order�1), the specific energy consumption (EC, in
kWh m�3) and the specific energy consumption by unit TOC mass
(ECTOC, in kWh (g TOC)�1) at time t (in h). The first term is related to
the concentration decay and the two latter ones to the minerali-
zation process, and they are calculated from Eq. (21)e(23)
(Martínez-Huitle and Brillas, 2009):

EEO
�
kWhm�3order�1

�
¼ EcellIt
V logðc0=cÞ

¼ 2:303EcellI
Vk1

(21)

EC
�
kWhm�3

�
¼ EcellIt

V
(22)

ECTOC
�
kWhðgTOCÞ�1

�
¼ EcellIt
VðDTOCÞ (23)

where Ecell denotes the average cell voltage (in V) along the run.
It is note mentioning that the most important advantage

claimed for AO is its ability to offer the complete mineralization of
any organic pollutant, especially when the most powerful BDD
anode is employed. However, this method presents several disad-
vantages including the high cost of this anode for industrial
application and the very low efficiencies expected for the treatment
of small concentrations of herbicides polluting groundwater or
surface water (Rodrigo et al., 2014). This has propitiated the
development of more powerful Fenton-based EAOPs, which will be
analyzed below.
4.1.2. Application to herbicide remediation
The results collected in Table 1make in evidence the potentiality

of the AO and AO-H2O2 processes for the removal of herbicides
from wastewaters. AO-H2O2 differs from AO in the additional
cathodic production of H2O2 that also oxidizes organics, but at
much smaller extent than M(�OH) and/or active chlorine formed at
the anode. Inmost cases, experimental conditionswere set to attain
overall degradation at acceptable short electrolysis times, but low
COD and/or TOC abatements, with small MCE and high ECTOC
values, were usually obtained as result of the large recalcitrance of
the by-products formed to be slowly mineralized to CO2. The in-
fluence of the anode over the herbicide removal, as well as the
effect of pH, current density, herbicide content and the kind of
electrolyte and its concentration, has been extensively studied to
clarify the role of oxidizing agents generated and the best operating
conditions.

The majority of AO studies on herbicide remediation have been
made with small cylindrical, beaker or cubic tank reactors (see
Table 1), operating in batch mode, upon magnetic stirring, and in
some cases, jacketed to regulate the solution temperature with
external water. Undivided reactors are preferred to avoid the extra
voltage of themembrane or separator in divided ones, as in the case
of Fig. 3a and c. A reduced number of studies have used flow sys-
tems similar to Fig. 3d, with cylindrical tank reactors or filter-press
cells. Typically, two-electrode reactors are employed in monopolar
connection under galvanostatic mode, i.e., by supplying a constant I
or j. Valenzuela et al. (2017) have reported the use of three-
electrode cells under potentiostatic mode, i.e., by applying a con-
stant Ean. The flow systems allow determining a better approach to
a full-scale industrial application than simpler tank reactors, which
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only inform about the potential oxidation ability of AO.
4.1.2.1. Influence of the anode. A crucial parameter analyzed by the
authors is the nature of the anode regarding its active or non-active
character. As an example, Fig. 7a shows the normalized atrazine
concentration decay in sulfate medium at neutral pH by comparing
the AO process of a non-active BDD anode (Oturan et al. (2012) with
active ones such as graphite and Pt (Zhu et al., 2019b), as well a DSA
of Ti/Ru0.3Sn0.7O2 (Malpass et al., 2010b), at analogous j values of
7.5e10 mA cm�2. This figure highlights that the degradation power
of the anodes was upgraded in the sequence:
DSA < Pt≪ graphite ~BDD, related to the increasing reaction rate of
atrazine with M(�OH) produced from reaction (1), which is the
preponderant oxidant in sulfate medium. The large reactivity of the
herbicide using active graphite can be ascribed to its adsorption
over the anode, favoring the attack with physisorbed M(�OH) at
similar rate to that of radicals originated by active BDD, where
herbicide is not adsorbed. However, graphite is not recommended
as anode because of its low stability since continuous material is
released during prolonged electrolysis, especially at high j. Fig. 7b
depicts the excellent linear profiles obtained for the above con-
centration decays assuming a pseudo-first-order kinetics for atra-
zine. This is the normal behavior observed for all herbicides in AO
and other EAOPs, being related to the diffusion-convection control
of the process and the production of small, but steady concentra-
tions of oxidizing agents (Martínez-Huitle et al., 2015).

Note that Stirling et al. (2020) have recently proposed a techno-
economic analysis for benchmarking AO against available com-
mercial technologies for water treatment. These authors found that
the k1-value determined for the pseudo-first-order kinetics of
atrazine, and the EEO calculated from Eq. (21) are relevant param-
eters that affect the operational expenses. They analyzed the k1-
values between 10�5 and 10�3 s�1 reported for several electrodes
Fig. 7. (a) Normalized atrazine concentration and (b) pseudo-first-order kinetic analysis for
cell like of Fig. 4a with a 25 cm2 BDD anode at current density (j) ¼ 10 mA cm�2 (adapted from
cylindrical cell with a 6 cm2 graphite or Pt anode at j ¼ 7.5 mA cm�2 (adapted from Zhu et a
plant with a filter-press cell with a 14 cm2 DSA (Ti/Ru0.3Sn0.7O2) anode at j ¼ 10 mA cm�2

percentage of TOC removal at 60 min of the AO process of 50 mL of 20 mg L�1 herbicide in 0.0
or 0.36 cm2 BDD anode at j ¼ 50 mA cm�2. Adapted from Malpass et al. (2013).
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and experimental conditions, including medium, pH and j,
regarding the oxidants produced and scavengers, and concluded
that k1 > 2.1 � 10�5 s�1 allowed achieving lower total costs of
ownership for AO than classical carbon block used to extract the
herbicide in private wells. This kind of techno-economic analysis
should be extended to other herbicides and commercial removal
techniques to demonstrate the interest of applying EAOPs at in-
dustrial level.

The greater mineralization ability of BDD over other non-active
anodes like PbO2 for the organophosphate chlorpyrifos (Samet
et al., 2010a) and the pyridine picloram (Pereira et al., 2015), and
active anodes like Pt for 2,4-D (García et al., 2014) and DSA of oxides
of Ru-Sb (Santos et al., 2016) and Ru-Ti (Malpass et al., 2013) for
atrazine and the benzoic acid clopyralid (Barbosa-Ferreira et al.,
2020a) has been well-proven by AO in both, sulfate and chloride
media. This is verified for herbicide degradation in sulfate medium
but no in chloride one. As an example, Fig. 7c shows that using a
cylindrical two-electrode cell with a DSA of Ti/Ru0.3Ti0.7O2, atrazine
was reduced by 30% in 0.033 mM Na2SO4 after 60 min of electrol-
ysis at j ¼ 50 mA cm�2, whereas it was completely abated at about
30 min with 0.10 M NaCl (Malpass et al., 2013). It can be observed
that the alternative use of BDD led to total removal of the herbicide
in 60 and 30 min for the same sulfate and chloride media. These
results illustrate the faster atrazine degradationwith BDD in sulfate
medium, where the predominant oxidant is M(�OH), which became
more rapidly removedwith the DSA anode in chloridemedium, due
to the quicker attack of the competitive active chlorine formed from
reactions (10) and (11). In contrast, Fig. 7d and Table 1 corroborate a
higher TOC removal at 60 min using the BDD (33%) than the DSA
(13%) anode in 0.033 mM Na2SO4, whereas in 0.10 M NaCl, BDD
(79%) also outperformed DSA (56%), conversely to its degradation
behavior (see Fig. 7c). This can be accounted for by the quicker
mineralization of the chloroderivatives (generated from the
the AO degradation of 220 mL of 0.10 mM herbicide in 0.10 M Na2SO4 at pH 6.7 using a
Oturan et al. (2012)), 300 mL of 10 mg L�1 herbicide in 0.01 M Na2SO4 at pH 6.8 with a

l., 2019b), and 250 mL of 20 mg L�1 herbicide in 0.033 M Na2SO4 at pH 6.7 using a flow
(adapted from Malpass et al. (2010b)). (c) Normalized atrazine concentration and (d)
33 M Na2SO4 or 0.10 M NaCl with a cylindrical cell with a 0.78 cm2 DSA (Ti/Ru0.3Ti0.7O2)
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oxidation with active chlorine) by the more rapid attack of the
much greater amounts of M(�OH) produced at the non-active BDD
as compared to the active DSA.

Despite the non-active BDD anodes offer the best option for the
herbicide removal by AO, their high cost has motivated the syn-
thesis of much cheaper active RuO2-based DSA ones of large sta-
bility for their application in synthetic sulfate and chloride media.
In this way, the following electrodes have been synthesized and
checked with several herbicides: Ti/RuxSn1�XO2 (x ¼ 0.10, 0.15,
0.20, 0.25 and 0.30) with atrazine (Malpass et al., 2010b), Ti/
Ru0.3Ti0.7O2 with atrazine (Malpass et al., 2013), the chlor-
oacetonilide alachlor (de Mello et al., 2018) and 2,4-D (Forti et al.,
2020), Ti/RuxTi(1-x)O2 and Ti/IrxTi(1-x)O2 (x ¼ 0.3, 0.5 and 0.7) with
diuron (Pipi et al., 2013), Ti/(RuO2)0.8(MO2)0.2 (M¼ Ce, Sn or Ir) with
atrazine (Santos et al., 2015), Ti/(RuO2)0.5�(Sb2O5)0.5 and Ti/
(RuO2)0.8�(Sb2O5)0.2 with atrazine (Santos et al., 2016), Ti/RuO2-
IrO2 with the urea nicosulfuron (Zhao et al., 2019), Ti(Ru0.36Ti0.64O2
with the organophosphate glyphosate (Lima et al., 2019) and
diuron (de Matos et al., 2020). The results collected in Table 1
confirm the excellent degradation of the herbicides in chloride
medium as compared to the sulfate medium due to the quick
oxidative action of the generated active chlorine, but with low
mineralization in both matrices. Santos et al. (2015) prepared
several oxides of Ru with different metals and found that the best
anode of Ti/(RuO2)0.8(IrO2)0.2 (1.2 cm2) led to overall removal of
10 mg L�1 of atrazine in 40 mL of 0.10 M NaCl in a cylindrical tank
reactor with a Pt cathode after 90 min of AO treatment at
j ¼ 20 mA cm�2. In further work of the same group, da Silva et al.
(2018) reported that a non-active DSA anode of Ti/Sn50Sb40Ce10
(2 cm2) with high surface area, porosity and electrochemical con-
ductivity gave 58% concentration removal of 10 mg L�1 atrazine in
0.033 M Na2SO4 after 60 min at a j value as low as 1.0 mA cm�2,
representing a substantial energy consumption reduction for AO.

Other authors have explored the use of cheap non-active an-
odes, like Ti/SnO2 (Zaviska et al. (2011) and Ti/SnO2-Sb (Wei et al.,
2011). A very good performance has been described for diuron
and the organochlorine pentachlorophenol using Co3O4/graphite
felt (Zhu et al., 2019a) and Ti/SnO2-Sb (Niu et al., 2013), where
overall degradationwas feasible in times as short as 14e15min (see
Table 1). The use of PbO2 anodes has been a hot topic in this line.
Samet et al. (2010b) prepared a Nb/PbO2 anode by simple electro-
deposition of 1 M Pb2þ at j ¼ 10e50 mA cm�2, which led to 40%
COD reductionwhen treating 150mL of 480mg L�1 of initial COD of
chlorpyrifos in 1 M H2SO4 at 70 �C in a cylindrical cell at I ¼ 120 mA
lasting 420 min, a value much smaller than 100% COD abatement
found using BDD (see Table 1). The most important drawback of
this PbO2 anode was its large instability because it released large
amounts of toxic Pb2þ to the solution. To overcome this, more so-
phisticated methods have been developed to improve the stability
and oxidation power of these anodes. It has been reported the
treatment of picloram (Pereira et al., 2015) and 2,4-D (Dargahi et al.,
2019) with b-PbO2, glyphosate with Ti/PbO2 (Tran et al., 2017), the
triazine metribuzin with PbO2/WO3 (Yang et al., 2019a) and the
triazine metamitron with PbO2-CeO2 (Yang et al., 2019b). For
example, Yang et al. (2019a) described 100% degradation and 76%
COD removal with ACE ¼ 2.5% for the AO process of 200 mL of
40 mg L�1 metribuzin in 0.050 M Na2SO4 at pH 4.0 in a beaker with
a PbO2/WO3 anode at I ¼ 560 mA during 90 min (see Table 1).

Active anodes like graphite or Pt have been used to remove
pentachlorophenol (Wu, 2010), the triazine atratone (Gonz�alez-
Cadena, 2013), paraquat (Cartaxo et al., 2015), the triketones mes-
otrione and sulcotrione (Jovi�c et al., 2015), diuron (Khongthon et al.,
2016), 2,4-D (Samarghandi et al., 2019) and atrazine (Zhu et al.,
2019b). The results shown in Table 1 make in evidence the good
degradations obtained in these treatments, usually superior for
12
graphite thanks to herbicide adsorption despite its instability.
The most used anodes in AO are the BDD electrodes. The studies

have been centered in the remediation of atrazine (Borr�as et al.,
2010), glyphosate (Rubí-Ju�arez et al., 2016b), 2,4-D (Souza et al.,
2016a) and the urea tebuthiuron (Pereira et al., 2017), whose
main results are summarized in Table 1. Other works have
considered the diphenyl ether bifenox (Zaouak et al., 2013), the
imidazolinone imazapyr (Souza et al., 2014) and 2,4-D (Souza et al.,
2016c). It should be noted that AO and AO-H2O2 present an anal-
ogous performance for herbicide destruction due to the very low
oxidation power of H2O2 as compared to M(�OH). This point has
been remarked in the work of Borr�as et al. (2010), who found that
100 mL of 30 mg L�1 atrazine in 0.050 M Na2SO4 at pH 3.0 by AO
with a BDD/stainless steel cell and AO-H2O2 with a BDD/O2-diffu-
sion one using a cylindrical tank reactor at I ¼ 300 mA underwent
total atrazine removal in the same time of 24 min, with k1 ¼ 0.168
min�1, and an analogous TOC reduction of 90% at 360 min (see
Table 1). Several examples of the application of the AO-H2O2 pro-
cess with a Pt or BDD anode and an air-diffusion cathode to alachlor
(Pipi et al., 2014a), diuron (Pipi et al., 2014b), metribuzin (Guelfi
et al., 2019b) and the chloroacetoanilide metolachlor (Thiam and
Salazar, 2019) are included at the end of Table 2. These results
confirm again the large degradation and in some cases, large
mineralization, with small MCE and high EEO and ECTOC values,
achieved using a BDD anode.

Finally, it is worth noting the relevant role of the BDD compo-
sition expressed as the sp3/sp2 carbon ratio, i.e., the diamond/
graphite structure ratio, over its oxidation power, since it de-
termines the percentage of the electrochemical combustion/
incineration of the AO process. This effect was clarified by Souza
et al. (2016c) using a flow filter-press cell with BDD anodes
doped with 500 ppm B and sp3/sp2 carbon ratio from 165 to 323 for
the treatment of 600 mL of 100 mg L�1 2,4-D in 0.050 M NaCl at pH
3.5 and j ¼ 100 mA cm�2. These authors showed a more rapid and
efficient oxidative removal of 2,4-D and its intermediates with
increasing the sp3/sp2 carbon ratio that favored the electrochemical
combustion (Garcia-Segura et al., 2015). This explains the different
oxidation power observed for various BDD electrodes in AO,
thereby being recommendable to set materials with high sp3/sp2

carbon ratio (usually > 250) to ensure an efficient treatment.

