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products have been detected at low concentrations in natural waters, with potential health risks due to alterations
in food chains and an increase in the resistance to bacterial infection, control of infectious diseases, and damage of
the beneficial bacteria. The high stability of antibiotics at mild conditions prevents their effective removal in conven-
tional wastewater treatment plants. A powerful advanced oxidation processes such as the electro-Fenton (EF) process is
being developed as a guarantee for their destruction by ‘OH generated as strong oxidant. This review presents a critical,
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1. Introduction

A large variety of antibiotics are supplied to animals and humans to
fight and heal bacteriological diseases, thus strongly increasing their
average-life expectancy (dos Santos et al., 2021). The widespread use and
abuse of antibiotics over all the world causes their release and accumula-
tion at low concentrations (usually <10 pg L™ ') in many aquatic resources
including rivers, lakes, sea water, and even drinking water (Li et al., 2020c;
Meijide et al., 2021). The main entry of this pollution into the environment
is from wastewaters originated in hospitals, pharmaceutical industries, and
houses (also containing the metabolites excreted by animals and humans),
with a minor contribution from the inappropriate disposal of expired
drugs. Moreover, urban runoff and leaching from agricultural land also con-
tributes to their flow into the groundwater streams (Meijide et al., 2021).
The presence of these compounds in water bodies poses serious health
risks to animals and humans since they can cause non-negligible alterations
in food chains reaching living beings through food or drinking water, as
well as increasing the resistance to bacterial infection, control of infectious
diseases, and damage of the beneficial bacteria (Liu et al., 2018).

Antibiotics are commonly grouped in families characterized by a similar
chemical structure with the same mechanism of action to kill bacteria.
Fig. 1 collects the name and chemical structure of the most relevant antibi-
otics treated in this review. They belong to the families of aminoglycosides
(gentamicin), amphenicols (chloramphenicol), B-lactams (amoxicillin),
fluoroquinolones (ciprofloxacin, ofloxacin), macrolides (erythromycin),
nitroimidazole (metronidazole), sulfonamides (sulfadiazine, sulfamethazine,
sulfamethoxazole), and tetracyclines (tetracycline, oxytetracycline). Another
important antibiotic such as trimethoprim is not classified in a particular fam-
ily. Considering the potential harmful effects of antibiotics, recent European
Directives 2015/495/EU and 2018/840/EU require to monitor the occur-
rence, distribution, frequency, and inclusion in risk assessment of active com-
pounds such as amoxicillin and ciprofloxacin. Several methods used to
remove antibiotics from wastewaters include biotransformation/
biodegradation and/or adsorption, which applied in conventional
wastewater treatment plants (WWTPs). However, these techniques
are insufficient to remove these recalcitrant pollutants because they
have a low and limited ability for their destruction. For instance,
only 40-70% of trimethoprim is abated during its treatment in
WWTPs, remaining in the released effluents and re-entering again
into the environment (Monteil et al., 2019). More powerful methods
are then required to ensure the overall disappearance of antibiotics
from waters and wastewaters.

Chlorination and UV irradiation have been used sometimes after the bi-
ological treatment, but the oxidizing power of both techniques is not strong
enough to degrade most of the pharmaceuticals, their metabolites, or by-
products. Other physical and physicochemical methods such as membrane
filtration and coagulation-flocculation have also been used to remove these
pollutants, without solving their destruction because either they transfer
them from one phase to another or produce concentrates that need to be
treated by other methods (Monteil et al., 2019). Much better performances
have been obtained with advanced oxidation processes (AOPs), which are
specifically designed to efficiently destroy toxic and/or persistent organic
pollutants (Brillas and Garcia-Segura, 2020; Brillas, 2021). AOPs refer to
a large variety of chemical, photochemical, electrochemical, and photoelec-
trochemical methods, with the common feature of producing the strong ox-
idant hydroxyl radical (OH) to remove the organic pollutants. Among
them, over the last five years, a hybrid technique of the Fenton treatment
with electrochemical technology, the electro-Fenton (EF) process, has
been largely developed showing its high ability to destroy not only antibi-
otics but also other pharmaceuticals, pesticides, and dyes (He and Zhou,
2017; Ganiyu et al., 2018b; Poza-Nogueiras et al., 2018; Brillas, 2021).

This article presents a critical and didactic review over the most relevant
research published on the EF treatment of antibiotics in synthetic and real
wastewaters, covering the recent period 2017-2021, addressed to broaden
the knowledge of scientific young working in this field. First, the fundamen-
tals and characteristics of the different EF processes proposed are detailed
to know the main reactions involved to produce the oxidizing agents and
the figures-of-merit used to analyze their performance. Further, the applica-
tion of homogeneous (homo-) and heterogeneous (hetero-) EF, as well as
their combined (hybrid and sequential) processes, to antibiotic removal is
exhaustively examined. In the case of hetero-EF, the use of iron solid cata-
lysts and iron functionalized cathodes is separately described. The role of
the oxidants in each treatment is emphasized and analyzed, also with spe-
cial didactic attention on the by-products formed and reaction sequences
proposed.

2. Search strategy and bibliometric analysis

The Scopus database was taken to search the peer-reviewed literature
over the EF process of antibiotics in synthetic and real wastewaters. The fol-
lowing two literature searches were selected: electro-Fenton AND antibi-
otics and electro-Fenton AND pharmaceuticals. First, publications
(reviews and scientific papers) written in English were collected within
the period 2017-2021. For each retrieved paper, a list of the authors,
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Fig. 1. Name and chemical structure of the most treated antibiotics by the electro-Fenton (EF) process.

title, and abstract was made for individual analysis to be included or ex-
cluded in the present review. Other publications such as books, book chap-
ters, and communication in congresses were not considered. The following
criteria were used from the reading of the selected papers to decide their
possible inclusion:

(i) Application of homo-and hetero-EF methods to remove antibiotics,
(ii) study over the degradation and/or mineralization of single or mixed
antibiotics in synthetic and real wastewaters,

(iii) adequate exposition of the experimental setup and experimental con-
ditions used, including the systems for analysis and the determination
of the parameters needed to know the performance of the degradation
and mineralization processes occurring in the treatment, and

(iv) appropriate description with an acceptable discussion of the results
found, including the removal of the antibiotic, its accurate kinetic

analysis, the efficiency of the decay of the chemical oxygen demand
(COD) and/or total organic carbon (TOC) of the wastewater, the effect
of main operating variables, the estimation of the energy consumption
and/or operating costs, the change of the wastewater toxicity, and the
identification of by-products with the proposal of a possible reaction
sequence for the antibiotic degradation or mineralization. This review
presents 19 figures and 4 tables to support the understanding of these
issues for the homo- and hetero-EF processes identified.

The above analysis allowed clarifying the existence of homo-EF, hetero-
EF with iron solid catalysts or iron functionalized cathodes, and five hybrid
and sequential treatments, which were classified as hybrid EF/absorbent,
hybrid EF with membrane, hybrid microbial EF, sequential adsorption-EF,
and sequential EF-biological process. The degraded antibiotics were then
associated with each treatment, regardless of the reaction matrix used.
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The present review focus on the description of the fundamentals, character-
istics, and application to the destruction of antibiotics for such methods.
The oxidation ability of the processes is related to the oxidizing agents pro-
duced, whose oxidative ability depends on the operating variables tested,
pre-eminently the solution pH, current density (j), and electrolyte composi-
tion. Relevant importance is also given to the by-products formed since they
inform about the change of solution toxicity and the power of the treatment
to obtain decontaminated water for reuse.

From the above criteria, 10 recent review articles were identified. Most
of these reviews reported a general description on the remediation of or-
ganics including some antibiotics from waters by EF (He and Zhou, 2017;
Liu et al., 2018; Poza-Nogueira et al., 2018; Meijide et al., 2021), even
making emphasis over the use of carbonaceous cathodes (Yu and Breslin,
2020; Nair et al., 2021). Three more specific papers were centered on the gen-
eral degradative behavior of hybrid microbial EF, also called bio-EF, over
organics with mention of antibiotics (Monteil et al., 2019; Li et al., 2020a;
Sathe et al., 2022). Only a very short review of dos Santos et al. (2021)
presented a general application of electrochemical technologies to the remedi-
ation of antibiotics, in which the EF process was also considered. The analysis
was completed by selecting 93 scientific articles from 2017 to 2021. Fig. 2a
shows that they corresponded to a percentage of 44.0% for homo-EF (41 arti-
cles), 17.3% for hetero- EF with iron solid catalyst (16 articles), 23.7% for
hetero-EF with iron functionalized cathodes (22 articles), and 8.6% for hybrid
(8 articles) and 6.4% sequential (6 articles) EF processes. The homo-EF process
was then majority investigated in this scenario. Regarding the publication
year, the number of reviews and scientific papers (102 in total) increased sig-
nificantly in 2020 and 2021, as can be seen in Fig. 2b, thus showing the
upgrading interest of this technology for antibiotic remediation. So, 9.7% of
articles were published in 2017, 13.5% in 2018, 16.5% in 2019, 27.3% in
2020, and 33.0% in 2021. Practically all the scientific articles were devoted
to the treatment of synthetic solutions, 85 in total, and only 7 articles gave in-
formation over the degradative behavior of real wastewaters. Much more re-
search is necessary to be made with real wastewaters to know the actual
oxidation ability of EF in complex organic and inorganic aqueous matrices
for its feasible application at industrial level. The destruction of 32 antibiotics
was covered by the scientific articles (see Fig. 2¢), 12 of them with several
compounds, preferentially related to the fluoroquinolone family (26.4%),
followed by those corresponding to sulfonamides (21.8%), tetracyclines
(17.3%), B-lactams (12.7%), amphenicols (7.3%), macrolides (3.6%), amino-
glycosides (2.7%), and nitroimidazoles (2.7%). Moreover, 5.5% of the treated
antibiotics did not belong to a defined family. The more studied antibiotics
were ciprofloxacin (18.2%) and tetracycline (14.5%).

3. Fundamentals of electro-Fenton process

This section is devoted to describing the basic operating principles of EF
to remove antibiotics and other organic pollutants from wastewaters. The
reactions involved, electrochemical cells, action mechanisms, and operat-
ing parameters are separately and briefly detailed.

3.1. Reactions in divided and undivided systems

The key reactions of the EF process are the cathodic
electrogeneration of H,0, and the subsequent ‘OH production from
Fenton's reaction. The weak oxidant H,O, with a reduction standard po-
tential (E°) of 1.76 V/SHE is usually generated at a carbonaceous cath-
ode (Nair et al., 2021) upon continuous injection of O, gas or air
directly to the solution or at the cathode surface in gas-diffusion elec-
trodes (GDE) according to reaction (1). Other cathodic reactions involve
the H* (or water) reduction to H,, gas via reaction (2) and the reduction
of the Fe*™ ion formed in Fenton's reaction to regenerate the Fe?* cat-
alyst via reaction (3) (Brillas et al., 2021).

O, + 2H" +2e~ — H,O, (1)

2HY - H, @)
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Fe’* + e~ — Fe?* 3)

The amount of H,0, generated at the cathode depends on the relative
rate of reactions (1) and (2) and can be easily enhanced by specific
electrocatalysts added to the carbonaceous electrode (Sirés and Brillas,
2021). This situation is much less important using GDE cathodes that
have a much greater H,O, production than conventional cathodes, limited
by the O solubility in the aqueous medium. The carbonaceous cathodes
also possess a good ability for Fe>* regeneration from reaction (3), al-
though it is much smaller for the GDEs because of their more effective
H»0, electrogeneration.
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Once H,0, is accumulated in the medium, it can react with Fe?* added in
low catalytic concentration via a Fenton system to form two main oxidants,
‘OH with E° = 2.80 V/SHE and hydroperoxyl radical (HO3) with E* =
1.65 V/SHE. The latter radical is called superoxide anion radical (‘O )
when it is deprotonated at pH > 4.9. Other less reactive oxygen species like
singlet oxygen (0,) can be produced as well (Zhu et al., 2022). Organics
are then preferentially attacked by the stronger oxidant ‘OH. Table 1 summa-
rizes the main chemical reactions with their corresponding absolute rate con-
stants (k,) involved in a Fenton system, which can be separated in four steps,
namely initiation (reaction (4)), catalysis with Fe?* regeneration (reactions
(5)-(8)), propagation (reactions (9)-(12)) and inhibition (reactions (13)-
(20)) (Oturan et al., 2009). Reaction (4) is the well-known Fenton's reaction
that originates large quantities of ‘OH at optimum pH ca. 3. The Fenton-like
reaction (5) is so slow compared to (4) that practically does not regenerate
Fe?™. This differentiates the behavior of a Fenton reagent, where H,O, and
Fe?™ act as reagents until consumption, vs. EF, in which Fe?™ is regenerated
from reaction (3), thus being more efficient because it maintains the rate of
‘OH generation from Fenton's reaction (4). In the propagation steps, it is no-
ticeable the reactions (11) and (12) of this radical with aliphatic (RH) and ar-
omatic (ArH) pollutants. While the former molecule is dehydrogenated, the
second one is hydroxylated at higher constant rate. This different reactivity
explains the slow decay in the mineralization rate of aromatic antibiotics
since they are converted into small carboxylic acids that are more hardly ox-
idizable, as will be discussed below.

Other catalysts can be used in EF such as the Cu?™ ion. Reaction (21)
shows the Fenton-like oxidation of Cu™ to Cu?>* with release of the oxidant
‘OH (Brillas, 2020).

Cu" +H,0, — Cu®* + *OH + OH~ @1

All the above homogeneous reactions take place in the homo-EF process
within the reaction medium. When the hetero-EF treatment is considered
with iron solid catalysts or iron functionalized cathodes, the same heteroge-
neous reactions are proposed but with the participation of surface Fe?* and
Fe®*, designed as =Fe?" and =Fe®", respectively. For instance, the het-
erogeneous Fenton's reaction with production of heterogeneous ‘OH is
expressed as follows (Ganiyu et al., 2018b):

=Fe’* + H,0, — =Fe** + *OH + OH~ (22)

Table 1
Absolute second-order rate constant for the main chemical reactions involved in a
Fenton system at pH ca. 3 (Oturan et al., 2009).

Reaction kyM ts™hH Number
Initiation

H,0, + Fe?* — Fe** + 'OH + OH~ 55 (4)
Catalysis with Fe?* regeneration

H,0, + Fe** — Fe?** + HO, + H 31 x 1072 5)
Fe** + HO, — Fe®* + 0, + H' 2 x 10* (6)
Fe** + 05 — Fe’™ + 0, 5 x 107 7)
Fe** + 05 + 2H,0 — Fe®* + 2H,0, 1.0 x 107 (€3)
Propagation

H,0, + 'OH — H,0 + HOj 3.3 x 107 9)
HO; = HY + 03 4.8° (10)
RH + 'OH — R + H,0 107-10° a1
ArH + "OH — ArHOH 108-10%° 12)
Inhibition

Fe?* + 'OH — Fe** + OH™ 4.3 x 108 13)
Fe?* + HO; + H — Fe** + H,0, 1.2 x 10° 14)
03 + HO, + H" — Hy0, + O, 9.7 x 107 15)
HO, + HOj — H,0, + O, 8.3 x 10° 16)
HOj + 'OH — H,0 + O, 7.1 x 10° a7
05 + 'OH = OH™ + O, 1.0 x 10%° 18)
05 + "OH + H,0 — Hy0, + OH™ + %0, 9.7 x 107 19)
‘OH + "OH — H,0, 5.2 x 10° (20)

# Equilibrium constant.
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In a divided cell, H,O, electrogeneration and oxidation from the Fenton
system takes place in the catholyte placed in the cathode compartment, and
the anodic reactions do not influence the behavior of the EF process. This
system is used in the hybrid microbial EF with electricity production. How-
ever, it presents as main drawback the voltage penalty of the separator be-
tween the two cell compartments, and to obtain more cost-effective
treatments, two- or three-electrode undivided cells are chosen for homo-
and hetero-EF, as well as the other combined processes when a current or
a cathodic potential (E_,,), respectively, is provided to the system. Under
these conditions, the anodic reactions from the wastewater components no-
tably influence the process performance and need to be studied to justify its
oxidation ability.

H,0, and water are always oxidized at the surface of the anode M by
reactions (23) and (24), respectively (Boye et al., 2002). The oxidation of
the former compound causes the decay of its concentration in the medium
and produces more amount of the weak oxidant HO. In contrast, water ox-
idation finally releases O, gas with formation of heterogeneous M('OH) as
intermediate. Note that these radicals are only reactive near the anode sur-
face and then, have different oxidation power over organics than those ho-
mogeneously produced in the Fenton system. The anode material exerts a
strong influence over the amount of M('OH) generated. Two kinds of an-
odes are used, so-called active and non-active (Martinez-Huitle and
Brillas, 2021). The active anodes (Pt, dimensionally stable anodes (DSA))
have low ability for water oxidation and produce low quantities of M
("OH). In contrast, the non-active anodes (boron-doped diamond (BDD),
sub-stoichiometric Ti4O,, PbO,) can oxidize more largely water giving
more quantity of reactive M(COH). The BDD anode is considered the best
electrode for this purpose (Oturan et al., 2017).

H202 — HOZ. + H* +e (23)
M + H,0 — M("OH) + H" +¢~ (24)

The anions of the salts present in the wastewater can also be oxidized to
originate reactive species. The most ubiquitous medium in EF contains high
amounts of SO~ to enhance its conductivity. This ion can be easily trans-
formed into sulfate radical anion (SO3) by reaction (25), which is a strong
oxidant, even with higher oxidation power than ‘OH or M('OH) in alkaline
medium (Brillas, 2022). C1~ is another ion widely used as electrolyte. It can
be converted into active chlorine (Cl,/HCIO/CIO ™) via reactions (26) and
(27), followed by consecutive oxidation to the toxic and undesirable
ClO3 and ClO4 ions by reactions (28) and (29) (Brillas, 2020). These
ions need to be removed from the treated wastewater before disposal. Ac-
tive chlorine reacts with organic pollutants in competence with ‘OH or M
('OH) giving rise to chloroderivatives than can be even more toxic and re-
calcitrant than the parent molecule (Poza-Nogueira et al., 2018).

SO, — S04° +e” (25
2C1~ — Cly(aq) 4 2e~ (26)
Cly(aq) + H,O — HCIO + Cl- + H 27)
HCIO + 2H,0 — ClO; ™~ + 5H' + 4e” (28)
ClO3~ + H,0 — ClO;~ + 2H™ + 2¢~ (29)

3.2. Electrochemical cells

The characteristics of the electrochemical cell (form, volume, electrode
dimension and position, stirring or liquid flow rate (FR), etc.) affect the per-
formance of the homo-EF and hetero-EF treatments of antibiotics. Stirred
tank reactors and flow systems at bench scale have been used by the re-
searchers, usually with small wastewater volumes (< 500 mL) and elec-
trode area (< 80 cm?). In this scenario, only the oxidation power of the
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systems can be assessed, but no information enough is given over its feasi-
ble application at industrial scale. Further work should be addressed to in-
vestigate the treatments in pilot plants, making techno-economic studies to
benchmark these technologies in front other available AOPs (Garcia-Segura
et al., 2020). Flow systems with higher versatility and scalability should be
used for this purpose.

Fig. 3a presents a scheme of an electrochemical system with stirred tank
reactor equipped with a conventional carbonaceous cathode (Heidari et al.,

a f Air
Power supply mput
Carbon-felt Wastewater
cathode Magnetic bar

Thermostat

Science of the Total Environment 819 (2022) 153102

2021). The applied current is controlled by a power supply and O, or air is
continuously bubbled into the solution for H,O, electrogeneration. Stirring
is needed for solution homogenization and to facilitate the mass transport
of reagents toward the electrodes. The two electrodes are usually of the
same size, in parallel, with a small gap (< 2-3 cm), but Fig. 3a shows the
case of a larger carbon felt (CF) cathode that covers all the inner wall of
the cell to have more electroactive area. A similar stirred tank reactor can
be seen in Fig. 3b when using a GDE cathode (Brillas et al., 2021). In this

b
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Fig. 3. Schemes of experimental setups for the homo- and hetero-EF treatments of antibiotics in aqueous media. (a) Stirred tank reactor with a carbon-felt cathode covering
the inner wall of the cell (adapted from Heidari et al. (2021)). (b) Stirred tank reactor with a gas-diffusion electrode (GDE) as cathode (adapted from Brillas (2021)).
(c) Recirculation flow-by system (adapted from Serra-Clusellas et al. (2021)). (d) Recirculation flow-through system (adapted from Moratalla et al. (2021)).
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case, O or air is directly injected to the dry and inner face of the GDE to re-
lease H,0, to the solution from its outer face.

Fig. 3c and d depict the sketches of two flow recirculation arrange-
ments. The liquid passes by the electrochemical cells with small electrodes
from a reservoir thanks to a pump with a FR regulated by a rotameter. A
power supply and a gas feeder are necessary as well. Both electrochemical
reactors differ from the kind of flow applied. In Fig. 3c, a flow-by cell with
the liquid passing between the two parallel electrodes is used (Serra-

Science of the Total Environment 819 (2022) 153102

Clusellas et al., 2021), whereas Fig. 3d shows a flow-through cell with the
liquid crossing the two parallel electrodes (Moratalla et al., 2021).

3.3. Mechanisms for homogeneous and heterogeneous electro-Fenton
Based on the reactions pointed out in Section 3.1, several authors have

schematized the mechanisms for the homo- and hetero-EF processes of an-
tibiotics for a better visualization.

|+

Fe* + TPP ———p Fe?'-TPP
Fe?*-TPP —p—p—p Fe**-TPP
N\

0O, *OH

H,O

0.6 Intermediate Products

apoy3ed ysniq uoqre))

CO; + H,0

Fig. 4. Suggested schematic mechanisms for: (a) the homo-EF treatment of amoxicillin in aqueous sulfate matrix using a stirred tank reactor with a Ti|RuO,-IrO, anode and a
multi-walled carbon nanotubes and carbon black co-modified graphite felt cathode (MWCNTs-CB/GF) (adapted from Pan et al. (2020)), and (b) the homo-EF-like process of
tetracycline and other pharmaceuticals, like the antidepressant amitriptyline represented here, in sulfate medium with a stirred tank reactor equipped with a boron-doped
diamond (BDD) anode and a carbon fiber brush cathode, with addition of triphosphate (TPP) ligand (adapted from Olvera-Vargas et al. (2019)).
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Fig. 4a highlights the mineralization of amoxicillin to CO, by conven-
tional homo-EF (Pan et al., 2020). O, is reduced at the cathode to form
H,0, and this species reacts with Fe?>* to produce the oxidant ‘OH from
Fenton's reaction (4). Fe?™ regeneration from cathodic Fe3* reduction is
remarked, and the anodic oxidation of the antibiotic is stated, without indi-
cating the participation of M('OH). Fig. 4b shows the proposed mechanism
for the mineralization of tetracycline and other drugs by a homo-EF-like
process with a stirred tank reactor with a BDD anode, a carbon fiber
brush cathode, and triphosphate (TPP) as ligand of Fe?* (Olvera-Vargas
et al., 2019). In this way, a soluble Fe?*-TPP complex is formed that is ox-
idized to a soluble Fe**-TPP one by H,0, generated at the carbon fiber
brush cathode from O, reduction, thus generating the oxidant ‘OH. The
Fe?* -TPP complex is regenerated again from Fe®*-TPP reduction at the
cathode. The oxidative role of the heterogeneous BDD('OH) generated by
the BDD anode is highlighted as well. Note that a near neutral pH of 6
was used, very far from the optimum pH 3 of Fenton's reaction (4).

A curious mechanism for the mineralization of levofloxacin and tri-
methoprim upon a hetero-EF process with a solid Pd-Fe;0, catalyst is
depicted in Fig. 5 (Zhou et al., 2018). In the electrolysis, O, and M('OH)
are produced at the DSA anode of Ti|RuO,-IrO,, and H, and H,0, at the
carbon-felt cathode. The H, and O, gases evolved are embedded into the
Pd nanoparticles to originate reactive 'H as additional reductor and more
amount of H,0,. This species then reacts with the =Fe?* species at the
Fe30, surface giving rise to heterogeneous ‘OH that destroys the antibiotics.