4.1.2.2. Effect of operation variables. The oxidation ability of AO and
AO-H2O2 processes has been assessed regarding several crucial
operation variables including j, herbicide concentration, pH and the
kind of background electrolyte. The j value (or I value) under gal-
vanostatic conditions, or the Ean value in potentiostatic mode, limits
the amount of generated oxidizing agents in the electrolytic system.
Generally, the rise of j promotes the degradation and mineraliza-
tion of herbicides by the acceleration of reaction (1) to form more
amount of M(�OH) and/or of reactions (10) and (11) to give more
active chlorine, as well as of H2O2 from O2 reduction at the cathode
in AO-H2O2 (Liu et al., 2019b) (see also subsection 4.2.1). The pos-
itive upgrading of the oxidation power of the system is usually
observed up to a certain j, whereupon no greater oxidation rate of
the herbicide occurs, due to the higher acceleration of parasitic
reactions like (3)e(5) and (13)e(16). The existence of such parasitic
reactions causes a progressive decay in ACE or MCE with the
concomitant increase in energy consumption. Fig. 8a presents the
effect of j on the degradation of 30 mg L�1 atrazine in 100 mL of
0.050 M Na2SO4 at pH 3.0 by AO using a BDD/stainless steel cell
(Borr�as et al., 2010). The herbicide disappeared completely at
decreasing times of 100, 24 and 14 min for increasing j of 33.3, 100
and 150mA cm�2, as expected from the gradual production of more
quantity of M(�OH). The inset of Fig. 8a highlights the pseudo-first-
order reaction followed by these assays with growing k1-values of



Table 2
Selected results obtained for the homogeneous and heterogeneous electro-Fenton (EF) and photoelectro-Fenton (PEF) and solar PEF (SPEF) processes of several herbicide
pollutants in synthetic aqueous matrices and real wastewaters.

Pollutant System (anode,
cathode)

Experimental remarks Best results Ref.

Synthetic wastewater
Homogeneous electro-Fenton
Benzoic acid
Clopyralid Fig. 4a (Pt, carbon

felt)
800 mL of 180 mg L�1

herbicide in synthetic soil
washing effluent, 0.10 mM
Fe2þ, pH 3.0, 20 �C,
I ¼ 200 mA, 480 min

82% degradation,
31% TOC removal.
By-products detected

Carboneras Contreras et al.
(2019)

Chloroacetoanilide
Alachlor Cylindrical cell

(BDD, air diffusion)
100 mL of 0.60 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 100 mA,
360 min

100% degradation
(120 min),
k1 ¼ 0.0436 min�1,
83% TOC removal,
MCE ¼ 17%

Pipi et al. (2014a)

Cylindrical cell (Pt,
RVC a)

200 mL of 83.3 mg L�1

herbicide
(COD0 ¼ 172 mg L�1),
0.050 M Na2SO4, 1 mM
Fe2þ, pH 2.0, Ecat
b ¼ �0.70 V/SCE, 75 min

95% degradation,
k1 ¼ 0.0213 min�1,
93% TOC removal,
ACE ¼ 100%

Lizama-Baena et al., 2015

Metolachlor Cylindrical cell
(BDD, air diffusion)

100 mL of 0.55 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 150 mA,
360 min

100% degradation
(300 min),
k1 ¼ 2.60 � 10�4 s�1,
EEO ¼ 37.8 kWh m�3

order�1,
69% TOC removal,
MCE ¼ 8.4%,
ECTOC¼ 1.97 kWh (g TOC)�1

Thiam and Salazar (2019)

Propachlor Fig. 4a (Pt, carbon
felt)

175 mL of 0.25 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.025 M Na2SO4, 0.20 mM
Fe3þ, pH 3.0, I ¼ 300 mA,
360 min

100% degradation
(10 min),
k2 ¼ 3.6 � 109 M�1 s�1,
100% TOC removal,
MCE ¼ 4.5%.
By-products detected

Gençten and €Ozcan (2015)

Chlorophenoxy acid
2,4-D Fig. 4c with the cell

of Fig. 3d (Pt, air
diffusion)

2.5 L of 92 mg L�1 herbicide
(TOC0 ¼ 40 mg L�1),
0.050 M Na2SO4, pH 3.0,
0.50 mM Fe2þ, Flow
rate ¼ 200 L h�1, I ¼ 1 A,
300 min

57% TOC removal,
MCE ¼ 10%,
ECTOC ¼ 0.63 kWh (g
TOC)�1. Carboxylic acids
detected

García et al. (2014)

2,4,5-T Fig. 4a (BDD or Pt,
carbon felt)

230 mL of 0.10 mM
herbicide, 0.050 M Na2SO4,
0.10 mM Fe2þ, pH 3.0,
I ¼ 300 mA, 360 min

100% degradation:
14 min (BDD),
8 min (Pt),
k2 ¼ 3.6 � 109 M�1 s�1,
95% TOC decay (BDD),
92% TOC decay (Pt).
By-products detected

Zazou et al. (2017)

Organophosphate
Glyphosate Beaker (Ti/RuO2,

ACF)
400 mL of 1.0 mM
herbicide, 0.10 M Na2SO4,
0.10 mM Fe2þ, pH 3.0,
I ¼ 360 mA, 360 min.

85% degradation
(120 min),
48% TOC removal.
By-products detected

Lan et al. (2016)

Fig. 4a (Pt, carbon
felt)

200 mL of 0.1 mM
herbicide, 0.050 M Na2SO4,
0.10mM Fe2þ, pH 3.0, 25 �C,
I ¼ 500 mA, 40 min

92% degradation,
k1 ¼ 0.063 min�1,
82% TOC removal.
By-products detected

Tran et al. (2019)

Triazine
Atrazine Fig. 4a (BDD or Pt,

carbon felt)
220 mL of 0.10 mM
herbicide, 0.050 M Na2SO4,
0.10 mM Fe2þ, pH 3.0,
I ¼ 250 mA, 60 min

100% degradation:
(30 min, Pt),
(20 min, BDD, with
k1 ¼ 2.8 � 10�3 s�1)

Oturan et al. (2012)

Cylindrical cell (Pt,
F-doped porous
biomass carbon)

30 mL of 30 mg L�1

herbicide, 0.050 M Na2SO4,
2.0 mM Fe2þ, pH 2.0,
Ecat ¼ �0.40 V/SCE, 60 min.

100% degradation
(30 min),
k1 ¼ 0.18 min�1,
67% TOC removal

Zhao et al. (2018)

Metribuzin Cylindrical cell
(BDD, air diffusion)

100 mL of 0.532 mM
(112.0 mg L�1) herbicide
(TOC0 ¼ 50 mg L�1),
0.050 M Na2SO4, 0.50 mM

100% degradation
(90 min),
99% TOC removal,

Guelfi et al. (2019b)

(continued on next page)
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Table 2 (continued )

Pollutant System (anode,
cathode)

Experimental remarks Best results Ref.

Fe2þ, pH 3.0, 25 �C,
I ¼ 300 mA, 540 min

MCE ¼ 2.7%.
By-products detected

Urea
Diuron Fig. 4a (Pt, carbon

felt)
125 mL of 0.17 mM
herbicide, 0.20 mM Fe3þ,
pH 3.0, I ¼ 100 mA,
180 min.

100% degradation
(12 min),
k2 ¼ 4.8 � 109 M�1 s�1,
92% TOC removal,
ACE ¼ 11%.
By-products detected

Oturan et al. (2010)

Fig. 4c without
photoreactor and a
flow cell like of
Fig. 3d (BDD, air
diffusion)

2.5 L of 0.185 mM herbicide
(TOC0 ¼ 20 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 2 A, Flow
rate ¼ 200 L h�1, 25 �C,
240 min

100% degradation
(6 min),
k1 ¼ 1.3 � 10�2 s�1,
70% TOC removal,
MCE ¼ 3.9%,
ECTOC ¼ 3.7 kWh (g TOC)�1

Pipi et al. (2014b)

Fenuron Fig. 4a (Pt, carbon
felt)

125 mL of 0.20 mM
herbicide, 0.20 mM Fe3þ,
pH 3.0, I ¼ 100 mA,
180 min.

100% degradation
(12 min),
k2 ¼ 1.2 � 1010 M�1 s�1,
94% TOC removal,
ACE ¼ 13%.
By-products detected

Oturan et al. (2010)

Fluometuron Fig. 4a (Pt or BDD,
carbon felt)

230 mL of 0.17 mM
herbicide, 0.050 M Na2SO4,
0.10 mM Fe3þ, pH 3.0,
I ¼ 300 mA (Pt) or 200 mA
(BDD), 480 min.

100% degradation:
(20 min, Pt),
(10 min, BDD, with
k2 ¼ 4.44 � 109 M�1 s�1),
54% TOC decay (Pt),
MCE ¼ 0.48%
ECTOC ¼ 4.6 kWh (g TOC)�1,
88% TOC decay (BDD),
MCE ¼ 1.9%.
By-products detected

Diaw et al. (2017)

Monuron Fig. 4a (Pt, carbon
felt)

125 mL of 0.25 mM
herbicide, 0.20 mM Fe3þ,
pH 3.0, I ¼ 100 mA,
180 min.

100% degradation
(10 min),
k2 ¼ 7.3 � 109 M�1 s�1,
93% TOC removal,
ACE ¼ 13%.

Oturan et al. (2010)

Heterogeneous electro-Fenton
Triazine
Atrazine Cylindrical cell (Pt,

allophane
supported with
Fe2O3)

30 mL of 46 mM herbicide,
90% 0.10 M Na2SO4 þ 10%
methanol, pH 3.0e6.0,
Ecat ¼ �1.04 V/Ag|AgCl,
480 min

Degradation:
94% (pH 3.0),
89% (pH 4.0),
76% (pH 6.0).
By-products detected

Garrido-Ramírez et al.
(2013)

Urea
Diuron Cylindrical cell with

suspended
AC þ PTFE
c þ Fe3O4 (Pt,
graphite felt)

300 mL of 10 mg L�1

herbicide, 0.050 M Na2SO4,
3 g L�1 catalyst, pH 3.0e6.7,
I ¼ 100 mA, 120 min

100% degradation
(30 min, pH 3.0),
95% degradation
(pH 6.7)

Wang et al. (2018)

Photoelectro-Fenton
Benzoic acid
Chloramben Cylindrical cell with

a 6 W UVA light
over solution (IrO2,
RuO2, PbO2 or BDD,
air diffusion)

100 mL of 1.19 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, natural pH 3.4,
I ¼ 300 mA, 300 min

100% degradation
(15 min, all anodes),
k1 ¼ 0.47 min�1,
96% TOC decay (all anodes
except RuO2),
MCE ¼ 5.0%.
By-products detected

Thiam et al. (2018)

Chloroacetoanilide
Alachlor Cylindrical cell with

a 6 W UVA light
over solution (Pt,
air diffusion)

100 mL of 0.60 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 100 mA,
360 min

100% degradation
(60 min),
k1 ¼ 0.061 min-1,
93% TOC removal,
MCE ¼ 19%.
Products detected

Pipi et al. (2014a)

Metolachlor Cylindrical cell with
a 6 W UVA light
over solution (BDD,
air diffusion)

100 mL of 0.55 mM
herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 150 mA,
360 min

100% degradation
(180 min),
k1 ¼ 2.91 � 10�4 s�1,
EEO ¼ 33.4 kWh m�3

order�1,
94% TOC removal,
MCE ¼ 12%,
ECTOC ¼ 1.69 kWh (g
TOC)�1.
By-products detected

Thiam and Salazar (2019)
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Table 2 (continued )

Pollutant System (anode,
cathode)

Experimental remarks Best results Ref.

Triazine
Metribuzin Cylindrical cell with

a 4 W UVA light
over solution (BDD,
air diffusion)

100 mL of 0.532 mM
(112.0 mg L�1) herbicide
(TOC0 ¼ 50 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, 25 �C,
I ¼ 300 mA, 420 min

100% degradation
(90e105 min),
100% TOC removal,
MCE ¼ 3.5%

Guelfi et al. (2019b)

Solar photoelectro-Fenton
Chlorophenoxy acid
4-chloro-2-methylphenoxyacetic acid Fig. 4c with the cell

of Fig. 4d (Pt, air
diffusion)

10 L of 186 mg L�1

herbicide
(TOC0 ¼ 100 mg L�1),
0.050 M Na2SO4, 1.00 mM
Fe2þ, pH 3.0, I ¼ 5.0 A, Flow
rate ¼ 180 L h�1, 35 �C,
120 min

100% degradation
(60 min),
k1 ¼ 1.25 � 10�3 s�1,
75% TOC removal,
MCE ¼ 71%,
ECTOC ¼ 0.088 kWh
(g TOC)�1.
By-products detected

Garcia-Segura et al. (2011)

Triazine
Ametryn Fig. 4c with a planar

photoreactor and a
flow cell like of
Fig. 4d (Pt, air
diffusion)

2.5 L of 0.18 mM herbicide
(TOC0 ¼ 20 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 1 A, Flow
rate ¼ 200 L h�1, 35 �C,
360 min

100% degradation
(90 min),
52% TOC removal,
MCE ¼ 11%,
ECTOC ¼ 2.61 kWh (g
TOC)�1.
By-products detected

Gozzi et al.
(2017)

Urea
Diuron Fig. 4c with a planar

photoreactor and a
flow cell like of
Fig. 4d (BDD, air
diffusion)

2.5 L of 0.185 mM herbicide
(TOC0 ¼ 20 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 2 A, Flow
rate ¼ 200 L h�1, 25 �C,
240 min

100% degradation
(6 min),
k1 ¼ 1.3 � 10�2 s�1,
42% TOC removal,
MCE ¼ 2.3%,
ECTOC ¼ 6.1 kWh (g TOC)�1.
By-products detected

Pipi et al. (2014b)

Tebuthiuron Fig. 4c with a planar
photoreactor and a
flow cell like of
Fig. 4d (BDD, air
diffusion)

2.5 L of 0.18 mM herbicide
(TOC0 ¼ 20 mg L�1),
0.050 M Na2SO4, 0.50 mM
Fe2þ, pH 3.0, I ¼ 1 A, Flow
rate ¼ 200 L h�1, 35 �C,
360 min

100% degradation
(180 min),
70% TOC removal,
MCE ¼ 11%,
ECTOC ¼ 2.23 kWh (g
TOC)�1.
By-products detected

Gozzi et al.
(2017)

Real wastewater
Photoelectro-Fenton
Benzoic acid
Chloramben Cylindrical cell with

a 6 W UVA light
over solution (IrO2

or BDD, air
diffusion)

100 mL of 1.19 mM
herbicide in a real urban
wastewater
(TOC0 ¼ 115 mg L�1),
0.50 mM Fe2þ, natural pH
3.4, I ¼ 100 mA, 300 min

100% degradation
(40 min, all anodes),
k1 ¼ 0.13 min�1,
74% TOC decay
(IrO2),
82% TOC decay (BDD)

Thiam et al. (2018)

Chloroacetonilide
Metolachlor Cylindrical cell with

a 6 W UVA light
over solution (BDD,
air diffusion)

100 mL of 0.55 mM
herbicide spiked into a real
wastewater of winery
industry
(TOC0 ¼ 120 mg L�1),
0.50 mM Fe2þ, pH 3.0,
I ¼ 112 mA, 360 min

100% degradation
(120 min),
k1 ¼ 2.65 � 10�4 s�1,
84% TOC removal,
ECTOC¼ 1.40 kWh (g TOC)�1

Thiam and Salazar (2019)

a RVC: Reticulated vitreous carbon.
b Ecat: Cathodic potential.
c PTFE: Polytetrafluoroethylene.
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0.038, 0.168 and 0.292 min�1. However, the content of herbicide
removed/k1 ratio dropped down as j was raised due to the larger
preponderance of the parasitic reactions of M(�OH). This effect was
clearer when the TOC abatement was measured. Fig. 8b shows the
change of this parameter under the same conditions by applying
AO-H2O2 with a BDD/O2-diffusion cell, which was reduced by
90e92% after 540 min at 100 mA and 240 min at 300 and 450 mA.
The enhancement of the parasitic reactions is then reflected by the
achievement of the maximum oxidation power at 300 mA and the
15
progressive decay of theMCE value with increasing j, as can be seen
in the inset of Fig. 8b. The profiles of the MCE curves showed a
maximal followed by a strong decay at longer time, which can be
ascribed to the loss of organic matter with formation of more
recalcitrant products (Panizza and Cerisola, 2009). According to
this, in AO the j-value has to be modulated to attain the maximum
degradation rate and mineralization degree with acceptable MCE.

The influence of parasitic reaction was also observed by varying
the herbicide content at constant j, as reported by the degradation
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of the herbicide bifenox with BDD (Zaouak et al., 2013), atrazine
with Pt (Liu et al., 2019b) or with graphite (Zhu et al., 2019b) and
metribuzin with a PbO2/WO3 composite (Yang et al., 2019b).
Upgrading this parameter, the degradation andmineralization rates
seem decelerated because similar amounts of oxidizing agents
attack greater quantities of herbicide, and a gradual decrease of k1-
value and percentage of TOC removal are determined. Nevertheless,
the oxidation ability of the system is progressively raised regarding
that the concentration of herbicide removed/k1 ratio and the MCE
value undergone a gradual increase. This results of the preferential
attack of oxidants over the higher amounts of organics present in
the medium that reduce the impact of parasitic reactions. This
behavior limits the application of AO to real wastewaters with very
low herbicide contents, since the process becomes so slow that too
many long time is needed to reach a large removal, even applying a
high j value, with the consequent loss of great electric energy,
making it more expensive. However, the problem regarding the
great electric energy required could be reduced by the use of
renewable energies (Ganiyu and Martínez-Huitle, 2020).

Another important operation variable is the pH since it de-
termines the oxidation power of the generated oxidants depending
on the herbicide adsorption at the anode. For the AO treatment of
250 mL of 40 mg L�1 metribuzin in 0.050 M Na2SO4 using a stirred
beaker equipped with a PbO2/WO3 anode and a Ti cathode after
90 min at j ¼ 60 mA cm�2, Yang et al. (2019a) reported herbicide
and COD reductions of 99.6% and 83.7% at pH 2.0, which regularly
dropped down up to 83.0% and 68.6% at pH 10.0. This effect can be
explained by the concomitant loss of the oxidation power of
M(�OH) at higher pH. In contrast, Pereira et al. (2015) did not found
any significant pH influence between 3 and 10 over the degradation
and TOC removal of 100 mg L�1 of picloram in 0.10 M Na2SO4 using
a flow filter-press cell with a b-PbO2 anode at j¼ 30 mA cm�2. Zhao
et al. (2019) have described a quicker degradation in alkaline me-
dium. This can also be observed in Fig. 8c that shows a faster
removal rate of metribuzin at pH 9.0 than at pH 3.0, with greater k1-
value (0.023 vs. 0.019 min�1, see inset) for the AO-H2O2 process of
100 mL of 112.0 mg L�1 herbicide in 0.050 M Na2SO4 using a cy-
lindrical BDD/air-diffusion cell at 100 mA cm�2 (Guelfi et al.,
2019b). This tendency can be associated to a larger adsorption of
the herbicide at the BDD surface that enhances its reaction with
M(�OH). Nevertheless, it is much less apparent for the TOC abate-
ment and MCE evolution (see Fig. 8d), probably because of the
weak adsorption of by-products formed. A different trend with
varying pH is found in chloridemediumwhere the generated active
chlorine oxidizes in the bulk. Wu (2010) described the overall
abatement of 14 mg L�1 pentachlorophenol in 50 mL of 0.50 M KCl
after 20 min at pH 3.9, 60 min at pH 7.8 and >120 min at pH 10.0 of
AO using a cylindrical cell with a Pt/Pt cell at Ean ¼ þ1.50 V/Ag|AgCl
(see Table 1). This loss of oxidation power is accounted for by the
change of active chlorine (see reactions (10)e(13)): at pH 3.9 the
main oxidant is the more powerful HClO and at pH 10.0 it is the
weaker ClO�, whereas at pH 7.8 a mixture near 50% of both species
acts as oxidant. The decay in degradation rate with increasing pH in
NaCl has also been reported for picloram (Pereira et al., 2015) and
diuron (Khongthon et al., 2016).

The kind of electrolyte and its concentration influence the per-
formance of AO. In the studies carried out with metribuzin with a
PbO2/WO3 anode (Yang et al., 2019a) and metamitron with a Ti/
PbO2-CeO2 one (Yang et l., 2019b) at pH 4.0, an increase up to a 25%
of the degradation rate when the Na2SO4 content grew from 0.05 to
0.20 M was detailed. This is attributable to a greater production of
S2O8

2� by reaction (7), producing more quantity of the intermediate
strong oxidant SO4

�� that accelerates the herbicide removal. On the
other hand, the addition of more NaCl to the medium led to faster
degradation of the herbicide due to the larger formation of active
16
chlorine by the rise in rate of reactions (10)e(12) (Khongthon et al.,
2016). Several works have described a greater degradation and
mineralization in chloride than in sulfate medium, as stated above.
Using a filter-press cell with a BDD/stainless steel cell, Rubí-Ju�arez
et al. (2016b) found that the AO process during 180 min of 600 mL
of 100 mg L�1 glyphosate at I ¼ 7.8 A led to 38%, 80% and 100% COD
reduction for 3 g L�1 of Na2CO3, Na2SO4 and NaCl, (see Table 1),
showing the scavenging effect of the CO3

2~ ion over M(�OH).
Several papers focused the optimization of the AO treatment of

herbicide wastewaters by response surface technology (RSM). This
analytical tool is useful to minimize the number of experiments
required for optimization by means of a central composite design
(CCD) test, in which independent operating variables within given
value intervals are selected, and the obtained results are expressed
as a quadratic-function of them and minimized using the ANOVA
program. Samarghandi et al. (2019) established a number of 20
experiments to apply the RSM to the degradation of 50 or
100 mg L�1 2,4-D in 0.10 M Na2SO4 with a graphite/stainless steel
cell. For each concentration, the percentage of 2,4-D removal was
determined for pH (3.0e11.0), j (1.0e5.0 mA cm�2) and electrolysis
time (20e80 min) set as independent variables. The optimum
conditions were found for 50 mg L�1 at pH 7.0, j¼ 3.0 mA cm�2 and
50 min, yielding 70% 2,4-D removal (see Table 1).

Few papers have considered the removal of herbicides spiked
into real wastewaters. Jovi�c et al. (2015) determined that the overall
removal of 100 mg L�1 mesotrione in 0.050 M Na2SO4 and spiked
into Danube river water was achieved after 60 min and a longer
time of 80 min, operating at pH 3.0 using a cylindrical cell with a Ti/
Pt anode at j ¼ 55.3 mA cm�2. Similarly, Zhu et al. (2019a) reported
that the total decay of 20 mg L�1 diuron in an unspecified real
wastewater with 0.050 M Na2SO4 at pH 6.8 in a Co3O4/graphite felt
cell at j ¼ 3.0 mA cm�2 was reached in 16 min, a time longer than
14 min required in 0.050 M Na2SO4 (see Table 1). The fact that a
slower degradation occurs in real wastewater is explained by the
competitive oxidation of its organic compounds, e.g., natural
organic matter (NOM), thereby diminishing the amount of gener-
ated oxidants with ability to attack the herbicide. The same
behavior was also observed when using a commercial herbicide
(with organic impurities) instead of pure compound (see Lima et al.
(2019) in Table 1).

Soils accumulate the herbicides disseminated over them in
crops. The remediation of synthetic contaminated soils has been
investigated by the Rodrigo’s group using a soil-washing effluent
contaminated with atrazine (dos Santos et al., 2015), chlopyralid
(Carboneras et al., 2018) and organochlorinated products (Barbosa
Ferreira et al., 2020b). The approach consisted in the mixing of a
model kaolinite soil with the herbicide dissolved in acetonitrile or
hexane, followed by its extraction, once the organic solvent was
evaporated, with an aqueous solubilizing solution containing
500 mg L�1 of NaHCO3 and sodium dodecyl sulfate (SDS) as sur-
factant. The separated effluent was then electrolyzed in a flow
filter-press plant with a BDD/stainless steel cell. Table 1 shows the
overall disappearance of 100 mg L�1 of oxyfluorfen in the soil-
washing effluent, alongside 98% of SDS removal with an initial
dosage of 5.0 g kg�1, after an electric charge consumed (Q) of 20 Ah
L�1 at j ¼ 30 mA cm�2 (dos Santos et al., 2016), evidencing the large
effectiveness of the treatment.

The detection of by-products is detailed in many articles, as
remarked in Table 1. Reversed-phase high-performance liquid
chromatography (HPLC) (Samarghandi et al., 2019), HPLC-mass
spectrometry (MS) (Guelfi et al., 2019b) and gas chromatography
(GC)-MS (Guelfi et al., 2019b) are commonly used to identify the
initial by-products formed, whereas ion-exclusion HPLC allows the
detection of the final carboxylic acids (García et al., 2014). Inorganic
ions (Cl�, NO3

�, NH4
þ) released from the heteroatoms are quantified



Fig. 8. (a) Effect of j over atrazine concentration (pseudo-first-order kinetics in the inset) and vs. electrolysis time for AO with a BDD/stainless steel (SS) cell of 100 mL of 30 mg L�1

herbicide in 0.050 M Na2SO4 at pH 3.0. The area of each electrode was 3 cm2. (b) Effect of I on TOC (mineralization current efficiency in the inset) by AO-H2O2 with a BDD/O2-
diffusion cell upon the same conditions. Adapted from Borr�as et al. (2010). Influence of pH on the change of (c) metribuzin (MTZ) concentration (pseudo-first-order kinetics in the
inset) and (d) TOC (mineralization current efficiency in the inset) with electrolysis time for the AO-H2O2 treatment of 100 mL of 112.0 mg L�1 herbicide in 0.050 M Na2SO4 with a
BDD/air-diffusion cell (each electrode with 3 cm2 area) at j ¼ 100 mA cm�2. Adapted from Guelfi et al. (2019b).
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by ion chromatography (Rubí-Ju�arez et al., 2016a,b). From these
compounds, a reaction sequence can be proposed for the herbicide
mineralization. The same reactions routes are expected for AO, AO-
H2O2, EF, PEF and SPEF because the same kinds of oxidants act in all
them. Some examples will be given in next sections 4.2-4.4.

Finally, the Rodrigo’s group explored new sustainable AO
treatments without electric cost, directly powered by a wind tur-
bine for 2,4-D (Souza et al., 2015a) or photovoltaic panels for 2,4-D
(Souza et al., 2015c) and for clopyralid (Mill�an et al., 2019). The
development of these systems seems necessary for the construc-
tion of electrochemical systems to be operative in remote regions
without electricity. In the case of 2,4-D, the assays were made with
4 L of 100 mg L�1 herbicide in 3 g L�1 NaCl at pH 3.5 using a flow
plant like of Fig. 3d with a Diacell® 401 BDD/BDD cell. When awind
turbine was checked, fluctuating I values up to 18 A were provided
to the cell, depending on the wing velocity, and overall degradation
and mineralization were attained after 20 h with an electric con-
sumption of 19 Ah L�1 (Souza et al., 2015a). With the photovoltaic
panels, the I value varied from about 6 A (maximal at midday) to
0 A at the night and about 25 hwere required to achieve a Q¼ 19 Ah
L�1 for complete degradation and mineralization (Souza et al.,
2015c). A similar performance was obtained by providing the
same Q value with a constant I from a power supply. These findings
demonstrate the effectiveness of renewable free and green energies
to power the AO treatments, a research field that should be
potentiated and widely explored in the next years for their possible
industrial application (Ganiyu et al., 2020).
4.2. Homogeneous and heterogeneous electro-Fenton

The homo-EF process has been proposed to take advantage over
AO from the oxidation power of H2O2 generated at the cathode of
the electrolytic cell upon the catalytic action of soluble iron ions to
remove organics in conjunction with the oxidation action of the
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species produced at the anode. This dual technique presents as
major advantages (Martínez-Huitle and Brillas, 2009):

(i) Prevention of the hazardous transport and storage of H2O2

because it is in situ electrogenerated,
(ii) faster degradation of organics than in conventional Fenton

treatment, with much smaller quantity of added Fe2þ

because it is regenerated at the cathode, and
(iii) achievement of potential total mineralization with relatively

low electric consumption.

However, the following important drawbacks for homo-EF have
been emphasized:

(i) Limitation to acidic wastewaters, typically in the pH interval
2e4,

(ii) spent of high amount of chemicals for effluent acidification
before treatment and/or neutralization of treated solution
before disposal, and

(iii) sludge treatment after neutralization with the consequent
rise in operation cost.

To solve these problems, the hetero-EF has been recently
developed to operate at neutral pH using insoluble iron catalysts or
cathodic materials with iron (Ganiyu et al., 2018). An increasing
research of both, homo- and hetero-EF to show their viability over
herbicide remediation at lab scale has been developed in the last
decade, as described in this subsection. Table 2 collects the main
results obtained for both electrochemical Fenton-based processes.
4.2.1. Fundamentals
H2O2 is a green chemical and weak oxidant that gives O2 and

H2O as by-products. It can be activated in acidic matrices by some
catalytic metallic ions (El-Ghenymy et al., 2014). The most popular
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combination is H2O2 þ Fe2þ, known as Fenton’s reagent, that pro-
duces Fe3þ and homogenous �OH as strong oxidant of organics from
the classical Fenton’s reaction (24), optimal at pH near 3 with ab-
solute rate constant k2 ¼ 63 M�1 s�1 (Brillas and Garcia-Segura,
2020):

Fe2þ þ H2O2 / Fe3þ þ �OH þ OH� (24)

Unlike the conventional Fenton treatment where both added
reagents are quickly consumed, the homo-EF is more powerful
because H2O2, as well as added Fe2þ, are continuously generated at
a carbonaceous cathode with high surface area. O2 is reduced to
H2O2 by the following two-electron reaction with E� ¼ 0.68 V/SHE
(Sir�es et al., 2014):

O2(g) þ 2Hþ þ 2e� / H2O2 (25)

This reaction occurs at the surface of immersed cathodes in
solution such as carbon felt (Carboneras-Contreras et al., 2019),
reticulated vitreous carbon (RVC) (Lizama-Baena et al., 2015),
activated carbon fiber (ACF) (Lan et al., 2016) and BDD (García et al.,
2013), where pure O2 or air is continuously dissolved to keep an O2-
saturated solution. In contrast, when a gas (O2 or air) -diffusion
cathode is employed, the gas is provided on its dry face and then, it
crosses the material to be reduced to H2O2 when enters in contact
with the solution and carbon (Sir�es et al., 2014). The generation and
stability of H2O2 rely not only on the cathode used but also of the
cell configuration and operation conditions. Its parasitic reactions
include the cathodic reduction to OH� and the chemical dispro-
portion to O2 and H2O. Parallel reduction of Hþ to H2 also causes a
lowering of current efficiency for H2O2 production. The use of air-
diffusion cathodes yields the greater generation of this compound
(Brillas, 2020). However, in an undivided cell, the concentration of
accumulated H2O2 decreases by its oxidation to O2 at the anode
producing HO2

� as intermediate as follows (Martínez-Huitle and
Brillas, 2009):

H2O2 / HO2
� þ Hþ þ e� (26)

HO2
� / O2(g) þ Hþ þ e� (27)

In the homo-EF process, Fe2þ is regenerated pre-eminently from
the continuous cathodic reduction of Fe3þ by reaction (28) with
E� ¼ 0.77 V/SHE (Ganiyu et al., 2018). Much slower Fe3þ reduction
takes place in the medium from Fenton-like reaction (29) with
k2 ¼ 8.4 � 10�6 M�1 s�1 and from organic radical intermediates R�

by reaction (30) (Monteil et al., 2019):

Fe3þ þ e� / Fe2þ (28)

Fe3þ þ H2O2 / Fe2þ þ Hþ þ HO2
� (29)

Fe3þ þ R� / Fe2þ þ Rþ (30)

The efficient Fe2þ regeneration by reaction (28) allows the direct
Fe3þ addition as catalyst to the wastewater because this does not
affect significantly the rate of Fenton’s reaction (24). However, the
electrogenerated Fenton’s reagent loses efficiency by several
parasitic reactions. For example, the homogeneous �OH formed
from Fenton’s reaction (24) is partially spent by reactions like (4)
and (5), as well as by the attack of Fe2þ from reaction (31) with
k2¼ 3.2� 108M�1 s�1. The soluble Fe2þ content can also be reduced
by its oxidation at the anode from reaction (32) if an undivided cell
is utilized (Monteil et al., 2019).
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Fe2þ þ �OH / Fe3þ þ OH� (31)

Fe2þ / Fe3þ þ e� (32)

The homo-EF treatment in an undivided electrolytic cell in-
volves the parallel concurrence of ROS (mainly M(�OH)) and other
oxidants formed at the anode and that of homogeneous �OH
formed in the bulk from Fenton’s reaction (24) (Coria et al., 2016).
Unfortunately, many authors disregard the role of the anode
because of the more powerful oxidation achieved by homogeneous
�OH. A drawback in the mineralization of aromatic herbicides is the
generation of final short-linear carboxylic acids that are complexed
with Fe3þ. The difficult attack of such Fe(III)-carboxylate species by
�OH enlarges the electrolysis time and eventually prevents total
mineralization. A schematic representation of the generation of
�OH in homo-EF and its attack to yield the dehydrogenation of an
unsaturated compound RH and the hydroxylation of an aromatic Ar
is shown in Fig. 9a.