Fig. 6 shows two mechanisms for the mineralization of ciprofloxacin by
hetero-EF process with different iron functionalized cathodes. Fig. 6a ac-
counts for a stirred tank reactor with a Pt anode combined with a meso-
NiMn,O,4|CF cathode (Sun et al., 2019). The surface Fe** /Fe**, Mn>* /
Mn?*, and Ni®*/Ni?* couples help to the heterogeneous "OH generation
from the H,0, released from the cathode. The formation of O3 is remarked,
alongside its conversion into H,O,. However, this scheme disregards the ex-
pected generation of M(OH) from the anode. A similar behavior can be ob-
served in Fig. 6b for a functionalized ferrocene|graphene encapsulated
carbon felt array cathode (Divyapriya et al., 2018b). The Fe(III) and Fe(II)
forms of ferrocene cycle to produce ‘OH and HOj from the electrogenerated
H50,, and the antibiotic is mineralized via destruction of intermediates and
accumulation of inorganic ions.

3.4. Operating and energetic parameters

A set of general operating and energetic parameters are used to analyze
the performance of the degradation and mineralization stages of each anti-
biotic treatment. Table 2 summarizes 13 parameters determined by the au-
thors and identified in this review (Monteil et al., 2019; Brillas et al., 2021;
Meijide et al., 2021). The evolution of these parameters is usually presented
as figures-of-merit as function of the time or the electric consumed charge
(Q) in the publications. Apart from them, the change in toxicity during
the treatment is sometimes reported.

g HZO ”,
-Oé Og " 4
ord JZhm
.FC304
M(*OH)
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Four parameters can be defined to determine the degradative behavior
of the process. The simplest one is the change of the normalized concentra-
tion of the antibiotic during the assay, defined as the c/c, ratio by Eq. (30).
The kinetic analysis of this term generally obeys a pseudo-first-order reac-
tion that allows calculating the corresponding constant rate (k;) according
to Eq. (31). The normalized concentration is many times given as percent-
age of concentration removal or % degradation through Eq. (32). Finally,
for comparative purposes, the electrical energy per order (Ego) is estimated
from Eq. (33) as energetic parameter for the antibiotic removal.

A higher number of 9 parameters characterizes the mineralization pro-
cess. The most determined parameters are the normalized COD and TOC,
expressed as Eq. (34) and (35), respectively, or the corresponding percent-
ages of COD and TOC removal given by Eq. (36) and (37). Note that the true
parameter to analyze the mineralization performance is TOC that provides
the amount of C atoms that are lost as CO, during the trial. In contrast, COD
informs about the removal of oxidizable products, and it is useful, as a first
approach, for the mineralization analysis of complexes aqueous matrices.
The above parameters allow calculating those related to the efficiency
namely the instantaneous current efficiency (ICE) from Eq. (38), average
current efficiency (ACE) from Eq. (39), and the percentage of mineraliza-
tion current efficiency (% MCE) from Eq. (40). Two energetic parameters
are also established for the overall treatment, the energy consumption per
unit volume (EC) and the energy consumption per unit TOC mass (ECroc)
from Eq. (41) and (42), respectively.

4. Treatment of antibiotics

In this section, the most interesting results obtained for the treatment of
antibiotics by homo-EF, hetero-EF, and hybrid and sequential processes are
consecutively detailed and analyzed. The description is made by antibiotic
families because of their common chemical reactivity.

4.1. Homogeneous electro-Fenton

As stated above, homo-EF has been the most studied process for antibi-
otic remediation. It has been checked for synthetic and real wastewaters,
which will be separately analyzed below. Table 3 lists the best results
found for selected homo-EF treatments, indicating the system with the
anode/cathode used and the experimental conditions applied.

4.1.1. Synthetic solutions

The performance of antibiotic removal by homo-EF has been checked
for several families including amphenicols, aminoglycosides, 3-lactams,
fluoroquinolones, macrolides, sulfonamides, and tetracyclines. The major-
ity of these studied have been made in synthetic sulfate media with pure
water, and they considered the influence of operating parameters, the
role of oxidizing agents generated, and the by-products originated.

Power

Fig. 5. Suggested schematic mechanism for the hetero-EF process of levofloxacin and trimethoprim with a solid Pd-Fe;0, catalyst in sulfate medium using a stirred tank
reactor with a Ti|RuO,-IrO, anode and a carbon felt cathode. Adapted from Zhou et al. (2018).
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Fig. 6. (a) Suggested schematic mechanism for the hetero-EF process of ciprofloxacin with a functionalized meso-NiMn,O, carbon felt cathode in sulfate medium using a
stirred tank reactor with a Pt anode (adapted from Sun et al. (2019)). (b) Proposed mechanism for the hetero-EF of ciprofloxacin with a functionalized ferrocene|
graphene encapsulated carbon felt array cathode in sulfate matrix using a semi cylindrical shape reactor with a rotating carbon-felt disc anode (adapted from Divyapriya

et al. (2018b)).

Unfortunately, no techno-economic studies have been reported, a pending
subject that should be done in the next future research.

Arhoutane et al. (2019c) reported the removal of 200 mL of a solution
containing 0.1 mM of the amphenicol gentamicin in 0.050 M Na,SO, and
0.1 mM Fe?* at pH 3.0 using a stirring Pt/CF tank reactor like of Fig. 3a.
The trials were centered in the study of the effect of j from 60 to
300 mA cm ™% lasting 240 min. They found that only a 60% of the antibiotic
was removed at j = 60 mA cm ™2 in 20 min, whereas total degradation was
achieved forj = 100 mA cm ~ 2. The antibiotic decay obeyed a pseudo-first-
order kinetics, with increasing k;-values of 0.045, 0.202, and 0.315 min ™~
with raising j values of 60, 100, and 300 mA cm ™2 (see Table 3). This pos-
itive effect of j is a common feature in all the EF processes, which is ascribed
to the increase in rate of all electrode reactions such as reactions (1) and
(24), thereby enhancing the amounts of H,O, and M('OH) generated,
with the consequent production of more ‘OH from Fenton's reaction
(4) thar can be maintained by the acceleration of reaction (3). This

tendency was also reflected in the COD decay at 240 min, which reached
increasing values of 50%, 86%, and 97% for the above j-values. It is also no-
ticeable the high increase up to a value of 5 of the 5-day biochemical oxy-
gen demand (BODs)/COD ratio atj = 100 mA cm ™2, indicating that the
resulting wastewater can subsequently be biologically detoxified. Four cy-
clic and two aliphatic derivatives were identified by LC-MS/MS.

The treatment of the aminoglycoside chloramphenicol has been re-
ported by Hu et al. (2020). A three-electrode tank reactor with a Pt
anode, a N,O-co-doped biomass porous carbon cathode, and a SCE elec-
trode reference was used. The co-doping of the biomass cathode helped
to improve the H,O, generation. O,-saturated solutions with 50 mg L.~ Lan-
tibiotic in 0.050 M Na,SO, and 1.0-2.0 mM Fe?* at pH 1.0-5.0 and Ey
from —0.3 to —0.7 V for 80 min, were electrolyzed. The main parameter
affecting the antibiotic removal was the E.,.-value since it regulates the
quantity of electrogenerated H,0,. After 80 min of electrolysis at the opti-
mum condition of 1.0 mM Fe?*, pH 3.0, i.e., the optimum value for
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Table 2
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Operating and energetic parameters used to quantify the degradation and mineralization performance of the homo- and hetero-EF treatments of antibiotics in aqueous ma-

trices (Monteil et al., 2019; Brillas et al., 2021; Meijide et al., 2021).

Symbol (units) Equation Symbol meaning Number
Degradation
Normalized concentration
c/co c/co c: Target concentration at time t (mg L™ ") (30)
co: Initial target concentration (mg L~ ")
Pseudo-first-order rate constant for antibiotic decay
ki (s~ !, min~") In(co/c) = ki t t: Electrolysis time (s, min) (31)
Percentage of concentration removal
% degradation % (32)
Electrical energy per order
EEO (kWh m ™ order ™) e Ecen: Cell voltage (V) (33)
S I: Current (A)
t: Electrolysis time (h)
V: Solution volume (L)
Mineralization
Normalized chemical oxygen demand (COD)
COD/COD, COD / CODg COD: COD concentration at time t (mg O, L™ B 34
CODy,: Initial COD concentration (mg O, L™ 1)
Normalized total organic carbon (TOC)
TOC/TOC, TOC / TOCy TOC: TOC concentration at time t (mg C L~ b (35)
TOC,: Initial TOC concentration (mg C L™ 1)
Percentage of COD removal
% COD removal 100 (CODo—COD) (36)
CODy
Percentage of TOC removal
% TOC removal 100 (TOCo-TOC) (37)
T0Co
Instantaneous current efficiency
ICE F v(CODy. p,~COD,) F: Faraday's constant (96.485C mol ') (38)
8l V: Solution volume (L)
CODy 4. = COD concentration at time t + At (mg O, L™ 1)
COD, = COD concentration at time t (mg O, L™ ')
8: Equivalent of oxygen (mg)
At: Increment of electrolysis time (s)
Average current efficiency
ACE F V(C()S?ot*l‘flm t: Electrolysis time (s) (39)
Percentage of mineralization current efficiency
% MCE %m n: Number of electrons exchanged for total theoretical mineralization (40)
m: Number of carbon atoms of target pollutant
t: Electrolysis time (h)
Energy consumption per unit volume
EC (kWhm™?3) Bl Eeoni: Cell voltage (V) (41)
t: Electrolysis time (h)
Energy consumption per unit TOC mass
ECroc (kWh (g TOC) ™) i t: Electrolysis time (h) (42)

Fenton's reaction (4) that generates the main oxidant ‘OH, and E.,, =
—0.5V, total degradation was reached (see Table 3). The cathode showed
a good reusability after 4 consecutive treatment cycles, and 12 aromatic by-
products were detected, allowing proposing a reaction sequence for chlor-
amphenicol degradation. Zhang et al. (2020a) presented a comparative
study over the separated removal of 50 pM chloramphenicol and 50 uM
thiamphenicol in 0.050 M Na,SOj, solutions using a three-electrode tank re-
actor with a Pt anode, a N-doped porous carbon cathode, and a SCE elec-
trode. The trials lasting 60 min were made with 50 mL of air-saturated
solutions with 1.0 mM Fe®" as catalyst, at pH 3.0, and E., = —0.5 V, giv-
ing rise to 98% degradation in 10 min and 90-93% TOC removal in
120 min for both antibiotics (see Table 3). After 8 consecutive cycles, the
cathode showed a similar electroactivity.

The homo-EF process has been tested by many [3-lactams such as amox-
icillin (Oturan et al., 2017; Pan et al., 2020; Zhang et al., 2021), ampicillin
(Vidal et al., 2019), cefalexin (Zhang et al., 2019), and cefoperazone (Wang
et al., 2021a). Oturan et al. (2017) presented a brilliant work on the effect
of the anode over the treatment of 0.1 mM amoxicillin in synthetic pharma-
ceutical wastewater. Four anodes, namely BDD, sub- stoichiometric Ti4O,
Pt, and DSA, were comparatively tested in a cell like of Fig. 3a with a CF
cathode. Air-saturated solutions of 250 mL with 0.1 mM Fe®*at pH 3.0
and 23 °C were tested for 360 min, also aiming to clarify the influence of
I from 10 to 120 mA. It was confirmed that non-active BDD and Ti4O, an-
odes with higher M('OH) generation were more effective for homo-EF

10

than active Pt and DSA ones. Operating at I = 120 mA, total antibiotic re-
moval was attained after 5 min for the three former anodes and after
10 min for DSA. The corresponding k;-values were 0.62 min "~ for BDD
and Ti40,, 0.61 min " for Pt, and 0.052 min ' for DSA. Results given in
Table 3 make in evidence the superior mineralization performance of the
BDD anode, achieving 90% TOC abatement with a 7.5% MCE and an
ECroc = 0.68 kWh (g TOC) ™~ !, The solution detoxification was confirmed,
and 6 carboxylic acids were detected by HPLC, along with released SO3 ™,
NO;, and NH; ions.