The hetero-EF process is performed under similar operating
conditions to the homo-EF one, but differs from the use of insoluble
iron ions, either as solid catalyst or contained in the cathode
(Ganiyu et al., 2018). The surface FeII ion (represented as ≡FeII) is
usually hydroxylatedwitheOH and originates the same oxidants as
in homo-EF upon similar surface reactions. Reaction (33) represents
the heterogeneous Fenton’s reaction between the surface ≡FeII and
generated H2O2 to originate surface ≡FeIII and heterogeneous �OH
(Brillas, 2020):

≡FeII þ H2O2 / ≡FeIII þ �OH þ OH� (33)

This reaction taking place at the catalyst surface generates
heterogeneous �OH at pH near 7, with release of very low quantities
of iron ions to the treated solution, preventing sludge formation.
Fig. 9b presents a schematic mechanism of the main processes that
are produced during a hetero-Fenton treatment of an organic
pollutant with a solid iron catalyst. Despite these advantages with
respect to homo-EF, most catalysts are slowly inactivated by the
deposition of organic by-products and need of careful cleaning for
reuse.

4.2.2. Application to herbicide remediation
The same electrochemical systems used for AO and AO-H2O2 are

utilized in homo-EF and hetero-EF, allowing the benchmarking
between them. When the cathode is immersed in the solution,
simple cylindrical or beaker two-electrode cells with parallel
electrodes are usually employed. If a 3D carbon-felt cathode is
utilized, it is positioned in the inner side of the cell, like in Fig. 4a.
They operate by providing a constant I o j with a power supply.
Table 2 highlights that in homo-EF, the former arrangement has
been applied to the treatment of glyphosate with a Ti/RuO2 anode
and an ACF cathode (Lan et al., 2016). The latter arrangement has
been proposed and developed by the Oturan’s group and has been
utilized for the remediation of diuron and monuron (Oturan et al.,
2010), the chloroacetoanilide propachlor (Gençten and €Ozcan,
2015) and glyphosate (Tran et al., 2019) using a Pt anode, and of
atrazine (Oturan et al., 2012), the urea fluometuron (Diaw et al.,
2017) and the chlorophenoxy acid 2,4,5-T (Zazou et al., 2017), also
using comparatively a BDD anode (see Table 2). A lower number of
the studies have been devoted to cylindrical three-electrodes cells,
as in the case of the azole sulfentrazone with a Pt/carbon felt cell
(Lima et al., 2010), alachlor with a Pt/RVC cell (Lizama-Baena et al.,
2015), and atrazinewith a Pt/F-doped porous biomass carbon (Zhao
et al., 2018). In these three-electrode systems, a constant Ecat was
applied to the cathode to obtain the maximum H2O2 production
from reaction (25). A crucial experimental point in all these



Fig. 9. (a) Schematic representation of the main reactions involved in the homo-EF
process in a divided cell. RH is an unsaturated compound that undergoes dehydro-
genation and Ar is an aromatic pollutant that is hydroxylated. Adapted from Brillas
et al. (2009). (b) Schematic mechanism of the hetero-EF process in an undivided cell
with different solid catalysts, in which electrogenerated H2O2 reacts with their surface
Fe2þ ions. Adapted from Ganiyu et al. (2018).
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electrochemical system is the need of a continuous vigorous
bubbling of pure O2 or air into the wastewater to obtain an O2-
saturated solution for ensuring the maximum rate of reaction (25).
The effect of the injected gas flow rate on the homo-EF performance
has been analyzed for glyphosate with a Ti/RuO2 anode and an ACF
cathode (Lan et al., 2016) and for 2,4-D with a BDD/sulfur-doped
carbon (Kamaraj and Vasudevan, 2019).

A second approach for homo-EF is the use of an O2- or air-
diffusion cathode. The most popular electrodes are those
composed of carbon-polytetrafluoroethylene (PTFE). These elec-
trodes can be easily coupled to an anode in a cylindrical tank
reactor or a flow filter-press cell, like that of Fig. 4d, and are char-
acterized by a gas chamber in contact with its inner facewhere pure
O2 or air is injected to generate H2O2 at its external face in contact
with the carbon and wastewater (Sir�es et al., 2014). Cylindrical
undivided two-electrode cells have been checked for alachlor (Pipi
et al., 2014a) with a Pt anode, and metribuzin (Guelfi et al., 2019b)
and metolachlor (Thiam and Salazar, 2019) with a BDD one, as can
be seen in Table 2. This table also collects the results obtained for
2,4-D (García et al., 2014) and diuron (Pipi et al., 2014b) using a flow
system like of Fig. 4c with a two-electrode cell with a Pt or BDD
anode. In these systems, the pressure of the injected gas has to be
regulated to avoid the percolation of the solution through the
cathode that inhibits the H2O2 generation.

The immersed and gas-diffusion cathodes differ from their
ability to produce H2O2 from reaction (25) and to regenerate Fe2þ

from reaction (28) in homo-EF. The H2O2 concentration formed
from the former cathodes is very small because of the low solubility
of dissolved O2 that is transported to them, but conversely, Fe2þ is
quickly regenerated at their surface. For this reason, Fe3þ can be
added as catalyst in homo-EF. In contrast, the gas-diffusion cath-
odes originate much higher H2O2 concentrations, but with low Fe2þ

regeneration. Due to this different behavior, it has been established
that the optimum Fe2þ content is 0.10 and 0.50mM for the immerse
and gas-diffusion cathodes (Brillas, 2020). Fe(II)-carboxylate com-
plexes are predominantly formed as final products in the former
case, which are more easily destroyed by �OH than final Fe(III)-
carboxylate ones produced preferentially in the second case. This
explains the slightly superior mineralization achieved with
immersed cathodes, especially with carbon felt, as can be inferred
by comparing the data of some examples given in Table 2. Despite
this, an excellent performance is obtained with both approaches,
with the peculiarity that the gas-diffusion cathodes have been
checked at much larger scale in pre-pilot flow plants that inform
more reliably about the homo-EF applicability at industrial level.

Many studies have shown that the homo-EF process in an un-
divided cell outperforms the homologous AO-H2O2 one. This results
of the quicker attack of organics by homogeneous �OH formed from
Fenton’s reaction (24) than by M(�OH) formed from reaction (1).
The action of the latter radical is more apparent when non-active
anodes are employed. This fact has been confirmed for sulco-
trione (Murati et al., 2012) and mesotrione (Murati et al., 2014),
2,4,5-T (Zazou et al., 2017) and the urea monolinuron (Diaw et al.,
2020) with a Pt or BDD/carbon felt cell, glyphosate with a Ti/
Ru0.36Ti0.64O2/carbon felt cell (Barbosa et al., 2018), alachlor (Pipi
et al., 2014a) and tebuthiuron (Gozzi et al., 2018) with a Pt or
BDD/air-diffusion cell (Pipi et al., 2014a), and metribuzin with a
BDD/air-diffusion cell (Guelfi et al., 2019b).

Fig. 10 depicts the comparison of the AO-H2O2 and homo-EF
with 0.10 mM Fe2þ for 0.10 mM 2.4,5-T in 0.050 M Na2SO4 at pH
3.0 using a Pt/carbon felt or BDD/carbon felt cell at I ¼ 300 mA
(Zazou et al., 2017). The degradation of this chlorophenoxy acid in
AO-H2O2 is slightly faster using BDD (Fig. 10d) than Pt (Fig. 10a),
yielding total removal in 70 vs. 80 min, according to the higher
oxidation of M(�OH) produced by BDD. A much quicker herbicide
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decay can be observed in homo-EF because of the more rapid
concurrent oxidation with homogeneous �OH, which surprisingly
led to a faster disappearance with Pt (8 min) than with BDD
(14 min). The superiority of BDD over Pt in AO-H2O2 was clearer by
comparing the TOC abatement, which was reduced by 89% with the
former anode in 360 min but only by 48% with the latter one (see
Fig. 8bee). The oxidative ability of homogeneous �OH in homo-EF
became much more significant with Pt that yielded a final TOC



E. Brillas Journal of Cleaner Production 290 (2021) 125841
reduction of 92%, a value slightly lower than 95% obtained with
BDD (see Table 2). The different mineralization behavior of these
anodes can be better visualized from the evolution of the final
carboxylic detected during 2,4,5-T oxidation that are formed with
loss of Cl� ion and breaking of the benzene ring. Fig. 8cef shows the
time course of glyoxylic, glycolic and maleic acids, which are
oxidized to the predominant oxalic acid that is directly converted
into CO2. These acids weremore rapidly removed by BDD due to the
quicker attack of the stronger oxidant M(�OH) formed at its surface
over the iron complexes of carboxylic acids, explaining the slightly
higher oxidation power of the BDD/carbon felt cell in homo-EF.
Fig. 11 presents the mineralization route proposed for 2,4,5-T by
homo-EF based on the primary byproduct identified by GC-MS and
final carboxylic acids detected by ion-exclusion HPLC. The oxidative
action of �OH originates the breaking and loss of the lateral acetic
group and the dechlorination and hydroxylation of the benzene
ring, followed by its breaking to form carboxylic acids that finally
yield CO2. It is also noticeable the decrease of solution toxicity
monitored by Microtox (by Vibrio Fisheri) with the mineralization
progress. This is an important fact that ensures the effectiveness of
the EAOPs for herbicide remediation. Reaction sequences for her-
bicides involving the formation of consecutive primary aromatic,
heteroaromatic or cyclic byproducts, followed by their trans-
formation into carboxylic acids is general for these treatment.
Fig. 12 exemplifies the mineralization route proposed by Oturan
et al. (2011) for the homo-EF treatment of diuron in acidic sulfate
medium, with loss of Cl� and NO3

� ions, using a BDD/carbon felt cell.
The superiority of homo-EF over AO-H2O2, better using BDD

instead of Pt, has been confirmed by using gas-diffusion cathodes as
well. This can be seen in Fig. 13aee for the degradation of 0.60 mM
alachlor in 0.050 M Na2SO4 at pH 3.0, where 69% and 98% herbicide
removal were attained after 360 min of AO-H2O2 at j ¼ 33.3. mA
cm�2 using a Pt and BDD anode (Pipi et al., 2014a). These figures
highlight the quicker destruction of alachlor by homo-EF with a
BDD anode, with overall disappearance in 120 min, whereas that
occurs after 360 min with a Pt one. From the pseudo-first-order
kinetic analysis illustrated in Fig. 13bef, increasing k1-values of
3.2 � 10�3 min�1 (AO-H2O2 with Pt), 8.6 � 10�3 min�1 (AO-H2O2
with BDD), 0.0139 min�1 (EF with Pt) and 0.0436 min�1 (EF with
BDD) were determined. The TOC decays shown in Figs. 13ce11g
make in evidence the larger mineralization achieved by homo-EF
with a BDD anode (83%), slightly higher than 78% found for the
homologous AO-H2O2 process. That corroborates the high oxida-
tion power of M(�OH) formed by BDD, along with the positive
oxidative role of homogeneous �OH originated from Fenton’s re-
action (24). According to this trend, Figs. 13deh highlight that
greater MCE values were calculated using the BDD anode in both
EAOPs, with values dropping down from about 38% to 17% due to
the continuous loss of organic matter and production of more
recalcitrant byproducts, as pointed out above. These authors
identified the by-products originated during alachlor mineraliza-
tion and proposed the reaction sequence of Fig. 14. The herbicide
underwent initially a complex pathway with partial loss of the
lateral group with N, cyclization, demethylation and hydroxylation
of lateral chain and benzenic ring, followed by oxidation of the by-
products formed to acetic and chloroacetic acids, whereas the
heteroatoms were released as Cl�, NO3

� and NH4
þ ions.

The optimum pH for homo-EF is 3.0, near to the optimal of
Fenton’s reaction (24), as has been confirmed for the urea chlor-
toluron and the thiadiazine bentazon with a BDD/carbon felt cell
(Abdessalem et al., 2010) and atrazine with a BDD/O2-diffusion one
(Borr�as et al., 2010). At lower pH, the rate of Fenton’s reaction (24)
decreases because the inactive protonated H2O2 (H3O2

þ) is formed,
whereas at higher pH, it is slowed down by the loss of catalyst
content because of the precipitation of iron hydroxides. Other
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crucial parameter is the optimum catalyst content, which has been
found to be of 0.10 mM for a carbon felt cathode from the degra-
dation of 2,4,5-T (Zazou et al., 2017) and monolinuron (Diaw et al.,
2020), and 0.50 mM using a gas-diffusion cathode. Fig. 15aeb
shows that operating within the interval of 0.10e1.50 mM Fe2þ

content, 0.50 mM offers the quicker degradation and mineraliza-
tion of 100mL of 0.523mMmetribuzin in 0.050MNa2SO4 at pH 3.0
with a BDD/air-diffusion cell at j ¼ 100 mA cm�2. Total removal of
the herbicide and 99% TOC reduction, with 2.7% MCE, were ach-
ieved in 90 and 540 min (see Table 2).

Like in the case of AO and AO-H2O2, the rise of I, j or Ecat in
homo-EF provokes faster herbicide concentration decay and larger
mineralization. This influence is due to the acceleration of reactions
(1) and (25), with the consequent upgrading of M(�OH) and H2O2
contents, which in turn accelerates the production of homogeneous
�OH from Fenton’s reaction (24). The rate of this reaction is also
enhanced by the faster Fe2þ regeneration from reaction (28).
However, the corresponding MCE values dropped down by the
concomitant increase in rate of parasitic reactions like (3)e(5),
(13)e(16) and (31) and (32). These tendencies have been corrobo-
rated for the homo-EF treatment of 2,4-D with a BDD/BDD cell
(García et al., 2013), propachlor with a Pt/carbon felt cell (Gençten
and €Ozcan, 2015), metribuzin with a BDD/air-diffusion cell (Guelfi
et al., 2019b) and the uracil bromacil with a BDD/carbon felt cell
(Moraleda et al., 2020). Figs. 15ced illustrate the growing herbicide
concentration removal and TOC decay for 0.523 mM metribuzin in
0.050 M Na2SO4 with 0.50 mM Fe2þ at pH 3.0 with a BDD/air-
diffusion cell by increasing j from 33.3 to 100 mA cm�2 (Guelfi
et al., 2019b). In contrast, the inset panel of Fig. 15d illustrates the
opposite trend for the MCE values, which progressively dropped
down from 7.9% at j ¼ 33.3 mA cm�2 to 2.7% at j ¼ 100 mA cm�2

after 540 min owing to the larger enhancement of the parasitic
reactions of hydroxyl radicals, as pointed out above.

The influence of herbicide concentration as operation parameter
has been widely studied, showing the same characteristics as
described above for the AO and AO-H2O2 processes. For the homo-
EF treatment of metribuzin solution in sulfate medium with
0.50 mM Fe2þ at pH 3.0 and j ¼ 100 mA cm�2, Guelfi et al. (2019b)
reported a lower normalized concentration and TOC decays when
the herbicide content grew from 0.262 to 1.046 mM, as can be seen
in Fig. 15eef. Nevertheless, the MCE value (see the inset of Fig. 15f)
underwent a progressive upgrading from 1.3% at 0.262 mM to 5.4%
at 1.046 mM owing to the preferential attack of hydroxyl radicals
over greater amounts of organics in the medium with deceleration
of their parasitic reactions. That means that the homo-EF becomes
more efficient for the treatment of concentrated herbicide
wastewater.

Scarce information has been provided over soil remediation
with homo-EF. Only one work of Carboneras Contreras et al. (2019)
focused on the preparation of a synthetic soil-washing effluent
composed of salts of Cl�, SO4

2�, I� and CO3
2� and the spiking of

clopyralid for homo-EF treatment with a Pt/carbon fell cell. The
optimum Fe2þ content was 0.10 mM and I� ion had a negative
impact over the process because it consumed generated H2O2 to
form I3�. For this the treatment was slow leading to 83% clopyralid
decay with 31% TOC removal after 480 min of electrolysis at
I ¼ 200 mA of 800 mL of 180 mg L�1 of herbicide at pH 3.0 (see
Table 2).

A reduced number of papers have been devoted to the reme-
diation of herbicide wastewaters by hetero-EF aiming to develop an
efficient process at neutral pH. Insoluble iron catalysts like
Fe@Fe2O3 for atrazine (Ding et al., 2017) and suspended
AC þ PTFE þ Fe3O4 for diuron (Wang et al., 2018), as well as iron-
modified cathodes like allophane supported with Fe2O3 for atra-
zine (Garrido-Ramírez et al., 2013), martite-graphite for paraquat



Fig. 10. Time course of (a,d) 2,4,5-T concentration and (b,e) TOC under AO-H2O2 and homo-EF with 0.10 mM Fe2þ, and (c,f) carboxylic acids generated upon homo-EF for 230 mL of
an O2-saturated 0.10 mM herbicide solution in 0.050 M Na2SO4 at pH 3.0 using an undivided stirred tank reactor like of Fig. 4a with a (a,b,c) Pt or (d,e,f) BDD anode and a large
carbon-felt cathode at current (I) ¼ 300 mA. Adapted from Zazou et al. (2017).
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(Khataee et al., 2017) and metal organic frameworks for the amide
napropamide (Liu et al., 2019a), have been considered. These
studies assessed the performance of hetero-EF in a pH range from
3.0 to 6.7. The examples of Table 2 using a Pt anode by applying
either an Ecat ¼ �1.04 V/Ag|AgCl, for 480 min (Garrido-Ramírez
et al., 2013) or an I ¼ 100 mA for 120 min (Wang et al., 2018)
highlight a quick herbicide abatement at pH 3.0 that gradually
decreased up to pH 6.0e7.0. This is a general behavior observed in
all the cases checked with the advantage of a larger stability of the
catalysts and cathodes near neutral pH, with very low release of
iron to the wastewater (Khataee et al., 2017). This research line
needs to be potentiated in the next future, searching novel mate-
rials with higher catalytic properties to enhance the hetero-EF
process at pH 7.0, avoiding the cumbersome procedure of acidifi-
cation before homo-EF application and the subsequent neutrali-
zation before disposal.

4.3. Photoelectro-Fenton and solar photoelectro-Fenton

The PEF process is a photo-assisted EF treatment, more powerful
in acidic matrices. In PEF, the wastewater upon EF process is sub-
mitted to light illumination with artificial lamps. Although UVA
light (l ¼ 315e400 nm) is the most frequently radiation used, UVB
(l¼ 280e315 nm) or UVC (l¼ 100e280 nm) lights are employed as
21
well (Brillas, 2020). The PEF treatment has the advantage to up-
grade the mineralization process of EF, regardless of the exciting
light utilized. The action of UVA and UVB lights is accounted for by
Thiam and Salazar (2019):

(i) The additional fast Fe2þ regeneration from the photoreduc-
tion of hydrolyzed Fe(III) ions that accelerates Fenton’s re-
action (24). At pH 2.8e3.5, the predominant species is
Fe(OH)2þ that is photolyzed according to reaction (34),
yielding extra �OH, and

(ii) the photodecomposition of photoactive Fe(III) complexes
with organic intermediates and final carboxylic acids when
the mineralization progresses. The general reaction (35)
gives the photolysis of Fe(III)-carboxylate complexes that
also regenerates Fe2þ.

Fe(OH)2þ þ hn / Fe2þ þ �OH (34)

Fe(OOCR)2þ þ hn / Fe2þ þ CO2 þ R� (35)

Apart from the above reactions, an UVC light enhances �OH
generation from the photohomolysis of H2O2 by reaction (36),
although it is less utilized in practice (Brillas, 2020).



Fig. 11. Proposed mineralization route for 2,4,5-T in acidic sulfate medium by homo-EF
with Pt/carbon felt and BDD/carbon felt cells. Adapted from Zazou et al. (2017).

Fig. 12. Proposed mineralization pathway for diuron in acidic sulfate medium by
homo-EF with a BDD/carbon felt cell. Adapted from Oturan et al. (2011).
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H2O2 þ hn / 2�OH (36)

The main disadvantage for PEF application at industrial scale is
the high electric cost of the UV lamp, much superior to that of the
electrochemical cell. To overcome this drawback, the SPEF process
has been developed. In this method, the solution is irradiated with
photons from free sunlight (l > 300 nm) and it is much more cost-
effective and even more powerful than PEF because of the higher
UV irradiance and the possibility of extent the reaction (35) to
l > 400 nm (Garcia-Segura et al., 2014). However, the main
disadvantage of SPEF is that it is restricted to a few daily hours of
sun, relied on the geographic area and its climatology. One can then
envisage a combined process involving SPEF upon sunlight and EF
with UV light in its absence for industrial application. The electric
consumption of this combined treatment could be free if the input
current is directly supplied from solar photovoltaic panels and
accumulated in batteries to power the electrochemical cell and the
UV lamp.

The PEF and SPEF processes have been mainly developed by the
Brillas’ group with gas-diffusion electrodes upon homogeneous
conditions. Large amounts of photoactive Fe(III) complexes are
found to be formed, which can be much more rapidly photo-
decomposed than the homologous Fe(II) complexes, predomi-
nantly produced using immersed carbonaceous cathodes. Stirred
cylindrical two-electrodes tank reactors are commonly used in PEF
with exposition of the solution to an UVA lamp placed over it. Some
articles have described the PEF treatment with flow plants with
either a cylindrical two electrode cell like of Fig. 3e with an inner
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UV lamp (Komtchou et al., 2017) or a filter-press two-electrode one
like of Fig. 4d either with the UV light into an annular recipient
(Alcaide et al., 2020) or immersed into the reservoir (Souza et al.,
2019). Flow plants like of Fig. 4c with a solar CPC photoreactor
are the best options to assess the SPEF process, although sometimes
a simpler solar planar photoreactor has been employed (Gozzi et al.,
2017). Cylindrical cells directly illuminated with sunlight have also
been applied to the SPEF process (Guelfi et al., 2018; 2019a). Note
that only the viability of the PEF and SPEF processes and their
comparative oxidation power with other EAOPs are considered in
these studies, without any optimization of the electrochemical
system and light caption. This should be a hot topic in the next
years for their feasible scale-up at industrial level, with the devel-
opment of autonomous systems directly powered by solar panel
photovoltaics in order to provide free electric energy for the system
performance including that needed for running the UVA lamps, as
stated above.

Table 2 shows the good results obtained for the remediation of
several herbicides by PEF and SPEF. Comparison of the data



Fig. 13. Time course of (a,e) alachlor concentration, (b,f) pseudo-first-order kinetic analysis, (c,g) TOC and (d,h) mineralization current efficiency for the treatment of 100 mL of
0.60 mM herbicide solution in 0.050 M Na2SO4 at pH 3.0 by AO-H2O2, as well as homo-EF and photoelectro-Fenton (PEF) with 0.50 mM Fe2þ, using an undivided stirred cylindrical
tank reactor with a (a,b,c,d) Pt or (e,f,g,h) BDD anode and an air-diffusion cathode (3 cm2 electrode area) at j ¼ 33.3 mA cm�2. Adapted from Pipi et al. (2014a).
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collected in this table and Table 1 for alachlor (Pipi et al., 2014a) and
metolachlor (Thiam and Salazar, 2019) using Pt and/or BDD anodes,
allows inferring a rise in the oxidation power of EAOPs in the order:
AO-H2O2< homo-EF < PEF. This tendency can be clearly observed in
Fig. 13 for the treatment by these three methods of 0.60 mM ala-
chlor solutions in 0.050 M Na2SO4 at pH 3.0 with Pt/air-diffusion
and BDD/air-diffusion cells at j ¼ 33.3 mA cm�2 (Pipi et al.,
2014a). That has been reported for other herbicides like atrazine
(Borr�as et al., 2010), the triazines desmetryne (Borr�as et al., 2011)
and cyanazine (Borr�as et al., 2013), and tebuthiuron (Gozzi et al.,
2018) using BDD/gas-diffusion cells. Fig. 13 discloses a smaller in-
fluence of the anode over the degradation and mineralization in
PEF as compared to AO-H2O2 and homo-EF. This is indicative of a
large production of �OH from the photolytic reaction (34) and a
rapid photodecomposition of final Fe(III)-carboxylate species from
reaction (35). The non-active BDD usually outperforms active an-
odes in all EAOPs because of the much higher oxidation ability of
M(�OH) that it generates from reaction (1). For example, the k1-
value of alachlor with BDD (0.091 min-1) was greater than with Pt
(0.062 min�1) (see Fig. 13bef), as well as the corresponding MCE
values (see Fig. 13deh). In contrast, Thiam et al. (2018) showed a
similar performance for the benzoic acid chloramben with an IrO2,
RuO2, PbO2 or BDD anode (see Table 2), opening the door to the use
of cheaper active anodes than BDD. This feature is even better
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verified by SPEF, which possesses greater oxidation power than PEF
due to the incidence of a higher number of photons from sunlight
over the solution, accelerating reactions (34) and (35), as found for
diuron (Pipi et al., 204b) and bentazon (Guelfi et al., 2019a).

The optimum pH for PEF and SPEF is 3.0, the same value as in
homo-EF, because the processes are controlled by homogeneous
�OH originated from Fenton’s reaction (24). This has been discussed
in the studies made for atrazine (Borr�as et al., 2010) and desme-
tryne (Borr�as et al., 2011). Similarly, the same effects of Fe2þ and
herbicide concentrations, as well as of I or j, over the herbicide
performance have been described for all these EAOPs. Garcia-
Segura et al. (2011) optimized the SPEF process of 4-chloro-2-
methylphenoxyacetic acid by RSM using the plant of Fig. 4c with
the Pt/air-diffusion cell of Fig. 4d. Values of current from 1.6 to 8.4 A,
Fe2þ content from 0.41 to 2.09 mM and pH from 1.32 to 4.68 were
chosen as independent variables to calculate second-order models
for the percentage of TOC and MCE decays and ECTOC through 17
trials designed from a CCD test. The best conditions were found for
I ¼ 5.0 A, 1.00 mM Fe2þ and pH 3.0. Fig. 16a shows the fast degra-
dation achieved for the herbicide, obeying a pseudo-first-order
kinetics with k1 ¼ 1.25 � 10�3 s�1. Fig. 16bed shows the time
course of the determined optimized parameters, whose their
excellent achievements obtained after 120 min of electrolysis are
collected in Table 2. The three main aromatic products detected,



Fig. 14. Proposed reaction pathways for alachlor mineralization in acidic sulfate me-
dium by AO-H2O2, homo-EF and PEF with a BDD anode and an air-diffusion cathode.
Adapted from Pipi et al. (2014a).
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namely 4-chloro-2-methylphenol, 2-methylhydroquinone and 2-
methylbenzoquinone, were rapidly accumulated and destroyed in
50e70 min, a time similar to that of the parent herbicide (see
Fig. 16e). This demonstrates the large effectiveness of SPEF to
remove aromatics. Eight final carboxylic acids were identified and
quantified by ion-exclusion HPLC, which were accumulated and
disappeared completely in 120 min (see Fig. 16f) due to the quick
photolysis of their Fe(III) complexes from reaction (35). From these
by-products, the reaction sequence of Fig. 17 was proposed,
showing the transformation of aromatics into carboxylic acids,
being oxalic and formic acids the ultimate by-products that are
directly mineralized to CO2. The Cl atom of the herbicide was
released as Cl� ion.

The PEF process and particularly the SPEF one are the best
methods for herbicide remediation, at least upon the sulfate media
tested. Less is known about the performance of these processes in
complex aqueous matrices, a field that needs to be investigated in
the next future. Only two papers referred the treatment of chlor-
amben spiked into an urban wastewater (Thiam et al., 2018) and
metolachlor spiked into a real wastewater of winery industry
(Thiam and Salazar, 2019) by the most potent SPEF process have
been reported. The data of Table 2 reveal a total degradation of
these herbicides with a large mineralization, showing a good per-
formance using an active IrO2 anode, although slightly lower than
for the non-active BDD.
24
4.4. Photoelectrocatalysis

PEC is an electrochemical variant of photocatalysis (PC),
involving a photoanode submitted to an UVA, visible or sunlight
irradiation that is connected to a cathode in an electrochemical cell
in order to enhance the production of oxidizing agents for
removing more rapidly herbicides from wastewaters. This method
is usually performed with lower herbicide concentrations than in
the above EAOPs since lower I values can be applied to preserve the
photoanode stability due to its low conductivity. This subsection
describes the fundamentals of this technique and its application to
treat synthetic solutions with herbicides. Main results reported in
the literature are summarized in Table 3.

4.4.1. Fundamentals
The PC process generates oxidants at the surface of a photo-

catalyst like a semiconductor material upon light absorption of
photons of energy higher or equal to its band gap energy (Eg), which
promotes an electron from its valence band (VB) to its conductive
band (CB) in aqueous medium (Garcia-Segura and Brillas, 2017).
The semiconductor photoactivation originates a charge carriers’
separation in its surface, with formation of a positively vacancy or
hole in the VB (hþ

VB) and an electron in the CB (e�CB), according to
reaction (37). These separated species are able to generate ROS like
�OH and O2

�� from reactions (38) and (39). It is also feasible the
direct attack of organics by the strong oxidant hþ

VB, However, the
most important drawback of PC is the strong fall in efficiency owing
to the fast recombination of the photogenerated e�CB/hþ

VB pair via
reaction (40).

Semiconductor þ hn / e�CB þ hþ
VB (37)

hþ
VB þ H2O / �OH þ Hþ (38)

e�CB þ O2 / O2
�� (39)

e�CB þ hþ
VB / Semiconductor þ heat (40)

The PEC technique is advantageous due to the coupling of a
photocatalyst upon light irradiation as photoanode to an electro-
chemical system to pass the photoinduced e�CB to the cathode. This
decreases the amount of these species at the photoanode surface
and drops down drastically the recombination rate of reaction (40).
The lifetime of hþ

VB is then raised giving rise to more opportunities
for the enhancement of �OH generation from reaction (38), as well
as its direct attack over organic pollutants (Garcia-Segura and
Brillas, 2017). Fig. 18 shows a schematic illustration of the PEC
mechanism using a TiO2 photoanode with the corresponding
photooxidation and photoreduction processes. In contrast, Fig. 19a
exemplifies the PEC process with a Ti/IrO2-Pt-WO3 or Ti/IrO2-Pt-
Ag3PO4 photoanode upon simulated sunlight (Guo et al., 2017),
where the organics can be oxidized and reduced at the photoanode
and cathode.

Note that the photoanode is constructed by deposition of a
semiconductor photocatalyst onto a conductive substrate, like in-
dium tin oxide (ITO), to improve its conductivity. PEC runs aremade
either at constant Eanod or at constant I or j. This extracts the e�CB
toward the cathode, largely preventing the recombination of the
e�CB/hþ

VB pair and accelerating the production of more hþ
VB with

higher oxidation power to destroy the organics, as stated above.
Non-aggressive operation conditions are used in PEC in order to
facilitate the easy recovering of the photocatalyst after usage to be
further consecutively recycled.

The crystalline anatase form of TiO2 is the most ubiquitous
semiconductor photocatalyst used in PC and PEC. This highly stable,



Fig. 15. Effect of operation variables on the change of (a,c,e) (normalized) MTZ content and (b,d,f) (normalized) TOC and mineralization current efficiency with electrolysis time for
the homo-EF process of 100 mL of herbicide solutions in 0.050 M Na2SO4 at pH 3.0 using a BDD/air-diffusion cell (each electrode of 3 cm2 area). (a,b) 0.523 mMMTZ at different Fe2þ

contents at j ¼ 100 mA cm�2. (c,d) 0.523 mM MTZ with 0.50 mM Fe2þ at different j values. (e,f) different MTZ concentrations with 0.50 mM Fe2þ at j ¼ 100 mA cm�2. Adapted from
Guelfi et al. (2019b).
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cheap and low toxic material has a wide Eg ¼ 3.22 eV (l ¼ 385 nm),
which can be easily overcome by photons of UVA light to photo-
generate the e�CB/hþ

VB pair. In many works, the TiO2 photocatalyst
is modified, e.g., producing nanotubes (NTs) (Xin et al., 2011) or by
doping with other elements or oxides (Wang et al., 2019), to take
advantage of the solar light as energy source. Fig. 19b illustrates the
photoexcitation of a 2D microporous SnO2 assembled into TiO2 NTs
upon UVA light (Li et al., 2012). The light irradiation produces the
e�CB/hþ

VB pair in both semiconductors, the TiO2 NTs and SnO2 with
Eg values of 3.22 and 3.88 (l ¼ 319 nm) eV. As the potentials of the
VB and CB of SnO2 are lower than those of TiO2 NTs, more hþ

VB
reach the surface of the latter semiconductor, whereas more e�CB
are delivered to the former one. On the whole, the system behaves
as a semiconductor with a lower Eg ¼ 2.96 eV (l ¼ 418 nm),
meaning that it can absorb visible light.