Pan et al. (2020) reported the effect of pH from 3.0 t0 9.0 and j from 3 to
15 mA cm ™2 on the homo-EF process of 300 mL of air-saturated solutions
with 10 mg L~ of amoxicillin with 0.050 M Na,SO, and 0.5 mM Fe?* at
25 °C lasting 120 min. A stirred tank reactor was used with 2 parallel elec-
trodes, a DSA of Ti|RuO,-IrO, anode and a large surface cathode of graphite
felt (GF) coated with a multiwalled CNTs onto carbon black (MWCNTSs-CB).
Fig. 7a depicts the high H,0, content, up to near 10 mM, accumulated in
the medium at pH 3.0 and j = 12 mA cm ™ 2 for 120 min using the coated
cathode, which decreased gradually up to approximately 7.3 mM at
pH 9.0. On the contrary, Fig. 7b shows the opposite trend of the degrada-
tion of the antibiotic solution that rose from 85% to 93% when pH varied
from 3.0 to 9.0 upon AO-H,0, (without Fe?*) at such j-value. This ten-
dency is attributable to the progressive loss of the oxidation power of M
('OH) and the increasing power of SO; formed from reaction (25) that pre-
vails in alkaline medium. A different behavior can be observed in Fig. 7c for



E. Brillas

Table 3

Science of the Total Environment 819 (2022) 153102

Selected results obtained for the homogeneous electro-Fenton treatment of several antibiotics in synthetic and real wastewaters.

Antibiotic

System (anode/cathode)

Experimental remarks

Best results

Ref.

Synthetic solutions
Aminoglycosides
Gentamicin

Amphenicols
Chloramphenicol

Chloramphenicol
Thiamphenicol

B-lactams
Amoxicillin

Ampicillin

Fluoroquinolones
Ciprofloxacin

Ofloxacin

Macrolides
Erythromycin

Like of Fig. 3a (Pt/CF *)

Three-electrode tank
reactor

(Pt/N,0-BPC %)

and SCE reference

Three-electrode tank
reactor (Pt/NPC ) and
SCE reference

Fig. 3a
(BDD, Ti4O, Pt, DSA/CF)

Like of Fig. 3a

(Ti|
RuO,-IrO,/MWCNTSs-CB! |
GF)

Cubic cell
(BDD, DSA/SS ¥)

Like of Fig. 3b
(BDD/GDE ™)

Three-electrode tank
reactor (Pt/GO-LCD ")
and Ag|AgCl reference

Like of Fig. 3a (Ti|
RuO,-1rO,/GF)

Like of Fig. 3a
(Pt/graphene aerogel)

Like of Fig. 3a (Pt/CF)

Fig. 3c (BDD/GDE)

200 mL of 0.1 mM antibiotic in pure water, 0.050 M
Na,S04, 0.1 mM Fe?*, pH 3.0, °
60-300 mA cm ™2 240 min.

0,-saturated solution with 50 mg L~ ! antibiotic in
pure water, 0.050 M NaySO4,

1.0-2.0 mM Fe?*, pH 1.0-5.0, E., ¢ = —0.3 to
—0.7 V, 80 min.

/50 mL of air-saturated solution with 50 pM of
separated antibiotic in pure water, 0.050 M Na,SOy,,
1.0 mM Fe?*, pH 3.0, E.,, = —0.5 V, 120 min.

250 mL of air-saturated solution with 0.1 mM
antibiotic in synthetic pharmaceutical water, 0.050 M
NaySOy, 0.1 mM Fe?*, pH 3.0,1" = 10-120 mA,
23 °C, 360 min.

300 mL of air-saturated solution with 10 mg L™*
antibiotic in pure water, 0.050 M Na,SOy4, 0.5 mM
Fe?*, pH 3.0-9.0, 25 °C,j = 3-15 mA cm ™2,
120 min.

2 L of air-saturated solution with 10 mg L~*
antibiotic in pure water,
0.050 M Na,SO,, optimization by RSM ',

250 mL of 10100 mg L~', 10 and 50 pg L™!
antibiotic in pure water, 0.050 M Na,SO4, 1 mM
Fe?*,pH 2.8,j = 5 mA cm™ 2 30 °C, 120 min.

150 mL of air-saturated solution with 3 mg L™*
antibiotic in pure water, 0.050 M Na,SO4, 2 mM
Fe?*, pH 3.5-9.0,

Ecae = —1.5V, 180 min.

500 mL of air-saturated solution with 50 mg L™*
antibiotic in pure water, 0.050 M Na,SOy, 2:1 or 1:1
Mn?* /Fe?*, 0.1 mM Fe?™, or acid mine drainage,
pH 3.0, = 100-400 mA, 480 min.

50 mL of air-saturated solution with 50 mg L™ !
antibiotic in pure water, 0.050 M Na,SOy,

0.2-1.6 mM Fe?*, pH 3.0-9.0,j = 5-30 mA,

120 min.

200 mL of air-saturated solution with 0.03-0.20 mM
antibiotic in pure water, 0.050 M Na,SO,4 or

0.1 M NaCl, 0.2 mM Fe?*, pH 2.0-4.0,

I = 200 mA, 300 min.

1 Lof 10 mg L™ antibiotic in pure water,
0.050 M NaySOy4, 10 mg

L~ ! Fe®*, pH 2.8-7.0, FR° =

20 Lh™", 25 °C, janoa = 5-10

mA cm™ %, Q = 0.32-0.64

Ah L%

Degradation: 60% at 60 mA cm ™2 and 100% at 100
and 300 mA cm ™2 in 20 min. k; © = 0.045, 0.202,
and 0.315 min~?, respectively. COD removal at
240 min: 50%, 86%, and 97%, respectively.
Increase of BDOs/COD up to 5 at 100 mA em~ 2.6
by-products identified by LC-MS/MS.

100% degradation at 1.0 mM Fe?*, pH 3.0, and

Eee = —0.5

V. Low influence of Fe?>* content and pH.

Good reusability.

12 by-products detected by LC-MS. Reaction sequence
proposed.

98% degradation of all antibiotics in 10 min.
90-93% TOC removal of all antibiotics in 120 min.
Good cathode reusability.

Total degradation at 120 mA: 5 min (BDD, Ti4O, Pt)
and 10 min (DSA).

ki = 0.62 min~' (BDD, Ti40,), 0.61 min~" (Pt),
and 0.52 min~' (DSA).

% TOC removal, % MCE, ECroc (kWh (g TOC™1)) at
360 min: 91, 7.5, 0.62 for BDD, 90, 7.5, 0.68 for
Ti4O-, 81, 6.3, 4.5 for Pt, and 57, 5.9, 5.3 for DSA.
Solution detoxification.

Detection of 6 carboxylic acids by HPLC, SOZ~, NO3 ,
and NHJ .

Degradation after 25 min at 12 mA cm ™% 43%
(AO-H20,, pH 5.5), 100% (EF, pH 3.0 and 5.5).

k;: 0.031, 0.191, and 0.144 min ™" respectively.

TOC removal at 120 min:

9%, 48%, and 45%, respectively.

12 by-products identified by LC-MS. Reaction
sequence proposed.

97% degradation upon optimum conditions with
BDD: 26.17 mg L' FeSO47H,0, pH 2.29,

I = 366.08 mA, 30 min.

Pseudo-first-order decay.

50% removal of acute toxicity.

7 by-products detected by LC-MS.

Degradation and TOC removal: 68% and 67% for
AO-H,0,, 73% and 56% for EF. k; = 1.07 x 1072
and 9.1 x 10~ % s, respectively.

Detected 6 cyclic derivatives by LC-MS/MS, 6
carboxylic acids by HPLC, NO3 , and NHS -

Degradation and k; (min™ 1): 99% and 0.026

(pH 3.5), 92% and 0.014 (pH 7.0), and 78% and
0.008 (pH 9.0).

Low reusability.

In pure water: 2:1 Mn?* /Fe?* at 400 mA: 96%
degradation in 30 min, 94% TOC removal and 16%
MCE in 480 min.

With 0.1 mM Fe?*, 74% degradation.

With acid mine drainage: 89% degradation in 60 min.
11 intermediates detected by LC-MS. Reaction
sequence proposed.

Total degradation at 0.8 mM Fe?*, pH 3.0, and

30 mA cm ™~ 2 in 90 min. 91% TOC removal in

120 min. 12% MCE in 90 min. 11 by-products
detected by LC-MS. Reaction sequence proposed.
COD decay for 0.20 mM antibiotic at pH 3.0: 65%
with NaCl and 81% with Na,SO,4 (ICE: 12%).

COD decay for 0.20 mM antibiotic in Na,SO,4: 69%
(pH 2.0) and 74% (pH 4.0).

TOC removal: 24% at 10 mA cm ™~ 2 and 0.64 Ah L™ %,
38%at 5 mA cm™*and 0.32 Ah L™

23 intermediates detected by LC-QTOF-MS. Reaction
sequence proposed.

Arhoutane et al.
(2019c¢)

Hu et al. (2020)

Zhang et al. (2020a)

Oturan et al. (2017)

Pan et al. (2020)

Zhang et al. (2021)

Vidal et al. (2019)

Divyapriya et al.
(2018c)

Huang et al.
(2021a)

Wang et al. (2021b)

Yahya et al. (2020)

Serra-Clusellas
et al. (2021)
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Antibiotic System (anode/cathode)  Experimental remarks Best results Ref.
Sulfonamides
Sulfamethazine Fig. 3a (Pt/CSP, CF, SS) 250 mL of air-saturated solution with 0.2 mM Increasing degradation for all systems up to 400 mA.  Sopaj et al. (2020)
antibiotic in pure water, 0.050 M NaySO4, 0.2 mM  Total degradation and k; at 400 mA: 10 min and
Fe?*, pH 3.0,1 = 50-500 0.61 min ! (CS), 40 min and 0.11 min~ ! (CF),
mA, 480 min. 60 min and 0.07 min~" (SS).
% TOC decay and % MCE after 480 min at 300 mA:
63 and 3.7 (CS), 56 and 2.5 (CF), and 37 and 1.4 (SS).
Tetracyclines
Tetracycline Like of Fig. 3a (Ti| 400 mL of air-saturated solution with 80 mg L.~ * 93% degradation at 90 min. Chen et al. (2019a)

Real wastewaters
B-lactams
Penicillin G

Fluoroquinolones
Ciprofloxacin

Sulfonamides
Sulfadiazine

Tetracyclines
Tetracycline

RuO,-Ir0,/CF)

Like of Fig. 3a
(Pt/NPC-CNTs? |ACFs ")

Like of Fig. 3a (Ti|
RuO,-1r0,/CF)

Like of Fig. 3a
(ZnO-CeO,/CF)

Flow filter-press cell in
continuous
(DSA/graphene)

Like of Fig. 3a
(Ti|RuO,-IrO,,
BDD/carbon brush)

Like of Fig. 3a
(Ti|RuO4-IrO,,
BDD/carbon fiber)

antibiotic in pure water, 0.050 M Na,SO4, 0.1 mM
Fe?*, pH 3.0, room temperature, | = 60 mA,
480 min.

150 mL of air-saturated solution with 50 mg L~!
antibiotic in pure water, 0.050 M Na,SO,4. 0.4 mM
Fe?*, pH 3.0, 25 °C,j = 20 mA cm ™2, 120 min.

150 mL of air-saturated solution with 50 mg L™!
antibiotic in urine, 0.5 mM Fe?*, pH 3.0, 25 °C,
j = 120 mA cm™2, 480 min.

65 mL of 50 mg L™ ! antibiotic in sewage, 0.050 M
Na,S0s, 0.1 mM Fe?*, pH 3.0-7.0, Eceyy = 4V,
120 min.

Air-saturated solution with 0.5-10 mg L™!
antibiotic in WWTP effluent, 0.005-0.20 M
Na,SO4, pH 7.1, 0.4 mM

Fe?*,FR = 50 Lh™',25 °C,I = 50 mA, 120 min.

400 mL of air-saturated pharmaceutical wastewater
(initial TOC 40 mg L™ 1), 0.050 M K,S04, 3.33 mM
Fe?*,10 mM TTP %, pH 6.0,j = 2-6 mA cm ™2,
360 min.

500 mL of air-saturated pharmaceutical wastewater
(initial COD 1250 mg L™ '), 0.050 M K,SO.,

0.2 mM

Fe?*,pH 3.0,j = 0.83-8.33 mA cm ™2, 360 min.

k; = 0.065 min~ .

TOC removal, MCE, and ECro¢ at 480 min; 82%,
2.8%, and 0.19 kWh (g TOC) .

9 by-products detected by LC-MS. Reaction sequence
proposed.

Total degradation with the prepared cathode, 72%
using the raw ACFs. 96% TOC removal with the
prepared cathode, 9.6% using the raw ACFs.
Detection of "OH as oxidant.