The low conductivity of photoanodes employed in PEC only al-
lows the use of relatively small Ean and j values. This is the main
disadvantage of this technique for the treatment of relatively high
herbicide contents from industrial wastewaters. Since it behaves as
an active anode, this entails a very weak M(�OH) production from
reaction (1), which gives a poor degradation and mineralization of
herbicides. This AO process takes place in parallel with the oxida-
tive action originated by hþ

VB. So, it is very difficult to separate the
25
AO contribution in the total process. To clarify this point, many
studies present a comparison of the AO, PC and PEC treatments of
the herbicide. It is found that the sum of the AO and PC contribu-
tions can be either equal or lower than the overall PEC, meaning
that the latter behaves as an additive or synergistic process, i.e., the
oxidizing agents of the two former act independently or in
cooperation.
4.4.2. Application to herbicide remediation
The PEC process of herbicides in wastewaters has been mainly

focused to the preparation and characterization of new photo-
anodes with Eg values low enough to make feasible the organic
oxidation upon illumination with visible light,. This has been
confirmed by applying potent Xe lamps that mimic the radiation of
sunlight. Small stirred cylindrical or similar undivided tank reactors
have been usually employed in order to check the PEC performance
(see Table 3). Glass or quartz cells have been used to permit the
photoanode illumination from an external lamp placed near and in
front of it. Only Long et al. (2019) have degraded atrazine in a
phosphate medium of pH 7 with a TiO2 NTs/TiO2-Pt photoanode
under a 500 W Xe irradiation using a small divided cell. The
application of larger systems needs to be developed in the next
future to show more clearly if PEC is viable for herbicide treatment



Fig. 16. Time course of (a) 4-chloro-2-methylphenoxyacetic acid with pseudo-first-order kinetic analysis, (b) TOC, (c) mineralization current efficiency, (d) energy consumption per
unit TOC mass, (e) aromatic intermediates and (f) final carboxylic acids for the SPEF process of 10 L of 186 mg L�1 herbicide in 0.050 M Na2SO4 under optimum conditions of
1.00 mM Fe2þ, pH 3.0 and 35 �C, using the flow plant of Fig. 4c with a Pt/air-diffusion cell (100 cm2 electrode area) like of Fig. 4d and a CPC solar photoreactor (32 W m�2 of average
UV irradiation intensity) at 5 A and liquid flow rate of 180 L h�1. Adapted from Garcia-Segura et al. (2011).

Fig. 17. Mineralization route proposed for 4-chloro-2-methylphenoxyacetic acid by SPEF with the flow plant of Fig. 4d with a Pt/air-diffusion filter-press cell and a CPC solar
photoreactor. Adapted from Garcia-Segura et al. (2011).
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in practice.
Modified TiO2 anodes such as Ti/TiO2 NTs for alachlor (Xin et al.,

2011), 2D macroporous SnO2/TiO2 NTs for 2,4-D (Li et al., 2012), Ti/
TiO2-x for atrazine (Komtchou et al., 2016), graphene oxide (GO)/
TiO2 NTs for pentachlorophenol (Rajput et al., 2018b), CuInS2/TiO2
NTs for 2,4-D (Liu et al., 2011) and B,F/TiO2 NTs for atrazine (Wang
et al., 2019) among others, have been checked as photoanodes.WO3
nanosheets with Eg ¼ 2.6 eV (l ¼ 477 nm) have also been tested for
the degradation of diuron (Fern�andez-Domene et al., 2018a), atra-
zine (Fern�andez-Domene et al., 2018b) and bromacil (Rosell�o-
M�arquez et al., 2019). In these articles and after the description of
the synthesis of the photoanode, its morphological, structural,
electrochemical and photoelectrochemical characteristics are re-
ported and discussed. For example, Fig. 20aeb shows scanning
electron microscopy (SEM) images of as-prepared 2D macroporous
SnO2/TiO2 NTs at two different magnifications. The SnO2 grew in an
orderly 2D periodic nanoholes with circular orifices of diameter
from 150 to 400 nm (Li et al., 2012). Fig. 20c presents the com-
parison of the X-ray diffraction (XRD) patterns for a typical SnO2/
TiO2 NTs and a 2D macroporous SnO2/TiO2 NTs material As can be
observed, the diffraction peak of SnO2 rutile in the latter material
was enhanced, being determined a smaller particle size and surface
area alongside a high degree of dispersion that improved the PEC
performance (Li et al., 2012). Fig. 21aeb shows the field emission
SEM (FE-SEM) images of synthesized TiO2 NTs and GO/TiO2 NTs, by
Rajput et al. (2018a). The GO particles covered most of the TiO2 NTs
and coexisted with the rest of uncovered region, increasing the
oxidation sites for PEC.

Table 3 illustrates the excellent degradation, and in some cases
mineralization, reached during the PEC treatment of selected her-
bicides with a variety of photoanodes illuminatedwith UVA light or
simulated sunlight with Xe lamps. The comparative herbicide
concentration removal was also assessed by AO (without light
irradiation) and PC (without current). Results of Table 3 reveal a
quite poor degradation by these processes, being the sum of both
herbicide decays lower than that of PEC. This evidence the syner-
gism with cooperation of the oxidants formed from the two indi-
vidual processes in PEC. In contrast, a quite additive behavior can be
seen in Figs. 20dee for the concentration and COD profiles, ob-
tained for several treatments of 100 mg L�1 of 2,4-D in 0.10 M
Na2SO4 at pH 3.0 with SnO2/TiO2 NTs and 2D macroporous SnO2/
TiO2 NTs under a 300 W UVA light. In both cases, the oxidation
power increased in the sequence: PC < AO ≪ PEC, always with
better abatements for the latter photoanode. The PC process with
TiO2 NTs yieldedmuch smaller performance. Fig. 20f highlights that
for the most powerful PEC treatment with the 2D macroporous
SnO2/TiO2 NTs photoanode, the instantaneous current efficiency
(ICE), calculated considering the term d(COD)/dt instead of
(△COD)/t in Eq. (19), attained its maximum value of 100%, indi-
cating that all the electric charge supplied to the electrolytic system
was spent in organic oxidation.

Aqueous sulfate media have been tested aiming to assess the
role of ROS generated by the photoanode. Rajput et al. (2018a)
analyzed the scavenging of 20 mg L�1 pentachlorophenol in
0.010 M Na2SO4 at pH 3.14 with a GO/TiO2 NTs photoanode upon a
3.2 W cm�2 UVA exposition at I ¼ 10.28 mA for 93 min. Isopropyl
alcohol (IPA), disodium ethylenediaminetetraacetate (EDTA) and L-
ascorbic acid were employed as �OH, hþ

VB and O2
�� scavengers. As

can be seen in Fig. 21c, �OH formed from reactions (1) and (38) was
the most pre-eminent oxidizing agent (47% degradation), with
preponderance of that produced from hþ

VB (38% degradation),
whereas the participation of O2

��generated from reaction (39) only
accounted for by a 23% degradation since the photoexcited e�CB
were pre-eminently extracted and sent to the cathode. The authors
proposed the reaction sequence of Fig. 22 that includes 6 aromatic
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and 2 aliphatic by-products identified by HPLC-MS analysis of the
treated pentachlorophenol solution. The Cl atoms were lost in the
form of Cl� ion.

Low Ean (<þ1.5 V) or I (<30mA) values were selected for the PEC
trials to preserve the structure and oxidation power of the photo-
anode (see Table 3). For the degradation of 100 mL of 50 mg L�1 of
the chlorophenoxy acid (S)-dichlorprop in 0.10 M Na2SO4 with a Ti/
TiO2 photoanode upon a 300 W Xe lamp, Zhang et al. (2017) found
that the herbicide underwent a 92% concentration reduction after
6 h at Ean¼þ0.9 V/SCE, with a small loss of performance after reuse
in three consecutive cycles. In contrast, €Ozcan et al. (2018) reported
that the degradation of 150 mL of 37.4 mM paraquat in 0.10 M
Na2SO4 with a Ti/TiO2 NTs-Pt photoanaode upon a 48 W UVA light
at an optimum Ean ¼ þ1.0 V/Ag|AgCl for 180 min decayed from 64%
to 42% after 25 consecutive reuses, probably due to the adsorption
of by-products at the photoanode surface, diminishing the number
of active sites for organic oxidation.

Similar effects of applied I and herbicide concentration to those
of precedent EAOPs have been described for the PEC process as
result of the enhancement or inhibition of the parasitic reactions of
the radical oxidants M(�OH) and �OH, as explained above (Wang
et al., 2019). However, the influence of pH on herbicide abate-
ment is not so clear. While several authors describe a progressive
loss of herbicide performance from pH 3 to alkaline medium, in
agreement with the decrease of the oxidation power of M(�OH) and
�OH (Liu et al., 2011), in the case of atrazine, an optimum degra-
dation at pH 6 has been described, related to its adsorption char-
acteristics on the TiO2 surface (Komtchou et al., 2016).

4.5. Combined treatments

Hybrid and sequential treatments of recalcitrant herbicide
wastewaters have been developed aiming the acceleration of the
removal of organic pollutants and cost reducing. Hybrid processes
are performed by direct combination of the electrochemical system
with additional oxidation techniques or adsorption over carbona-
ceous materials. Light irradiation in PE and/or US in SE have been
proposed pre-eminently by the Rodrigo’s group for the remediation
of effluents extracted from soils contaminated with herbicides and
surfactants. Less attention has been paid over sequential processes,
where biological pre- or post-treatments or pre-bioadsorption of
pollutants are coupled to the electrochemical one. Table 4 collects
relevant results obtained for combined techniques for selected
herbicide removals, which are discussed in this subsection.

4.5.1. Hybrid processes
The majority of hybrid processes are focused to the enhance-

ment of the AO treatment of herbicide wastewaters by combination
with light irradiation or US. For the first arrangement, UVC lamps
immersed or over the solution of a cylindrical cell or illuminating
the quartz cover of a filter-press cell coupled to a flow system like of
Fig, 3d are employed. The UVC irradiation photodegrades many
organic pollutants and additionally, it can produced extra oxidant
radicals. So, in sulfate medium, the S2O8

2� ion formed from anodic
oxidation of SO4

2� via reaction (7) is photolyzed to SO4
��, improving

the oxidation ability of the system (Souza et al., 2020). More
notable is the photoexcitation of active chlorine produced from
reactions (10)e(12) in chloride medium, since HClO is photo-
decomposed in chlorine radical (Cl�) and �OH, and further, Cl� can
react with Cl� to yield the strong oxidant dichlorine radical anion
(Cl2��) (Santos et al., 2020a). When an US horn is coupled, systems
like of Fig. 5aed are utilized. A double action of US is expected,
involving the acceleration of the transport of reactants toward the
anode alongside the extra production of the above oxidant radicals
formed in sulfate and chloride media, upgrading their oxidation



Table 3
Selected results obtained for the photoelectrocatalysis (PEC) treatment of several herbicides in synthetic aqueous matrices with different photoelectrochemical systems.

Pollutant System (photoanode,
cathode)

Experimental remarks Best results Ref.

Chloroacetoanilide
Alachlor Cylindrical quartz cell upon

a 75 W Xe lamp (Ti/TiO2

NTs, Pt)

30 mL of 5 mg L�1

herbicide, 0.50 M Na2SO4,
natural pH, Ean ¼ þ1.50 V/
SCE, 120 min

12% degradation (AO),
60% degradation (PCa),
94% degradation (PEC).
By-products detected

Xin et al. (2011)

Chlorophenoxy acid
2,4-D Quartz beaker upon a

500 W Xe lamp (CuInS2/
TiO2 NTs, Pt)

60 mL of 10 mg L�1

herbicide, 0.050 M Na2SO4,
pH 3.0, Ean ¼ þ0.50 V/SCE,
160 min

6% degradation (AO)
k1 ¼ 0.0121 min�1,
93% degradation (PC)
k1 ¼ 0.0660 min�1,
100% degradation (PEC)
k1 ¼ 0.1011 min�1

Liu et al. (2011)

Round reaction pool upon a
300WUVA light (SnO2/TiO2

NTs, Ti)

100 mL of 100 mg L�1

herbicide, 0.10 M
Na2SO4,natural pH, 25 �C,
I ¼ 30 mA, 180 min

100% degradation
(120 min),
90% COD removal,
ICEc ¼ 100%.
By-products detected

Li et al. (2012)

Organochlorine
Pentachlorophenol Cylindrical glass cell upon

two 36 W UVA light (GOb/
TiO2 NTs, Cu)

250 mL of 15 mg L�1

herbicide, 0.010 M Na2SO4,
pH 3.14, I ¼ 20.68 mA,
93 min

92% degradation,
EC ¼ 2.72 kWh m�3.
By-products detected

Rajput et al. (2018a)

Triazine
Atrazine Similar to Fig. 4b with a

5.4 mW cm�2 UVC light (Ti/
TiO2-x, graphite)

1 L of 0.10mg L�1 herbicide,
0.050 M Na2SO4, pH 6.0,
Flow rate ¼ 10 L h�1,
I ¼ 100 mA, 120 min

55% degradation (AO),
100% degradation (PC),
100% degradation at
60 min (PEC),
k1 ¼ 0.146 min�1.
By-products detected

Komtchou et al. (2016)

Cylindrical quartz cell upon
a 1000 W Xe light at
l ¼ 360 nm (WO3, Pt)

14 mL of 20 mg L�1

herbicide
(TOC0 ¼ 8.9 mg L�1), 0.10 M
H2SO4, Ean ¼ þ1 V/Ag|AgCl,
1320 min

100% degradation
(180 min),
k1 ¼ 0.0233 min�1,
72% TOC removal.
By-products detected

Fern�andez-Domene et al. (2018b)

Cylindrical quartz cell upon
a 500 W Xe light (B,F-TiO2

NTs, Ag)

5 mg L�1 herbicide, 0.10 M
Na2SO4, pH 6, I ¼ 20 mA,
120 min

21% degradation (AO),
30% degradation (PC),
76% degradation (PEC)

Wang et al. (2019)

Urea
Diuron Cylindrical quartz cell upon

a 1000 W Xe light at
l ¼ 420 nm (WO3, Pt)

14 mL of 20 mg L�1

herbicide, 0.10 M H2SO4,
Ean ¼ þ1 V/Ag|AgCl,
360 min

73% degradation,
k1 ¼ 0.0035 min�1,
Cl� and NO3

� detected

Fern�andez-Domene et al. (2018a)

a PC: Photocatalysis (no current).
b GO: Graphene oxide.
c Instantaneous current efficiency.
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rate (dos Santos et al., 2017b). The main drawback of PE and SE is
the enormous electric energy spent by the UVC lamps and US
horns, then being necessary the development of systems powered
with free and renewable energies for their practical use.

Similar effects of solution pH, applied current and herbicide
concentrations to AO and AO-H2O2 have been described for the PE
and SE treatments of synthetic herbicide solutions as well. In these
studies, it is remarkable the influence of the supporting electrolyte
and the nature of the anode. The PE process has been examined in
sulfate medium for atrazine with a DSA anode (Malpass et al.,
2010b), 2,4-D with a BDD anode (Souza et al., 2020), the triazine
deethylatrazine with a Pt or BDD anode (Frangos et al., 2016) and
the dinitroaniline trifluralin with a Pt anode (Hasanzadeh et al.,
2018). In the two latter cases, an O2-diffusion cathode to electro-
generate H2O2 was utilized, so that, the oxidation power of the
system was upgraded by the extra generation of �OH from the
photolytic homolysis of H2O2, apart from other photogenerated
radicals like SO4

��, as stated above. Under these conditions, the PE
process was synergistic as compared to the photocatalysis and AO
(or AO-H2O2), which was more apparent for active anodes than for
28
the more powerful non-active BDD. Malpass et al. (2010a) reported
a concentration reduction of 55% by direct photolysis, 10% by AO
and 88% by PE after 90 min of treatment of 22 L of 20 mg L�1

atrazine in 0.10 M Na2SO4 at pH 3.0 in a flow plant like of Fig. 3d
with a cylindrical cell equipped with a Ti/Ir0.3Ti0.7O2 anode and a Ti
cathode and an inner 36 W UVC lamp, by applying a I ¼ 108 A for
the two latter treatments. The PE process was so powerful that
yielded a small EEO value of 31 kWh m�3 order�1 and a high TOC
removal of 90% (see Table 4).

Other important features have been detailed when using chlo-
ridemedia. Atrazine (Malpass et al., 2012), a real effluent of atrazine
manufacturing process (Aquino et al., 2017) and tebuthiuron
(Montes et al., 2017) with a DSA anode, 2,4-D (Souza et al., 2016b)
and clopyralid (Santos et al., 2020a) with a BDD anode, and
glyphosate (S�anchez-Montes et al., 2020) and clopyralid (Santos
et al., 2020b) with a DSA or BDD anode, have been treated by PE.
The results of Table 4 show a large enhancement of this process for
DSA electrodes. While 100% degradation with 43% TOC removal
were achieved for clopyralid with a BDD anode, a slight lower
degradation of 89% with higher TOC decay of 47% were reached



Fig. 18. Schematic mechanism of the processes taking place in a TiO2 photoanode
upon PEC. Adapted from Garcia-Segura and Brillas (2017).

Fig. 19. Mechanism of the PEC process with different photoanodes for the degradation
of herbicide solutions. (a) Ti/IrO2-Pt-WO3 or Ti/IrO2-Pt-Ag3PO4 under simulated solar
light. Adapted from Guo et al. (2017). (b) 2D microporous SnO2 assembled into TiO2 NTs
upon UVA light. Adapted from Li et al. (2012).
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with a RuO2TiO2 anode (Santos et al., 2020b). In the case of
glyphosate, S�anchez-Montes et al. (2020) reported even a higher
TOC reductionwith a Ti/Ir0.3Ti0.7O2 anode than a BDD one (100% vs.
67%). This behavior results of the large photogeneration of �OH, Cl�

and Cl2�� that destroy the organic pollutants at high rate, practically
regardless of the ROS produced from the simple AO process. The
relevance of these oxidizing agents can be deduced from the work
of Rubí-Ju�arez et al. (2016a), who checked the PE treatment of
600 mL of 100 mg L�1 glyphosate in different electrolytes at natural
pH with a BDD anode at 0.78 A lasting 180 min. As can be seen in
Table 4, TOC was reduced by 100% in 3.0 g L�1 Na2SO4 and largely,
up to 92% in 3.0 g L�1 NaCl, whereas a good mineralization of 78%
was achieved in 3.0 g L�1 Na2CO3. The latter positive finding was
found despite the scavenging effect of CO3

2� ion over generated ROS,
owing to the potent oxidative action of photoproduced Cl� and Cl2

� �.

The Rodrigo’s group extended their initial research on the
treatment of 100 mg L�1 of oxyfluorfen in a soil-washing effluent
with SDS as surfactant by AO (see section 4.1.2.2 and Table 1) to the
PE process with a 15 W UVC irradiation (dos Santos et al., 2017a)
and the SE one with an US of 24 kHz and 200 W (dos Santos et al.,
2017b). In both cases, faster degradation of the herbicide and SDS
was detected, with the accumulation of more quantities of released
SO4

2� ion, an indirect measurement of SDS mineralization. Table 4
highlights that after consuming a Q ¼ 30e40 Ah L�1 in SE, 100%
of COD and TOC removal were found, making in evidence the po-
tentiality of this technique for soil remediation.

Table 4 shows the good performance of the SE process, superior
to the homologous AO one, for the cases of diuron in 10 g L�1

Na2SO4 with the BDD/BDD cell of Fig. 5a (Bringas et al., 2011) and
2,4-D in 3.0 g L�1 NaCl with a flow Diacell® 401 cell of 3 com-
partments with bipolar BDD electrodes (Souza et al., 2015b). In the
former case, the expected increase of the rate constant for TOC
removal (kTOC) with temperature, from 0.305 h�1 at 10 �C to
0.416 h�1 at 40 �C, related to a very low activation energy of
7.7 kJ mol�1, was reported.

The PE and SE processes have been compared for the treatment
of the urea chlorsulfuron in 0.050MNa2SO4 or 0.050MNaCl using a
flow filter-press BDD/BDD cell (Souza et al., 2017) and atrazine in
1.73 M NaCl pH 7.0 with a plant like of Fig. 3d with a Ti/Ru0.3Ti0.4O2
anode, a Ti cathode and a reservoir with a 9WUVC light and a 60W
US (Pinto et al., 2019). The latter authors optimized the process by
RSM and determined that the best results were obtained at
I ¼ 200 mA, with total herbicide removal at 50 min for PE or SE and
only 30 min for the combined PE/SE process, where 98% of TOC was
reduced in 240minwith a low EC of 3.36 kWhm�3, only consumed
by the electrolytic cell (see Table 4). More research should be made
to confirm the benefits of combining PE and SE instead of each
single process.
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It has been described the PE or SE treatments, compared to
sonolysis, photolysis and AO, of soil-washing effluents with SDS
surfactant contaminated with the dinitroaniline pendimethalin
(Almaz�an-S�anchez et al., 2017) and atrazine (dos Santos et al.,
2018), with a flow plant like of Fig. 5d with a filter-press BDD/SS cell
with a quartz cover for illumination with a 4 W and 15 W UVC, and
an US of 24 kHz and 200 W. Fig. 23 depicts the change of atrazine
concentration, TOC and COD with time for 100 and 5000 mg L�1 of
SDS contents at j ¼ 30 mA cm�2. While the herbicide decayed more
rapidly with the higher SDS content, the opposite behavior can be
observed for TOC and COD removal due to the presence of more
quantities of organic matter. The oxidation power of treatments
increased as: sonolysis < photolysis ≪ AO < SE < PE, indicating a
greater enhancement of the destruction rate of organics by UVC
photolysis and oxidation with photogenerated oxidants in PE (see
Table 4).

Other hybrid processes have considered the combination of AO
with ozonation to destroy atrazine in phosphate þ Na2SO4 with a
cylindrical BDD/SS reactor (Saylor et al., 2018) and diuron in
0.050 M Na2SO4 using a cylindrical Pt/RVC cell (Bavasso et al.,
2020). In the latter system, H2O2 was electrogenerated in the
cathode, which reacted with O3 at pH 10 to produce additional ROS



Fig. 20. SEM images of synthesized (a) and (b) 2D macroporous SnO2/TiO2 NTs electrodes or photocatalysts. (c) XRD patterns for SnO2/TiO2 NTs and 2D macroporous SnO2/TiO2 NTs.
Variation of (d) percentage of 2,4-D degradation and (e) percentage of COD removal for the treatment of 100 mL of 100 mg L�1 herbicide in 0.10 M Na2SO4 at pH 3.0 using a stirred
cylindrical tank reactor with a 3 cm2 electrode or photocatalyst and a 3 cm2 Ti cathode. Treatments with: 2D macroporous SnO2/TiO2 NTs using (1) photoelectrocatalysis (PEC), (3)
AO and (5) photocatalysis (PC); SnO2/TiO2 NTs using (2) PEC, (4) AO and (6) PC. In PEC, the electrodes acted as photoanodes upon a 300 W UVA illumination. In PEC and AO, a
j ¼ 10 mA cm�2 was applied. (7) TiO2 NTs/UVA photocatalysis (PC). (f) Instantaneous current efficiency for PEC and AO processes at 30 min. Adapted from Li et al. (2012).
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(�OH, HO2
�, O3

��) that largely contribute to organic removal. This
process is known as electro-peroxone. Table 4 shows the rapid
diuron degradation and almost total mineralization achieved
operating with this procedure.

Variable effectiveness has been reported for other less explored
hybrid methods. Raschitor et al. (2017) and Llanos et al. (2018)
conditioned an electrodialysis cell with an anionic and a cationic
membrane to concentrate a 2,4-D effluent for subsequent oxidation
at a DSAor BDD anode. However, similar performancewas obtained
operating without bothmembranes, i.e., by only AO, particularly for
the most potent BDD, making such combination unviable. More
positive results have been described by Dargahi et al. (2018) for 2,4-
30
D and by Pedersen et al. (2019) for other chlorophenoxy acids using
the BDD/SS and b-PbO2/SS cells like of Fig. 5a, with simultaneous
adsorption on GAC and AO. For 2,4-D, Table 4 reveals that the
presence of the adsorbent enhances its removal from 72% to 93% at
pH 3.0 after 100 min at 36 mA. Xu et al. (2019) also detailed a
positive upgrading of sodium pentachlorophenate by adsorption/
AO with a dual CNT/PbO2 anode. The hybrid adsorption/AO treat-
ment could then be useful for ionic herbicides like 2,4-D and
pentachlorophenate ion, easily adsorbed onto high-surface carbo-
naceous materials. Other articles have been devoted to the com-
bination of AO with MnO2 for glyphosate removal with a DSA/DSA
cell (Lan et al., 2013) and that of AO with PEC for the urea fenuron



Fig. 21. FE-SEM images of (a) TiO2 NTs and (b) graphene oxide (GO)/TiO2 NTs photo-
anodes used for the PEC treatment of 250 mL of 20 mg L�1 pentachlorophenol in
0.010 M Na2SO4 in a cylindrical glass reactor upon a 3.2 W cm�2 UVA exposition. (c)
Effect of different scavengers (isopropyl alcohol (IPA) as �OH scavenger, disodium
ethylenediaminetetraacetate (EDTA) as hþ

VB scavenger and L-ascorbic acid as O2
��

scavenger) on the percentage of pentachlorophenol degradation with a GO/TiO2 NTs
photoanode at applied I of 20.68 mA; pH 3.14 and degradation time of 93 min. Adapted
from Rajput et al. (2018a).

Fig. 22. Degradation route for pentachlorophenol in acidic sulfate medium by PEC
with a GO/TiO2 nanotube arrays photoanode upon UVA illumination. Adapted from
Rajput et al. (2018a).
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with a dual PbO2/SnO2-Sb2O3/Ti//Ti/TiO2 anode/photoanode
(Barbari et al., 2018).

It is remarkable the work of Garza-Campos et al. (2014) who
studied 200 mL of 20 mg L�1 atrazine in 0.050 M Na2SO4 at pH 3.0
with the BDD/BDD cell of Fig. 5b by individual SPC, AO, EF and SPEF
alongside the hybrid SPC/SPEF. The SPC process was performed
with 0.3 g L�1 of TiO2 onto glass spheres and the electrolytic trials
were made at 100 mA. Fig. 24aec disclose an increasing oxidation
ability in the sequence: SPC ≪ AO ≪ EF < SPEF < SPEC/SPEF, as
expected by the greater production of �OH from reactions (38), (1),
(24) and (34), with photodecomposition of final Fe(III)-carboxylate
complexes by reaction (35). All these reactions occur simulta-
neously in SPEC/SPEF. Fig. 24b presents the increasing accumula-
tion of cyanuric acid, the major aromatic by-product of atrazine, in
the same oxidation power order. Figs. 24dee shows that the higher
MCE and lower ECTOC values corresponded to the combined SPEC/
SPEF. The results obtained at 300 min are collected in Table 4.
4.5.2. Sequential processes
A reduced number of studies have reported the coupling of AO

followed by a biological treatment of the resulting wastewater
initially contaminated with a herbicide. Feng et al. (2013) pre-
treated an actual wastewater of a clomazone factory by AO with a
flow tubular three-dimensional Ti/SnO2 cell, whereas the AO pre-
treatment with a flow cell with a graphite cell anode has been
checked for the treatment of 2,4-D (Fontmorin et al., 2013) and the
commercial herbicide U46D® solution (Fontmorin et al., 2014).
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These articles show a notable enhancement of the biodegradability
of the resulting wastewater after the AO pre-treatment, reducing
significantly the time needed for total mineralization by subse-
quent biological treatment. In contrast, Carboneras et al. (2020)
carried out a biological pre-treatment followed by an AO process.
In the biological pre-treatment, 500 mg L�1 oxyfluorfen were
degraded in 500 mL bioreactors with a bacterial culture during
70 h at 30 �C, giving rise to an 88% degradation of the herbicide. The
further AO process was madewith a flow plant like of Fig. 3d with a
Diacell® 101 BDD/SS cell, and overall degradation and mineraliza-
tion were achieved after consumption of 26 Ah L�1 (see Table 4). It
was also found that addition of 0.035 M Na2SO4 yielded a more
cost-effective AO post-treatment since total decontamination was
reached at only Q ¼ 18 Ah L�1 with an EC reduction from 360 to
122 kWh m�3.

Sequential biosorption-electrochemical treatments have been
reported for the remediation of soil-washing effluents spiked with
2.4-D (Chair et al., 2017a) and oxyfluorfen (Chair et al., 2017b) with
SDS as surfactant. Fig. 25a illustrates the drastic abatement of
60 mg L�1 oxyfluorfen with raising the biomass/herbicide ratio
(BHR) upon biosorption with an activated sludge, whereas the
corresponding COD underwent a continuous increase due to the
accumulation of organics. Figs. 25bec depict the change of
normalized oxyfluorfen concentration and TOC with Q by different
treatments in a flow plant like of Fig. 5d with a filter-press BDD/
stainless steel cell at j ¼ 30 mA cm�2. A similar decay can be



Table 4
Selected results obtained for hybrid and sequential treatments of several herbicides pollutants in synthetic aqueous matrices.

Pollutant System (anode, cathode) Experimental remarks Best results Ref.

Hybrid process
Anodic oxidation/UV (Photoelectrolysis, PE)
Benzoic acid
Clopyralid Cylindrical cell under a 9 W

UVC light (MMO-RuO2TiO2

or BDD, Pt)

150 mL of 100 mg L�1 herbicide, (COD0 ¼ 130 mg L�1),
3.7 g L�1 NaCl, natural pH 3.4, I ¼ 120 mA, 480 min

100% degradation (BDD),
43% COD removal (BDD),
89% degradation (MMO),
47% COD removal (MMO)

Santos et al. (2020b)

Chlorophenoxy acid
2,4-D Fig, 3d with a filter-press

cell with a quartz site upon
a 15 W UVC light (BDD, SS)

1.2 L of 100 mg L�1 herbicide, 0.050 M Na2SO4 or NaCl,
Flow rate: 26.4 L h�1, natural pH, I ¼ 7.8 A, Q ¼ 18 Ah L�1

k1 ¼ 0.62 h�1 (Na2SO4),
k1 ¼ 0.72 h�1 (NaCl),
100% TOC removal (Na2SO4)
78% TOC decay (NaCl)
By-products detected
Inorganic ions detected

Souza et al. (2016b)

Diphenyl ether
Oxyfluorfen Fig. 3d with a filter-press

cell upon a 15 W UVC light
(BDD, SS)

1 L of 100 mg L�1 herbicide spiked in a soil
washing effluent with SDS surfactant
(dosage from 100 to 5000 mg L�1), Flow
rate ¼ 200 L h�1, Q ¼ 20 Ah L�1

100% degradation,
100% SDS removal.
1.2 g L�1 SO4

2� released

dos Santos et al. (2017a)

Glyphosate Fig. 3d with a filter-press
cell upon a 4 W UVC light
(BDD, SS)

600 mL of 100 mg L�1 herbicide, 3.0 g L�1 Na2CO3,
Na2SO4 or NaCl, natural pH, I ¼ 0.78 A, 180 min.