98% degradation. Two consecutive pseudo-first-order
rate constants. 60% COD and 50% TOC decays.
Abatement of urea, uric acid, and creatinine.
Detection of CIO ", ClO5,

ClO;4 , and chloramines.

99% degradation. 81% TOC removal Good
reusability.

9 by-products identified by LC-MS. Reaction sequence
proposed.

Best degradation for 0.05 M

NaySO4: ~ 100% by flow-through, 55-69% by
flow-by.

Similar degradation for all antibiotics contents by
flow-through.

Good reusability.

10 by-products identified by GC-MS. Reaction
sequence proposed.

At 4.67 mA cm ™ 2 with Ti|RuO,-IrO,, total
degradation in 20 min.

90% TOC removal in 360 min. 88% TOC removal
with 0.2 mM Fe?" at pH 3.0.

Using BDD, 98% TOC removal with Fe*>* -TPP at

pH 6.0.

Detection of 3 carboxylic acids by HPLC, Cl~, NO3 ', and
NH .

At 6.25 mA cm 2, COD and TOC removal: 100% and
100% with BDD, and 72% and 64% with Ti|
RuO,-IrO,.

For AO-H,0, with BDD, 97% TOC removal.
Detection of 6 carboxylic acids by HPLC, Cl~, ClO3
ClO;, NO5 , and NH .

Tao et al. (2020)

Gonzaga et al.
(2021)

Liu et al. (2020b)

Ren et al. (2019)

Olvera-Vargas
et al. (2019)

Olvera-Vargas
et al. (2021)

@ CF: Carbon felt.

b j: Current density.

¢ ky: Pseudo-first-order rate constant for antibiotic decay.
4 BPC: Biomass porous carbon.
€ E.a: Cathodic potential.

f NPC: N-doped porous carbon.

" I Current.

! MWCNTs-CB: Multiwalled carbon nanotubes-carbon black.

' GF: graphite felt.

k$S: Stainless steel.

! RSM: Response surface methodology.
™ GDE: Gas diffusion electrode.
" GO-LCD: Graphene oxide-liquid crystal display.

o

FR: Flow rate of liquid.
CS: Carbon sponge.

P
9 CNTs: Carbon nanotubes.
' ACFs: Active carbon fibers.

¢ TPP: Triphosphate.
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Fig. 7. Effect of pH on: (a) accumulated H,O concentration in 300 mL of an air-saturated 0.050 M Na,SO, solution at 25 °C using a stirred tank reactor with a Ti|RuOx-IrO»
anode and a MWCNTs-CB/GF cathode by applying a current density (j) of 12 mA cm ™2, (b) the percent of degradation of 100 mg L.~ ! amoxicillin upon the above conditions
by anodic oxidation with electrogenerated H,O» (AO-H,0,), and (c) the comparative percent of amoxicillin degradation by AO-H,0, and homo-EF with 0.50 mM Fe?* with
the above system or replacing the cathode by a graphite felt (GF). (d) Percentage of TOC removal for the above assays. Adapted from Pan et al. (2020).

the antibiotic degradation with the homo-EF process when "OH is generated
from Fenton's reaction (4) since it was completely removed in 25 min at pH
of 3.0 and 5.5 at the optimum j of 12 mA cm ™2, with k;-values of 0.191 and
0.144 min"" respectively (see Table 3). In contrast, slower degradation was
determined for the raw GF due to its much lower H,O, production. This be-
havior was reflected in the TOC removal presented in Fig. 7d, where the
greater mineralization of 48% and 45% was achieved after 120 min at
pH 3.0 and 5.5, respectively. This means that the coated cathode is useful
in the pH range 3.0-5.5, although yielded low mineralization. A total of 8
aromatic and 4 cyclic derivatives were identified by LC-MS, and a reaction
sequence for degradation was suggested.

Zhang et al. (2021) published a work dealing with the homo-EF treat-
ment of 2 L of air-saturated solutions with 10 mg L™ of amoxicillin in
0.050 M Na,SO, using a cubic cell with a BDD or DSA anode and an ineffi-
cient SS cathode for H,O, generation, as pointed out above. The degrada-
tion was optimized by response surface methodology (RSM), which
revealed, as expected, that BDD was the best anode yielding 97% degrada-
tion with 26.17 mg L™ ! of FeSO,7H,0 as catalyst, at pH 2.29, and a [ =
366.08 mA for 30 min. It is also confirmed a 50% removal of acute toxicity
under these conditions. Fig. 8 shows the reaction sequence proposed for
amoxicillin (1) mineralization from the 7 by-products identified by LC-MS
by these authors, complemented by 6 carboxylic acids detected by HPLC
by Kalantary et al. (2018) with hetero-EF with a nano-Fe30, solid catalyst.
The initial attack of ‘OH over 1 gives 3 primary derivatives, the hydroxyl-
ated compound 2 and the opening of the 3-lactam groups to the compounds
3 and 4. Further breaking of 2 leads to compound 5, whereas the successive
cleavage of the opened [3-lactam groups of 3 and 4 produces the compound
6, which is demethylated to compound 8. Moreover, decarboxylation of 4
gives the compound 7. Subsequent oxidation of the aromatic and cyclic
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groups of the above compounds caused their cleavage leading to small car-
boxylic acids such as succinic, malic, maleic, and acetic, which evolve to
oxalic and formic acids as final by-products since they are directly con-
verted into CO, (Brillas, 2021). It should be noteworthy that all these
acids form very stable iron complexes that are slowly and more easily
destroyed by heterogeneous M('OH) than homogeneous ‘'OH (Brillas,
2021, 2022). This is the main reason why the BDD anode with the highest
oxidation power is the best electrode for homo-EF.

In the treatment of ampicillin, Vidal et al. (2019) used a stirred BDD/
GDE stirred tank reactor like of Fig. 3b. The assays were carried out with
250 mL of 10-100 mg L ™! or 10 and 50 pg L™ of antibiotic in 0.050 M
Na,SO4 with 1 mM Fe?™, at pH 2.8,j = 5mA em ™2, and 30 °C during
120 min. For 100 mg L ™! and 50 pg L™ *, antibiotic, TOC was reduced by
68% and 67% for AO-H,0,, and 73% and 56% for homo-EF, with k;-values
0f 1.07 x 10" %and 9.1 x 103 s, respectively (see Table 3). The loss of
efficiency with decreasing antibiotic content is due to the presence of less or-
ganic load that favors the acceleration of the inhibition or parasitic reactions
of "OH (Brillas, 2021). LC-MS and HPLC allowed identifying 6 cyclic by-
products and 6 carboxylic acids. The release of NO3 and NHS ions was con-
firmed as well.

The fluoroquinolone ciprofloxacin has been the most checked antibiotic
for homo-EF process (Chen et al., 2017; Li et al., 2017a, 2017b; Rani et al.,
2017; Villegas-Guzman et al., 2017; Divyapriya et al., 2018c; Pourzamani
et al., 2018; Mi et al., 2019, 2020; Huang et al., 2021a; Wang et al.,
2021b), Levofloxacin (Liu et al., 2017), ofloxacin (Yahya et al., 2020), and
nalidixic acid (Zarei et al., 2019) have been considered as well.
Divyapriya et al. (2018c) used a three-electrode cell with a Pt anode, a cath-
ode of graphene oxide-liquid crystal display, and an Ag|AgCl reference elec-
trode to confirm the optimum pH near 3 for the degradation of 150 mL of an
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Fig. 8. Proposed reaction sequence for amoxicillin mineralization by homo-EF (adapted from Zhang et al. (2021)). Final carboxylic acids were identified by Kalantary et al.

(2018) from hetero-EF with nano-Fe;04 solid catalyst in sulfate medium.

air-saturated solution with 3 mg L™ ! antibiotic and 0.050 M Na,SO,4 with
2 mM Fe?” by applying an E.,, = — 1.5 V for 180 min. Results of Table 3
make in evidence that 99% of degradation was achieved at pH 3.5 (k; =
0.026 min 1Y) in front of 78% at pH 9,0 (k; = 0.008 min~ ). An interesting
work of Huang et al. (2021a) focus the co-catalytic action of Mn** and Fe?*
in the homo-EF process. The trials were made with a stirred tank reactor like
of Fig. 3a with a Pt anode and a chemically modified GF cathode containing
500 mL of 50 mg L™ ! of ciprofloxacin in 0.050 M Na,SO, at pH 3.0. Fig. 9a
shows that after 30 min atI = 400 mA, 74% degradation was attained with
a classical 0.10 mM Fe®* catalyst, which rose to 89% and 96% with a mix-
ture of 1:1 and 2:1 Mn>* /Fe®* ratio. This enhancement can be associated
with the production of more ‘OH from the Fenton-like reaction related to
the Mn®* /Mn>* couple. With the 2:1 co-catalyst mixture, TOC was re-
duced by 94% with 16% MCE after 480 min of electrolysis, as can be seen
in Fig. 9b. The good effectiveness of this mixture was corroborated by study-
ing the effect of I on the process performance. Fig. 9c and d highlight the in-
crease in degradation and TOC with raising I from 100 to 400 mA, as
expected by the greater production of ‘OH owe to the acceleration of the
electrode reactions. Effective electrolysis was also found with a natural
acid mine drainage rich in Mn** and Fe?", yielding a lower degradation
of 96% in 60 min. LC-MS analysis of treated solutions detected 11 aromatic
derivatives, which were sorted in a degradation sequence. In other study
with a cell equipped with a Pt anode and a graphene aerogel anode, Wang
et al. (2021b) determined that 0.8 mM Fe?*, pH 3.0, and j =
30 mA cm ™~ ? were the best conditions to completely degrade 50 mg L™ *
of ciprofloxacin from 50 mL of an air-saturated solution with 0.050 M
Na,SO, after 90 min of treatment. About 91% of TOC was reduced in
120 min with 12% MCE in 90 min (see Table 3). From the by-products iden-
tified by LC-MS, the mineralization sequence of Fig. 10 was proposed.
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Ciprofloxacin (1) can be initially attacked by "OH to release the piperazine
group yielding the compound 2, which is subsequently defluorinated to the
compound 3. A second path is feasible by the partial cleavage of the pipera-
zine group giving the compound 4, which is further oxidized to compounds
5-7. The oxidation of these by-products originates simpler aromatic deriva-
tives like a-aminophenol and 1,2,4-trihydroxybenzene, which were trans-
formed into small linear-aliphatic acids like maleic and malonic before
overall mineralization.

In the case of ofloxacin, Yahya et al. (2020) reported the effect of
0.050 M Na,SO4 or 0.1 M NaCl on the homo-EF treatment of 200 mL
of air-saturated solutions with 0.03-0.20 mM antibiotic in the presence
of 0.2 mM Fe** at pH 2.0-4.0 with a Pt/CF cell like of Fig. 3a by apply-
ingal = 200 mA during 300 min. It was found that with 0.20 mM anti-
biotic at pH 3.0, the formation of active chlorine from Cl~ oxidation by
reactions (26)-(28) was detrimental since it reacted more slowly than
‘OH with the parent molecule. Thus, COD was abated by 65% with
NacCl and more largely, by 81% with Na,SO,4 with 12% ICE. The opti-
mum pH of 3.0 was confirmed again since in Na;SO,4, 69% COD reduc-
tion was attained at pH 2.0 and 74% at pH 4.0 (see Table 3).

The remediation of the macrolide erythromycin has been investigated
by Serra-Clusellas et al. (2021) using the flow-through plant of Fig. 3c
with a BDD anode and a GDE cathode. A solution of 1 L containing
10 mg L™' antibiotic, 0.050 M Na,SO,4, and 10 mg L™' Fe®* at
pH 2.8-7.0 recirculated a flow rate (FR) of 20 L h~! and 25 °C. However,
they applied so low j-values (low ‘OH production) that only a 24% of
TOC was removed at pH 3.0, 10 mA cm ™2 and Q = 0.64 Ah L™, whereas
increased to 38% at 5 mA cm ™~ %and Q = 0.32 Ah L™ (see Table 3). A high
number of 23 intermediates were detected by LC-QTOF-MS analysis and a
feasible reaction sequence was suggested.
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Fig. 9. (a) Variation of the percentage of ciprofloxacin degradation with electrolysis from the homo-Fenton degradation of 500 mL of 50 mg L.~ * antibiotic in 0.050 M NaySO,
and either 0.10 mM Fe?* or several Mn® " /Fe?* ratios as co-catalysts at pH 3.0. The assays were carried out with a stirred tank reactor equipped with a Ti/RuOy-IrO, anode
and a chemically modified GF cathode at I = 400 mA. (b) Percentage of TOC removal and mineralization current efficiency for the above trial with 2:1 Mn®* /Fe?* . Effect of I
over the percentages of (c) degradation and (d) TOC removal for the solution treated in (b). Adapted from Huang et al. (2021a).

Regarding the sulfonamides, only one work of Sopaj et al., (2020) has
been reported over sulfamethazine destruction in 0.050 M Na,SO, using
acell like of Fig. 3a equipped with a Pt anode and a cathode either of carbon
sponge (CS), CF, or SS. An air-saturated solution of 250 mL with 0.2 mM an-
tibiotic and 0.2 mM Fe* at pH 3.0 was electrolyzed by applying a I range
of 50-500 mA. The degradation rate increased progressively from 50 to
400 mA, whereupon no higher antibiotic abatement was found because
the excess of "'OH produced was consumed by its parasitic reactions. The
cathode affected largely the degradation rate as function of H,O,
electrogenerated since higher production of this species gave faster abate-
ment. So, total degradation increased in the order: 10 min for CS (k; =
0.61 min~!) < 40 min for CF (k; = 0.11 min ') < 60 min for SS (k; =
0.07 min~1). The same trend was followed for TOC decay and MCE after
480 min of electrolysis at 300 mA, with maximum values of 63% and
3.7%, for the best CS cathode, respectively (see Table 3).

More information is available over the behavior of tetracyclines, cen-
tered in tetracycline Chen et al., 2019a; Ganzenko et al., 2020; Tao et al.,
2020; Zhou et al., 2021) and oxytetracycline Lai et al., 2020; Hasani
etal., 2021). The work of Chen et al. (2019a) was performed with a conven-
tional DSA anode of Ti|RuO,-IrO, and a CF cathode in a cell like of Fig. 3a
using 400 mL of an air-saturated solution with 80 mg L™! antibiotic,
0.050 M Na,SO,, and 0.1 mM Fe?™ at pH 3.0 by providing a I of 60 mA.
A rather poor performance was found because 93% degradation with
k1 = 0.065 min~! at 90 min was attained, and after 480 min, 82% of
TOC was removed with 2.8% MCE and ECroc = 0.19 kWh (g TOC) ™~ L
These authors detected 9 by-products by LC-MS and proposed a reaction se-
quence for tetracycline degradation. In contrast, Tao et al. (2020) tested a
N-doped porous CNTs coating an active carbon fiber as a large surface cath-
ode that produces much higher quantities of H,O5 in a similar cell with a Pt
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anode and obtained total degradation and an excellent 96% TOC reduction
for 150 mL of an air-saturated solution with 50 mg L.~ " tetracycline using
0.4 mM Fe?" at pH 3.0 upon aj = 20 mA cm™ 2 for 120 min (see
Table 3). These results confirm the large influence of electrocatalytic ability
of the cathode to electrogenerate H,O,, with the consequent "OH production
from Fenton's reaction (4) over the homo-EF performance.

Other authors have considered the treatment of unclassified antibiotics
such as p-aminosalicylic acid, (Oturan et al., 2018, 2021), cetofaxime (Lei
et al., 2020), and pyrazinamide (Arhoutane et al., 2019b). Oturan et al.
(2021) reported an interesting work dealing with the homo-EF process of
230 mL of an air-saturated solution of 0.10 mM p-aminosalicylic acid in
0.050 M Na,SO, solution at pH 3.0 using a stirred tank reactor like of
Fig. 3a with 5 alternative anodes (DSA, Pt, Ti,O,, PbO,, BDD) and 5 alter-
native cathodes (CF, CS, carbon graphite, SS, Ti). Fig. 11a makes in evi-
dence the greater H,O, accumulation in the medium (without antibiotic),
up to 67 mg L., after 180 min of electrolysis at I = 100 mA using the
Pt/CF system. For the best CF cathode in the presence of the antibiotic
and 0.10 mM Fe?™", the BDD anode yielded a faster antibiotic decay than
the other anodes (see Fig. 11b), with total removal at 15 and 10 min for I-
values of 50 and 500 mA, respectively (see Fig. 11c¢). Similarly, Fig. 11d cor-
roborates the higher oxidation power of the process when BDD is compared
with the other anodes, yielding 78% TOC removal at 360 min. Greater I
leads to a faster mineralization, but with lower MCE and higher ECroc.
This behavior can be observed in Fig. 11e and f, which show that the best
results were found for the lower I of 50 mA for BDD, reaching the maximum
MCE of 4.8% and the lower ECroc = 0.62 kWh (g TOC) .

Comparative treatments with several antibiotics have been described by
Murillo-Sierra et al. (2018). These authors treated 130 mL of a mixture of
50.0 mg L™ ! sulfamethoxazole +11.1 mg L™ ! trimethoprim in 0.050 M
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Na,SO, with 0.5 mM Fe?* was tested in a stirred BDD/GDE cell like of
Fig. 3b at j = 33.33 mA cm™ 2 and found that trimethoprim (k; =
0.55 min~ ') was more rapidly abated than sulfamethoxazole (k;
0.37 min 1), clearly demonstrating the different reactivity of the different
antibiotic families in front of the oxidant "OH.

The above findings allow establishing that the best conditions for the
homo-EF process of antibiotics are attained at pH 3.0, i.e., the optimum
pH for Fenton's reaction (4), and with a BDD anode, whereas CF, CS, and
some prepared carbonaceous cathodes with extended electroactive surface,
can be alternative cathodes. However, comparative studies with different
antibiotics are needed to clarify their reactivity respect to "OH.

4.1.2. Real wastewaters

Much less attention has received the homo-EF treatment of real waste-
waters, centered on the f-lactam Penicillin G in urine (Gonzaga et al.,
2021), the fluoroquinolone ciprofloxacin in sewage (Liu et al., 2020b),
the sulfonamide sulfadiazine in a WWTP effluent (Ren et al., 2019), and
tetracycline in pharmaceutical wastewater (Olvera-Vargas et al., 2019,
2021). The main results for these works are summarized at the end of
Table 3.

Gonzaga et al. (2021) used a stirred Ti|RuO,-IrO,/CF tank reactor like
of Fig. 3a to degrade 50 mg L™ ! Penicillin G in urine by adding 0.2 mM
Fe?* at pH 3.0. It is noticeable that at j = 12 mA cm 2, the antibiotic
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felt cell. (d) Percentage of TOC removal, (e) mineralization current efficiency, and (f) energy consumption per unit TOC mass for the previous assays with different anodes and

a carbon-felt cathode. Adapted from Oturan et al. (2021).

underwent two consecutive kinetic decays, the first one, more rapid, due to
the attack of the antibiotic by ‘'OH formed from Fenton's reaction (4) and
the slower second one to the removal of the Fe(III)-Penicillin G complex
originated. Only 60% COD and 50% TOC abatements were obtained after
480 min of electrolysis because of the parallel oxidation of the components
of urine. So, important removal of urea, uric acid, and creatinine was deter-
mined, disclosing the power of the process to oxidize these organic pollut-
ants. Additionally, they confirmed the formation of CIO~, ClO3 , ClO4,
and chloramines from the oxidation of ClI~ present in the aqueous matrix
following reactions (26)—(29).

The effectiveness of the homo-EF process over the remediation of real
wastewaters has been well-proved for ciprofloxacin in sewage using either
a stirred ZnO-CeO,/CF tank reactor (Liu et al., 2020b) or a flow system in

17

continuous treating sulfadiazine in a WWTP effluent with a filter-press
DSA/graphene cell (Ren et al., 2019). In both cases, Na,SO4 was added to
the wastewater to increase its conductivity. Liu et al. (2020b) determined
up to 99% degradation and 81% TOC decay after 120 min of electrolysis
of 65 mL of 50 mg L.~ ! antibiotic with 0.1 mM Fe®* at pH 3.0-7.0, and
cell voltage (E ) of 4 V. They identified 9 by-products by LC-MS and sug-
gested a reaction sequence for the antibiotic degradation. A more interest-
ing investigation has been presented by Ren et al. (2019), who
demonstrated that at neutral pH of 7.1 with 0.050 M Na,SO,4, 0.4 mM
Fe?*, and FR = 50 L h ™, total degradation was reached by operating in
flow-through regime at a low I = 50 mA, regardless of the antibiotic con-
centration between 0.5 and 10 mg L ™! checked. In contrast, only 55-69%
degradation was achieved using the flow-by regime, which is the most
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excellent power of the Fe(Il)-TPP/Fe(I)-TPP couple to produce ‘OH from a
Fenton-like reaction similar to (4). The pharmaceutical wastewater
contained other 3 drugs (no antibiotics) and Fig. 12b shows that at
360 min of electrolysis, good TOC removal of approximately 85% was ob-
tained with 10-30 mM TPP and 3.33 mM Fe?*. Providing j-values
>44.67 mA cm ™ 2, no higher TOC abatements were obtained due to the in-
crease in rate of the parasitic reactions of ‘OH, as can be seen in Fig. 12c.
Fig. 12d highlights that the oxidation ability of the homo-EF-like process
was largely improved using an alternative and more powerful BDD
anode, allowing 98% TOC decay, much greater than 88% found by
homo-EF with the same amount of Fe?". Several by-products were quanti-
fied. Fig. 12e shows the generation of final carboxylic acids like oxamic,
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Fig. 12. (a) Time course of the normalized tetracycline concentration (co = 0.037 mM) for 400 mL of an air-saturated solution with a mixture of other four pharmaceuticals
containing 3.33 mM Fe?" and 10 mM TTP at pH 6.0 treated by homo-EF-like process using a stirred tank reactor with a Ti|RuO,-IrO, anode and a carbon fiber brush cathode

by applying aj = 4.67 mA cm ™ 2. (b) Effect of the TPP content with a 3:1 TPP/Fe®* ratio on TOC removal of the above mixture (TOC, = 40 mgL~ ') atj = 2.0 mA cm ™%

2

(c) Influence of j on TOC removal of the mixture with 3.33 mM Fe?" and 10 mM TTP at pH 6.0. (d) Percent of TOC removal for conventional homo-EF with 0.050 M K,SO,4
and 0.2 mM Fe?* at pH 3.0, and the same solution as in (c) but using a BDD anode at pH 6.0, by applying in both cases aj = 4.67 mA cm ™2 Evolution of (e) generated
carboxylic acids and (f) released inorganic ions during the assay given in (a). Adapted from Olvera-Vargas et al. (2019).
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oxalic, and more largely formic, which were completely removed from the
medium. Fig. 12f depicts the evolution of released Cl1~, NO3 , and NH;
ions. The main drawback of TPP as ligand is that it must be extracted
from the medium to obtain a clean water before disposal. Later, the same
authors (Olvera-Vargas et al., 2019) used the same electrolytic systems to
remediate 500 mL of an air-saturated pharmaceutical wastewater with ini-
tial COD of 1250 mg L.~ ! after addition of 0.050 M K50, and 0.2 mM Fe?*
at pH 3.0 by applying j-values of 0.83-8.33 mA cm ™2 for 360 min. Operat-
ing at 6.25 mA cm ™ 2 upon homo-EF conditions, good 100% COD and TOC
abatements were obtained with BDD in front of 72% and 64% determined
with Ti|RuO,-IrO,. The high oxidation power of BDD was confirmed from
the 97% TOC removal found by AO-H,0, (without Fe?>*) with this
anode. A total of 6 carboxylic acids were identified by HPLC, alongside
the release of C1~, ClO3, ClO4, NO3, and NH, .

4.2. Heterogeneous electro-Fenton

Hetero-EF processes have been developed to solve two key drawbacks
of homo-EF, the generation of iron sludge that needs further treatment
and the enlargement of the operating pH up to near neutral values. Two ap-
proaches have been proposed to attain these purposes, namely using iron
solid catalysts or iron functionalized cathodes, whose characteristics and
the best results obtained for antibiotic remediation are described below.