TOC reduction:
78% (Na2CO3),
92% (NaCl),
100% (Na2SO4).
Inorganic ions detected

Rubí-Ju�arez et al. (2016a)

Fig. 3d with a filter-press
cell and an immersed 9 W
UVC light (DSA-Ti/
Ir0.3Ti0.7O2 or BDD, SS)

1.5 L of 50 mg L�1 herbicide, 3.0 g L�1 NaCl, pH 4e5,
Flow rate ¼ 29.1 L h�1, 25 �C, I ¼ 0.78 A, 60 min.

TOC reduction:
100% (DSA) with
MCE ¼ 18%,
67% (BDD) with
MCE ¼ 13%.
By-products detected
Inorganic ions detected

S�anchez-Montes et al. (2020)

Triazine
Atrazine Fig. 3d with a 36 W UVC

light immersed in the
cylindrical cell (Ti/
Ir0.3Ti0.7O2, Ti)

22 L of 20 mg L�1 herbicide, 0.10 M Na2SO4, pH 3.0,
Flow rate ¼ 3000 L h�1, 20 �C, I ¼ 108 A, 90 min.

10% (AO)
55% (photolysis)
88% degradation, (PE) with
EEO ¼ 31 kWh m�3 order�1,
90% TOC removal

Malpass et al. (2010a)

Urea
Tebuthiuron Fig. 3d with a filter-press

cell upon a 125WUVC light
(Ti/Ir0.3Ti0.7O2, SS)

1 L of 100 mg L�1 herbicide, 0.10 M Na2SO4 þ 2.0 g L�1 NaCl,
pH 3.0, Flow rate ¼ 420 L h�1, I ¼ 250 mA, 360 min.

100% degradation
(90 min),
95% TOC removal,
MCE ¼ 6%,
ECTOC ¼ 6 kWh (g TOC)�1.
By-products detected

Montes et al. (2017)

Anodic oxidation/US (Sonoelectrolysis, SE)
Chlorophenoxy acid
2,4-D Fig. 5d with a Diacell®

401 cell up to 3
compartments, US of
24 kHz and 200 W (BDD,
BDD)

1.2 L of 100 mg L�1 herbicide, 3.0 g L�1 NaCl, natural pH 3.4,
Flow rate ¼ 26.4 L h�1, 25 �C, I ¼ 10 A, 72 min

For 3 compartments:
100% degradation,
100% COD removal,
100% TOC removal.
By-products detected

Souza et al. (2015b)

Diphenyl ether
Oxyfluorfen Fig. 5d, US of 24 kHz and

200 W (BDD, SS)
1 L of 90 mg L�1 herbicide spiked in a soil washing effluent
with SDS surfactant (dosage 400 mg L�1), Flow rate ¼ 200 L h�1,
I ¼ 2.1 A, Q ¼ 30e40 Ah L�1

100% degradation,
100% COD removal,
100% TOC removal.
900 mg L�1 SO4

2� released

dos Santos et al. (2017b)

Urea
Diuron Fig. 5a, US of 20 kHz and

750 W (BDD, BDD)
250 mL of 20 mg L�1 herbicide, 10 g L�1 Na2SO4, pH 12, 10 �C,
I ¼ 700 mA, 360 min

100% degradation,
k1 ¼ 0.712 h�1,
92% TOC removal,
kTOC

a ¼ 0.305 h�1,
kTOC ¼ 0.416 h�1 (40 �C)

Bringas et al. (2011)

Photoelectrolysis, Sonoelectrolysis
Triazine
Atrazine Fig. 5d with a filter-press

cell upon a 15 W UVC light,
US of 24 kHz and 200 W
(BDD, SS)

700 mL of 100 mg L�1 herbicide spiked in a soil-washing effluent
with SDS surfactant (dosage 100 mg L�1), Flow rate ¼ 160 L h�1,
I ¼ 2.34 A, 420 min

100% degradation:
420 min (AO or SE)
300 min (PE),
100% TOC removal:
360 min (AO)
300 min (SE)
180 min (PE)

dos Santos et al. (2018)

Fig. 3d with a reservoir with
a 9 W UVC light and a 60 W
US (Ti/Ru0.3Ti0.4O2, Ti)

15 mg L�1 herbicide, 1.73 M NaCl, pH 7.0, Flow rate ¼ 26.3 L h�1,
25 �C, I ¼ 200 mA, 240 min

100% degradation:
50 min (PE or SE)
30 min (PE/SE)

Pinto et al. (2019)
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Table 4 (continued )

Pollutant System (anode, cathode) Experimental remarks Best results Ref.

98% TOC removal (PE/SE)
EC ¼ 3.36 kWh m�3

Other hybrid treatments
Chlorophenoxy acid
2,4-D Fig. 5c with 40 g L�1 GAC b

(b-PbO2, SS)
250 mL of 200 mg L�1 herbicide, 4.0 g L�1 Na2SO4,
pH 3.0e10.0, I ¼ 36 mA, 100 min

72% degradation
(pH 3.0, no GAC)
92% degradation
(pH 3.0, with GAC).
By-products detected

Dargahi et al. (2018)

Triazine
Atrazine Fig. 5b, SPEF/SPC with 180

TiO2 glass spheres (BDD,
BDD)

200 mL of 20 mg L�1 herbicide, 0.050 M Na2SO4,
0.10 mM Fe2þ, pH 3.0, I ¼ 100 mA, 300 min

100% degradation
(120 min)
k1 ¼ 0.034 s�1,
80% TOC removal,
MCE ¼ 9%
ECTOC ¼ 1.93 kWh
(g TOC)�1

By-products detected

Garza-Campos et al. (2014)

Urea
Diuron Cylindrical cell, O3þH2O2,

electro-peroxone (Pt, RVC
with H2O2

electrogeneration)

100 mL of 40 mg L�1 herbicide, 0.050 M Na2SO4,
pH 10, O3 flow rate ¼ 260 mg L�1 h�1, 24 �C,
I ¼ 50 mA, 180 min

100% degradation
(30 min),
92% TOC removal,
MCE ¼ 9%

Bavasso et al. (2020)

Sequential process
Diphenyl ether
Oxyflourfen Biological treatment

followed by AO with a flow
system like of Fig. 3d with a
Diacell® 101 cell (BDD, SS)

Biological: 500 mg L�1 herbicide with a
culture after 70 h at 30 �C. AO: resulting
wastewater, pH 7.2, Flow rate ¼ 54 L h�1,
I ¼ 2.34 A

88% degradation after biological
treatment.100% degradation and
100% TOC removal after AO at
Q ¼ 26 Ah L�1,100% TOC removal
after AO by adding 0.035
M Na2SO4 at 18 Ah L�1

Carboneras et al. (2020)

Biosorption followed by AO
with a flow system like of
Fig. 5d with a filter-press
cell (BDD, SS)

Biosorption: active sludge on 60 mg L�1

herbicide spiked in a soil washing effluent
with SDS surfactant with a biomass load
of 20. AO: 2 L of the resulting wastewater,
Flow rate ¼ 200 L h�1, I ¼ 2.34 A,
Q ¼ 80e120 Ah L�1

100% degradation
(50 Ah L�1),
100% TOC removal.
Inorganic ions detected

Chair et al. (2017b)

a kTOC: Rate constant for TOC removal.
b GAC: Granular activated carbon.
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observed in Fig. 25b using AO, PE with a 4 UVC light, high
frequency-SE (HF-SE) with US of 100 MHz and low frequencyeSE
(LF-SE) with US of 24 Hz. This indicates that the main oxidant is
alwaysM(�OH) formed at the BDD anode. In contrast, the photolytic
action of UVC irradiation favored the overall TOC removal by PE at
Q ¼ 80 Ah L�1, whereas the other three methods required near
Q ¼ 120 Ah L�1 (see Table 4). Again, the PE treatment became su-
perior to AO and SE, as stated above (see Fig. 23). The oxidation of
Cl� present in the effluent with conversion into toxic ClO3

� and ClO4
�

and the accumulation of NO3
� and NH4

þ from the destruction of
nitrogenated organics during the PE process, are shown in
Fig. 25dee.

Some sequential electrochemical-electrochemical processes
have been explored as well. So, alachlor dechlorinationwith a Ni/Ag
cathode was performed to accelerate the subsequent EF with a Pt/
graphite felt cell (Lou et al., 2020). Electrocoagulation was applied
to concentrate oxyfluorfen in sulfate medium, which was further
degraded more quickly by EF than by AO using a flow plant with a
BDD/BDD cell (Raschitor et al., 2019).
5. Future challenges

The information available over herbicide remediation by EAOPs
has been pre-eminently obtained with synthetic solutions at lab-
scale using cylindrical cells and flow plants with small waste-
water volumes and small electrodes. Then, there is a lack of
knowledge over the electrochemical behavior of real agricultural
33
wastewaters and contaminated soils with complex organic and
inorganic matrices. This is a first important challenge to be solved
because large discrepancies exist between real environmental
concentrations of herbicides in agricultural wastewaters and those
tested in lab settings, even of several orders of magnitude (Garcia-
Segura et al., 2020). The influence of the matrix (other organics,
natural organic matter, inorganic ion composition) should be
clearly elucidated to better understand the consequences of
competitive reactions and generation of different oxidizing agents
(ROS, active chlorine) on the degradation and mineralization pro-
cesses of the herbicide. In this way, the treatment of soil-washing
effluents should be extended to real soils to confront their perfor-
mance with that reported at present for kaolinite (dos Santos et al.,
2018). A second challenge is the development of stable electrodes
at industrial level with the establishment of steady conditions for
long-time operation. Up to now, most research has been conducted
in batch reactors during short-time periods rather than in contin-
uous flow reactors. For this reason, there exist a lack of under-
standing of the mechanisms of electrode scaling and fouling that
can be detrimentally influenced by the solutes and bacteria present
in real agricultural wastewaters when passing by the electrode
surfaces. These aims should be considered in future research to
make the EAOPs viable at industrial level. As third challenge, the
design and easily scalable efficient electrochemical plants with
optimum cells and exciting systems (light radiation, US) should be
made for their implementation if necessary. Autonomous electro-
chemical systems powered by free renewable energy (wind, solar



Fig. 23. Change of (a,b) normalized atrazine concentration, (c,d) normalized TOC and (e,f) normalized COD with time for different treatments (sonolysis, photolysis, AO, AO/US (or
SE) and AO/UVC (or photoelectrolysis, PE)) of 700 mL of 100 mg L�1 herbicide with (a,c,e) 100 and (b,d,f) 5000 mg L�1 sodium dodecyl sulfate (SDS) using a flow electrochemical
plant with a filter-press BDD/stainless steel reactor (78 cm2 electrode area) with an US generator (24 kHz, 200 W). For the photolytic trials, a 15 W UVC light was irradiated through
a quartz cover of the cell. The liquid flow rate was 160 L h�1 and a j ¼ 30 mA cm�2 was applied for the electrolytic experiments. Adapted from dos Santos et al. (2018).
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photovoltaic panels) with lowmaintenance should be developed to
make the EAOPs more attractive for their industrial use, even in
remote regions. Finally, as fourth challenge, it is encouraged to the
researchers to perform a techno-economic analysis for each process
studied in order to demonstrate the competitive interest of
applying EAOPs for treating wastewaters and soils contaminated
with herbicides.
6. Conclusions

Nine kinds of treatments with EAOPs have been identified for
herbicide remediation from synthetic wastewaters and soil-
washing effluents in the last decade. Atrazine, 2,4-D and diuron
are the major herbicides studied. The major part of electrochemical
systems utilize undivided cylindrical tank reactors or flow cells
with two- or three-electrodes. AO and AO-H2O2 present an analo-
gous performance due to the very low oxidation power of H2O2 as
compared to M(�OH). Non-active BDD is the more powerful anode
because it produces larger amounts of M(�OH). In chloride medium,
cheaper active RuO2 anodes generate more quantity of active
chlorine that can oxidize more rapidly the target herbicide than
M(�OH). However, the BDD anode can mineralize more rapidly the
34
solution since it can remove more easily the recalcitrant chlor-
oderivatives formed. Good performance was also achieved using
non-active anodes like PbO2, Co3O4/graphite felt and Ti/SnO2-Sb.
Herbicide adsorption favors its removal with graphite. The degra-
dation of herbicides in AO and AO-H2O2 obeys a pseudo-first-order
kinetics, but their mineralization evolves with low COD and/or TOC
decays, with small MCE and high ECTOC values, as result of the
recalcitrant by-products generated. Techno-economic analysis
based on k1-values and EEO results valuable for benchmarking AO
against available commercial technologies for water treatment. The
rise of j promotes the degradation and mineralization processes,
but with a progressive decay in ACE or MCE alongside with greater
energy consumption due to the acceleration of parasitic reactions. A
similar behavior is found by decreasing the herbicide content in the
wastewater. In chloride medium, the oxidation power of AO de-
creases at greater pH due to the change of active chlorine species.
Optimum conditions for AO can be obtained by means of RSM. The
competitive oxidation with other organic compounds accounts for
by the slower degradation of herbicides in real wastewaters. AO is
useful for the remediation of soil-washing effluents prepared from
kaolinite as simulated soil. Preliminary studies have shown that the
electrochemical systems can be powered by wind turbines or



Fig. 24. Time course of (a) normalized atrazine concentration, (b) cyanuric acid concentration, (c) percentage of TOC removal, (d) mineralization current efficiency and (e) energy
consumption per unit TOC mass for 200 mL of 20 mg L�1 atrazine in 0.050 M Na2SO4 at pH 3.0 using the system of Fig. 5b. Method: ( ) SPC, ( ) AO with a Pt mesh cathode, ( ) EF,
( ) SPEF and ( ) hybrid SPC/SPEF. In the three latter processes, a BDD cathode was used and 0.10 mM Fe2þ was added to the solution. The electrochemical treatments were made
with a BDD anode at 100 mA. SPC was performed with 180 spheres of TiO2-coated glass (0.3 g L�1 of TiO2). Adapted from Garza-Campos et al. (2014).
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photovoltaic panels as renewable free and green energies. In many
studies, a mineralization route for the target herbicide is proposed
from the by-products detected.

Two kinds of homo-EF system are used for H2O2 electro-
generation: cylindrical two- or three electrodes tank reactors with
an immersed carbonaceous cathode and cylindrical or flow filter-
press cells with an anode and a gas (O2 or air)-diffusion cathode.
The homo-EF process in an undivided cell outperforms the ho-
mologous AO-H2O2 because of the quicker attack of organics by
homogeneous �OH formed from Fenton’s reaction. The herbicide
mineralization is better enhanced with BDD thanwith Pt due to the
more rapid attack of final iron-carboxylate complexes with M(�OH)
originated by the former more potent anode. The optimum pH of
homo-EF is 3.0, near to the optimum pH of Fenton’s reaction, and
the best Fe2þ content depends on the kind of cathode utilized. Less
information is known for hetero-EF using insoluble iron catalysts
like Fe@Fe2O3 or iron-modified cathodes like allophane supported
with Fe2O3 that offer a good performance at neutral pH with large
stability.

The PEF process with UVA light outperforms the EF 1 at pH 3.0
by the formation of more �OH from the photolysis of Fe(OH)2þ and
the photodecomposition of final Fe(III)-carboxylate species. The
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SPEF process leads even to faster degradation and more rapid
overall mineralization due to the higher UV irradiance of sunlight.
This method is the EAOP with higher oxidation power for herbicide
remediation. Flow plants with a solar CPC photoreactor are the best
options to assess the SPEF process. Cheaper active anodes than non-
active BDD can be used in SPEF because they yield similar herbicide
performance. Good degradation and mineralization results were
found for the PEF treatment of real wastewaters, e.g., chloramben
spiked into an urbanwastewater and metolachlor spiked into a real
wastewater of winery industry. The PEC process of herbicides in
wastewaters has been mainly focused to the preparation and
characterization of new photoanodes like modified TiO2 and WO3

nanosheets, with Eg values low enough to absorb visible light
simulated with Xe lamps. Lower herbicide concentrations than the
above EAOPs were usually treated by PEC due to the low stability of
the photocatalyst. Low Ean or I values were applied to the PEC cell to
preserve the photoanode stability. Under comparable conditions,
the oxidation power is risen in the order: AO < PC < PEC, so that,
PEC can follow an additive or synergistic process of the other two
methods.

The major part of hybrid processes are focused to the
enhancement of the AO treatment of herbicide wastewaters by PE



Fig. 25. (a) Oxyfluorfen concentration and COD as a function of the biomass/herbicide ratio (BHR) for the biosorption process on activated sludge of the effluent coming from the
washing of a soil spiked with the herbicide and a SDS solubilizing agent. Change of (b) oxyfluorfen concentration and (c) TOC with electric charge consumed for different elec-
trochemical treatments of 2 L of the effluent of the biosorption process at BHR ¼ 20 using a flow plant like of Fig. 5d with a filter-press BDD/stainless steel cell at j ¼ 30 mA cm�2 and
liquid flow rate of 200 L h�1. PE with a 4 W UVC lamp, high frequency-SE (HF-SE) with US of 100 MHz and low frequencyeSE (LF-SE) with US of 24 Hz. Change of the concentration
of (d) chlorinated an (e) nitrogenated species detected during the PE treatment. Adapted from Chair et al. (2017b).
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with UVC light and SE. These methods are more powerful than
individual AO, photolysis and sonolysis. In chloride medium, the PE
process with RuO2TiO2 and Ti/Ir0.3Ti0.7O2 anodes yields greater
mineralization of synthetic clopyralid and glyphosate solutions
than using BDD, due to the high oxidation ability of photogenerated
Cl� and Cl2��. The remediation of soil-washing effluents obtained
from simulated soils of kaolinite and SDS as surfactant is strongly
enhanced using PE and SE instead of AO. The PE treatment yields
faster degradation and mineralization of the herbicide and SDS
than the SE one. The performance of the combined PE/SE process is
superior to that of individual treatments. Other hybrid processes
involving AO with ozonation and H2O2 electrogeneration, electro-
dialysis/AO, adsorption/AO and SPC/SPEC have been explored.
Sequential biological-AO, AO-biological, biosorption-
electrochemical and electrochemical-electrochemical treatments
have been examined as well.

The research over herbicide remediation in wastewaters and
soils with single and combined EAOPs has been limited to synthetic
solutions treated in small bench-scale electrochemical systems.
Great efforts are then required to demonstrate their possible in-
dustrial application. To do this, several future challenges are
36
envisaged, including the need of treating real agricultural waste-
waters and contaminated soils, the design and construction of
optimized electrochemical systems with stable electrodes at in-
dustrial scale and the realization of techno-economic studies to
show their viability and economic advantages with respect to
commercial technologies.
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