4.2.1. Iron solid catalysts

A large variety of iron solid catalysts have been checked for the hetero-
EF treatment of antibiotics, showing a good oxidation ability, and avoiding,
in most cases, iron sludge, although they were slightly chemically solubi-
lized or adsorbed by-products that reduced their electrocatalytic activity.
Table 4 summarizes the best results reported in the literature for such
treatments.

The remediation of gentamicin with a Cu,Fe-nano-layered double hy-
droxide catalyst in sulfate medium has been described by Ghasemi et al.
(2019). The hetero-EF process was studied in a conventional stirred Pt/
graphite tank reactor like of Fig. 3a containing 100 mL of an air-saturated
solution with 20 mg L™ ! antibiotic and 1 g L™ ! catalyst, at pH 3-12, and
I = 400 mA. Although the quicker degradation was attained at pH 3 with
93% reduction in 100 min, an excellent removal of 88% was found at
pH 6, disclosing the good oxidation power of the catalyst at near neutral
pH. In contrast, only 25% of the pollutant was degraded by AO-H,0, (with-
out catalyst) at pH 6 (see Table 4). In the hetero-EF process, a high COD re-
duction of 86% was obtained at pH 6 in 300 min, with a good reusability of
the catalyst. Using scavenger, ‘OH and O3 were identified as the main oxi-
dants. NO5 and NOswere detected as released ions.

The destruction of the P-lactams amoxicillin with nano-Fe;O4
(Kalantary et al., 2018), cefalexin with chalcopyrite (Droguett et al.,
2020, cefazolin with mineral iron-based natural catalysts (Heidari et al.,
2021), meropenem with goethite (Moratalla et al., 2021), and nafcillin
with chalcopyrite (Campos et al., 2020), all in sulfate medium, has been re-
ported. The work of Kalantary et al., (2018) was centered on the degrada-
tion of 200 mL of a solution with 20 mg L.~ ! amoxicillin and 1 g L™*
catalyst at pH 3.0 with a stirred Pt/GF tank reactor like of Fig. 3a atI =
300 mA. After 90 min of electrolysis, 98% degradation was attained with
k; = 0.058 min !, showing the catalyst a good reusability (see Table 4).
GC-MS analysis of electrolyzed solution allowed detecting 9 by-products,
from which a feasible reaction sequence was proposed. Droguett et al.
(2020) used the cell of Fig. 3b with a Ti|IrO, anode and a GDE cathode to
treat 100 mL of 50 mg L™ * cefalexin with 1 g L. catalyst at pH 3.0 by pro-
viding aj = 50 mA cm ™~ 2. Note that chalcopyrite (CuFeS,) loses a small
amount of surface Fe>* and Cu®* ions that regulate the solution pH to ap-
proximately 3. Under these conditions, the antibiotic was completely de-
graded in 30 min with k; 3.12 x 102571, and after 300 min of
electrolysis, TOC was reduced by 43%, with a 2% MCE, and a high ECyo¢ =
8.67 kWh (g TOC) " ! (see Table 4). Despite the loss of surface material, the
catalysts presented a good reusability. A total of 18 by-products were iden-
tified by LC-ESI-MS and HPLC.
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The flow-through system of Fig. 3d with a 3D Ti|IrO»-Ta,0Os anode and
a carbon black||PTFE cathode was used by Moratalla et al. (2021) to study
the removal of 50 mg L.~ meropenem with 10.8 g goethite at pH 3.0 in a
pressurized synthetic urine solution at FR = 140 L h™?, by applying a
j=5mAcm 2uptoQ = 0.83 Ah L™’ An enhancement of the degrada-
tion rate was found with raising the solution pressure with k;-values of
3.3 x 107% min~for 0 bar, 45 x 1072 min~! for 1.0 bar),
5.0 x 10~ 3 min~? for 2.0 bar, and 5.7 x 1072 for 3.0 bar (see Table 4).
However, the treatment was not useful for mineralization since a very
poor TOC decay was determined at 1.0 bar. 11 intermediates were identi-
fied by LC-MS and HPLC.

The oxidation of ciprofloxacin was tested with 200 mL of an air-
saturated solution with 30 mg L™ ! antibiotic, 0.050 M Na,SO,, and
1.5gL ' of CeO,|N,P-carbon catalyst, with a stirred Pt/CF tank reactor
like of Fig. 3a by applying an E..;; = 4 V for 180 min (Han et al., 2022).
The best performance was achieved at pH 3.0, with 95% degradation,
57% TOC decay, 6.2% MCE, and ECroc = 0.43 kWh (g TOC) ! (see
Table 4). The process was slower at pH 4-6 giving rise to 90% antibiotic
abatement. A good reusability was found for the catalyst and again, ‘OH
and O3 were found as the main generated oxidants. Eleven by-products
were identified by LC-MS and a reaction degradation sequence was sug-
gested.

Tetracycline has been removed by several iron solid catalysts
(Barhoumi et al.,, 2017a, 2017b; Liu et al., 2020a; Niaei and
Rostamizadeh, 2020). A first interesting study of Barhoumi et al. (2017a)
focus the treatment of 230 mL of an air-saturated solution with
20mgL~ ! antibiotic, 0.050 M Na,SO4, and 0.5-2.0 g L7! chalcopyrite as
catalyst or 0.2 mM Fe®>* (homo-EF), at pH 3.0 using a stirred tank reactor
with a BDD or Pt anode and a CF cathode at I = 100-500 mA. As pointed
out above, chalcopyrite acted as a buffer keeping the solution pH close to
3 during all the electrolysis. Fig. 13a depicts the rapid removal of the anti-
biotic using BDD, completely disappearing between 5 and 12 min with de-
creasing the catalyst content from 2.0 to 0.5 g L' at I = 300 mA, because
of the lower electrocatalytic ability of the system. These decays followed a
pseudo-first-order kinetics with increasing k;-values of 0.383, 0.561, and
0.719 min ~ ! for raising catalyst concentrations of 0.5, 1.0, and 2.0 g L™,
respectively (see Table 4). The process was enlarged with a Pt anode, with
lesser oxidation power than BDD, and total degradation varied between
10 and 16 min, with corresponding smaller k;-values of 0.183, 0.230, and
0.350 min "', as can be observed in Fig. 13b. Fig. 13c and d show the similar
effect of I on TOC decay using BDD and Pt anodes, respectively, achieving
overall mineralization after 240 min of electrolysis at 500 mA with 6%
MCE. Similar results were obtained by homo-EF with 0.2 mM Fe** for
the BDD anode, but with the advantage that the treated solution contained
less content of this ion in the hetero-EF assay, without any precipitation of
iron sludge. The release of NO3 and NH; ions was detected, alongside
the production of 6 final carboxylic acids whose evolution for the hetero-
and homo-EF assays with BDD at I = 300 mA are presented in Fig. 13e
and f, respectively. From the intermediates identified by LC-MS, the
reaction sequence for tetracycline (1) mineralization of Fig. 14 is proposed.
The initial attack of ‘OH yields the hydroxylation of its C(2) to form the
compound 2 or the demethylation of the dimethylamino group to originate
the compound 3. Subsequent carboxylation of the dimethylamino group of
2 leads to compound 4, whereas overall demethylation of the methylamino
group of 3 followed by the cleavage of the lateral benzene ring originates
the compounds 5 and 6. Subsequent leakage of the condensed benzenic
rings of the above primary by-products gives a mixture of the benzene deriv-
atives 7-11, which are then broken and oxidized to the ultimate succinic,
malic, malonic, oxamic, oxalic, and formic acids. A second work of the
same group reported an analogous study of tetracycline remediation using
pyrite as catalyst (Barhoumi et al., 2017b). This natural catalyst (FeS5)
also allows the regulation at pH 3 by solving small quantities of surface ma-
terial. Results given in Table 4 reveal that the hetero-EF process with this
catalyst was slower than with chalcopyrite, probably because in the latter
case, Cu?* ion was also released to the medium with the consequent pro-
duction of additional "OH from reaction (21), along with that generated
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Real wastewaters
Sulfonamides
Sulfamethazine

Various antibiotics

Like of Fig. 3a
Fe, MoS, Fe
(Ti|RuO4-IrO,/GF)

480 min.

200 mL of air-saturated solution with 10 mg L™!
antibiotic in pure water or a real wastewater, 0.050 M
Na,S0,, 0.224 g L™ ' Fe, 0.02 g L™ MoS,, pH 4.0,

I = 50 mA, 30 min.

4.7% (AO-H,05), 92% and 5.5% (homo-EF), and 96% and
5.7% (hetero-EF).

Using Pt, 87% TOC removal and 5.2% MCE at 480 min.
Detection of 6 carboxylic acids by HPLC and NHJ .

In pure water, total degradation and k;: 10 min and

0.54 min~" for MoS;Fe, 20 min and 0.25 min~ ! for Fe.
Low reusability in 5 consecutive cycles.

In real wastewater, total degradation and k;: 15 min and
0.13 min ™" for MoS, Fe, 30 min and 0.06 min~ ! for Fe.
ECroc (kWh (g TOC) ™) and operating cost ($US (kg
TOC)™1): 0.012 and 1.22 for MoS;Fe, 0.020 and 2.02 for Fe.
8 by-products detected by GC-MS. Reaction sequence
proposed.

Table 4
Selected results found for the heterogeneous electro-Fenton process with iron solid catalysts of several antibiotics in synthetic and real wastewaters.
Antibiotic System, solid catalyst Experimental remarks Best results Ref.
(anode/cathode)
Synthetic solutions
Aminoglycosides
Gentamicin Like of Fig. 3a 100 mL of air-saturated solution with 20 mg L~* 93% and 88% degradation at pH 3 and 6, respectively, in ~ Ghasemi et al.
Cu-Fe-NLDH ? antibiotic in pure water, 0.050 M NaySO4, 1 g Lt 100 min. Using AO-H,0,, 25% at pH 6. 86% COD (2019)
(Pt/graphite) catalyst, pH 3-12, 25 °C,I = 400 mA, 300 min. reduction after 300 min at pH 6.
Good reusability.
‘OH and O3 as main oxidants.
NO;3 and NO3zdetected.
B-lactams
Amoxicillin Like of Fig. 3a 200 mL of 20 mg L~ ! antibiotic in pure water, 0.050 M 98% degradation. k; = 0.058 min~'. Good reusability. Kalantary et al.
Nano-Fe;04 NayS0,4, 1 g L™ catalyst, pH 3.0,1 = 300 mA, 9 by-products detected by GC-MS. Reaction sequence (2018)
(Pt/GF) 90 min. proposed.
Cefalexin Fig. 3b 100 mL of a solution with 50 mg L~ ! antibiotic in pure Total degradation in 30 min. Droguett et al.
Chalcopyrite water, 0.050 M ki = 3.12 x 107%s71. 43% TOC (2020)
(Ti|IrO,/GDE) NaySO4, 1 g L™ catalyst, pH 3.0,j = 50 mA cm~%,  removal, 2% MCE, and ECroc = 8.67 kWh (g TOC) ™! in
300 min. 300 min.
Good reusability.
18 by-products identified by LC-ESI-MS and HPLC.
Reaction sequence proposed.
Meropenem Fig. 3d Pressurized synthetic urine solution up to 3.0 bar with At 1 bar, 90% degradation and 3% TOC abatement. k; Moratalla et al.
Goethite (3D Ti| 50 mg L.~ antibiotic and 10.8 g catalyst, pH 3.0, (min~ ') = 3.3 x 1073 (0 bar), 4.5 x 1073 (1.0 bar),  (2021)
Ir0,-Ta,05|CB FR = 140Lh™%,j=5mAcm 2% Q = 083 AhL™'. 5.0 x 107°(2.0 bar),and 5.7 x 10> (3.0 bar), 11
.PTFE) by-products detected by LC-MS and HPLC.
Fluoroquinolones
Ciprofloxacin Like of Fig. 3a 200 mL of air-saturated Maximum degradation of 95% at pH 3, 90% at pH 4-6. Han et al. (2022)
CeO,|N,P-carbon solution with 30 mg L™! 57% TOC decay, 6.2% MCE,
(Pt/CF) antibiotic in pure water, and ECroc = 0.43 kWh
0.050 M NayS0O,, 1.5 g L™! (g TOC) ™! at pH 3.0.
catalyst, pH 2-7, Ecep = 4V, Good reusability.
180 min. ‘OH and O3 as main oxidants.
11 by-products detected by LC-MS. Reaction sequence
proposed.
Tetracyclines
Tetracycline Fig. 3a 230 mL of air-saturated solution with 20 mg L.~ * For hetero-EF with BDD at 300 mA, total degradation in Barhoumi et al.
Chalcopyrite (BDD, antibiotic in pure water, 0.050 M Na,SOy4, 0.5-2.0 g 12 min (k; = 0.383 min~ '), 9 min (k; = 0.561 min~"), (2017a)
Pt/CF) L~ ! catalyst or 0.2 mM Fe?", pH 3.0, and 5 min (k; = 0.719 min~*) for 0.5,1.0,and 2.0 g L™ !
I = 100-500 mA, 480 min. chalcopyrite, respectively. With 1.0 g L™ ! catalyst, total
mineralization after 240 min with 6% MCE at 500 mA.
The same results for homo-EF.
For hetero-EF with Pt at 300 maA, total degradation in
15 min (k; = 0.183 min~"), 12 min
(k; = 0.230 min~"),and 10 min (k; = 0.350 min~") for
0.5, 1.0, and 2.0 g L.~ * chalcopyrite, respectively.
Detection of 10 by-products by LC-MS and HPLC, NO3,
and NHS . Reaction sequence proposed.
Fig. 3a 230 mL of air-saturated solution with 20 mg L™* Using BDD, total degradation: Barhoumi et al.
Pyrite antibiotic in pure water, 0.050 M NaySOy4, 2.0 g L™* 40 min (AO-H50,), 25 min (homo-EF), and 15 min (2017b)
(BDD, Pt/CF) catalyst or 0.2 mM Fe?*, pH 3.0,1 = 300 mA, (hetero-EF). TOC removal and MCE at 480 min: 77% and

Tian et al. (2021)

Chloramphenicol Like of Fig. 3a 100 mL of Oy-saturated solution with 80 mg L™ ' of In homo-EF at pH 3.0 and 300 mA: Degradation of 70% Gormez et al.
Metronidazole GO ©|Fe304 each antibiotic in pure chloramphenicol and 57% metronidazole in 300 min. (2019)
(Pt/CF) water, 0.050 M Na,SO,, In hetero-EF at pH 3.0, 0.50

0.2 mM Fe?" or 0.10-0.50 g
L~ ! catalyst, pH 3.0-7.0,1 = 100-500 mA, 300 min.

g L' catalyst, and 300 mA:

Total degradation in 45 min for chloramphenicol and 15 min
for metronidazole. 85% and 70% mineralization in 300 min,
respectively. Good reusability in 4 consecutive cycles.
Detection of 8 by-products for chloramphenicol and 11
by-products for metronidazole by LC-MS and HPLC.
Reaction sequences proposed.
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Antibiotic

System, solid catalyst Experimental remarks
(anode/cathode)

Best results Ref.

Levofloxacin ¢,d)
Trimethoprim

500 mL of air-saturated solution with 50 mg L™ " of
separated antibiotic in pure water, 0.050 M Na,SO4,
0.2 mM Fe?*, 50 mg L™!

Fe;0; or Pd-Fe;0,, pH 3.0,1 = 100-400 mA,

480 min.

Fig. 3a
Pd-Fe;0, (Ti|
RuO,-IrO,/GF)

For levofloxacin, total degradation at 200 mA in >30 min Zhou et al. (2018)
for Fe?™ (k; = 0.157 min~!) and Fe;04

(k; = 0.158 min~ 1), 15 min for Pd- Fe;0,

(k; = 0.238 min~1),

For trimethoprim, overall degradation at 200 mA in

>120 min for all methods (k; = 0.042-0.045 min ™).

For both antibiotics, after 480 min at 400 mA, 96%

mineralization and 6% MCE.

‘OH and 'H as main oxidants

@ NLDH: Nano-layered double hydroxide.

b CB: Carbon black.

¢ GO: Graphene oxide.

0.25 T T T T T T 0.25 T
a
A
—_ ~ 4 =02 = 7]
S 0.2 s 17 s
& S £
- = 44 =015 4
E 0.10 -E» 0.10 1 6 8 10 12
Q m . —
g Time (min) 1 E Time (min)
E N & —e—05gL!
= 0.05F *—05eL | =005+ —m—10gr' -
+10gL,1 A zogtl
—&—20gL
0.00 ' S ' 0.00 L ' ' &
0 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Time (min) Time (min)
60
60 "sop |I ! r E d ! I ' 407 | ! L L
—— 100 mA
50 40r T SO, —+— 200 ma 30, 1]
LE)30 1 300 mA (2)20_ i
T 40 S20r s 40 500 mA = B
o0 L _
£ 30 10—\\. 1 E 3of 10 |
U 0 | | 1 | Q 0 | L 1 Il
0 120 240 360 480 0 120 240 360 480
E 20 Time (min) . 8 20+ Time (min) -
10 - 10~ -
0 | % | | 0 1 v | 1 |
0 60 120 180 240 300 360 420 480 540 0 60 120 180 240 300 360 420 480 540
Time (min) Time (min)
0.20 T T T T T 0.30 T T T T T T T
e e
% —®— Oxalic acid %\ 025 —— Oxalic acid
g 0.15F —— Acetig aciq 1 & o— Acetic acid
= —¥— Oxamic acid = 0.20+ ¥— Oxamic acid
e S S
S 0.10F ® succinic acid S 0.15 —e— succinic acid
£ =
b ]
2 £ 0.10 4
= 0.05 41 &
2 € 0.05 .
0.0 0.0 1 1 p | ¥y | |
120 180 240 300 360 420 480 540

120 180 240 300 360 420 480 540
Time (min)

60

Time (min)

Fig. 13. Tetracycline concentration vs. electrolysis time for the hetero-EF degradation of 230 mL of an air-saturated solution with 0.20 mM antibiotic in 0.050 M Na,SO, with
different contents of chalcopyrite as solid catalyst at pH 3.0 using a: (a) BDD/carbon felt or (b) Pt/carbon felt cell at I = 300 mA. Effect of I on the percentage of TOC removal
for: (c) the above hetero-EF assay with 1.0 g L™ * chalcopyrite using a BDD/carbon cell, and (d) the homologous homo-EF process with 0.20 mM Fe?™ as catalyst. Time course
of generated carboxylic acids during: (d) the hetero-EF assay of (c) and (e) the homo-EF assay of (d) at I = 300 mA. Adapted from Barhoumi et al. (2017a).
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Fig. 14. Suggested reaction sequence for tetracycline mineralization in aqueous sulfate matrix by hetero-EF with chalcopyrite as solid catalyst. Adapted from Barhoumi et al.

(2017a).
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from Fenton's reaction (4) by the solubilized Fe** and the corresponding
heterogeneous Fenton-like and Fenton reactions of these ions at the catalyst
surface. Note that the relative proportion of both mixed mechanisms is de-
scribed by not well-established and for this reason, the authors classified
the treatments with pyrite and chalcopyrite simply as hetero-EF with iron
solid catalysts (see Table 4).

The removal of sulfonamides such as sulfadiazine with Pd|CeO, catalyst
in simulated livestock and poultry breeding wastewater (Zhang et al.,
2020b) and sulfamethazine with Fe and MoS,|Fe catalysts in sulfate me-
dium and real wastewater (Tian et al., 2021) has been considered as well.
The latter authors tested the oxidation of 200 mL of air-saturated solutions
with 10 mg L™ antibiotic in 0.050 M Na,SO, with 0.224 g L~! Fe and/or
0.02gL™ ! MoS, at pH 4.0 using a stirred Ti|RuO,-IrO,/GF tank reactor like
of Fig. 3a atI = 50 mA for 30 min. As expected, the system with the real
wastewater lost performance with respect to the sulfate solution because
of the parallel destruction of their other organic pollutants, and the com-
bined use of MoS, and Fe as co-catalysts became more effective than Fe
alone (see Table 4). Nevertheless, good results were obtained for the real
wastewater since the process degraded completely the antibiotic in
15 min for MoS,|Fe and 30 min for Fe, with k;-values of 0.13 and
0.06 min ", respectively. The lower ECroc = 0.012 kWh (g TOGC) ™! was
determined for the combined MoS.|Fe catalyst, related to an operating
cost of 1.22 $US (kg TOC) ~ 1. A reaction degradation scheme was suggested
from the 8 by-products detected by GC-MS. The main drawback of this pro-
cess was the low reusability of the catalyst due to Fe corrosion.

Several papers have described the hetero-EF process for various sepa-
rated antibiotics that can serve to compare their reactivity vs. the generated
oxidizing agents. Gormez et al. (2019) studied the remediation of 100 mL of
0,-saturated solutions with 80 mg L™ ! of chloramphenicol or metronida-
zole with 0.050 M Na,SO,4 and 0.10-0.50 g L™ of graphene oxide|Fe30,
catalyst, at pH 3.0-7.0 using a stirred Pt/CF cell like of Fig. 3a at I =
100-500 mA. Contradictory results were reported for the relative degrada-
tion and mineralization of both antibiotics. So, at pH 3.0 and 0.5 g L. * cat-
alyst, metronidazole was totally degraded in 15 min with k;
0.304 min !, whereas chloramphenicol required a longer time of 45 min
with k; = 0.145 min~'. In contrast, quicker mineralization was achieved
for chloramphenicol (85%) in front of metronidazole (70%) after 300 min
of electrolysis (see Table 4), indicating the higher recalcitrance of the by-
products formed from the latter compound. A total of 8 and 11 by-
products for chloramphenicol and metronidazole were identified by LC-
MS and HPLC., with proposal of the corresponding reaction sequences.

Zhou et al. (2018) compared the removal of 50 mg L™ ! of levofloxacin
or thiamphenicol in 500 mL of air-saturated solutions with 0.050 M Na,SO,
and 50 mgL~ ! of Fe304 or Pd-Fe;0,, at pH 3.0 with a stirred Ti|RuO-IrO5/
GF tank reactor like of Fig. 3a at I = 100-400 mA lasting 480 min. Fig. 15a
shows that at 200 mA, levofloxacin was more rapidly abated with Pd-Fe;0,
(k; 0.238 min~!) than with Fe;O4 or 0.2 mM Fe?* (homo-EF)
(k; ~ 0.158 min™1). In contrast, thiamphenicol was much more slowly re-
moved and at similar degradation rate for all the above catalysts with k;
0.042-0.045 min "%, as shows Fig. 15c. Regarding the corresponding TOC
decays with Pd- Fe;O,4 presented in Fig. 15b and 15d, one can infer that
levofloxacin was more quickly mineralized, with total TOC reduction
after 360 min at 400 mA. These figures highlight the expected increase in
TOC removal with increasing I due to the concomitant generation of
more oxidizing agents and the consequent decrease in MCE by the acceler-
ation of their parasitic reactions. ‘OH and "H were proposed as the gener-
ated oxidants by the Pd- Fe304 catalyst, as pointed out above from Fig. 5.
Fig. 15e shows the EPR spectra that confirms the production of the above
two radicals using t-butanol as scavenger of ‘OH.

Tian et al. (2020) used a pre-magnetized Fe catalyst to mineralize
200 mL of 10 mg L™ of various antibiotics in 0.050 M Na,SO,with
0.5 mM of catalyst at pH 7 using a stirred cell like of Fig. 3a with a Ti/
RuO4-IrO, anode and a carbon black modified CF cathode by providing a
I = 25 mA. After 180 min of electrolysis, the TOC removal of antibiotics in-
creased according to the sequence: oxytetracycline (8%) < sulfadiazine
(23%) < sulfamethazine (25%) < tetracycline (37%).
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The above findings confirm that the Fe®* catalyst in homo-EF can be re-
placed by iron solid catalysts in hetero-EF with similar or even better per-
formance. The oxidation ability of solid catalysts is higher at pH 3.0, with
the advantage of avoiding iron sludge when the solution is neutralized be-
fore disposal. Comparison of the reactivity between various antibiotics
seems rather related to the recalcitrance of by-products formed than their
families with analogous chemical groups.

4.2.2. Iron functionalized cathodes

This section covers another approach to enhance the homo-EF treat-
ment of antibiotics via application of hetero-EF with iron functionalized
cathodes that allows the enlargement of the pH of the treated solution be-
cause H,0, electrogeneration and the oxidation processes directly occur
at the cathode surface. Selected results reported for this procedure are col-
lected in Table 5.

The hetero-EF treatment of the amphenicols chloramphenicol with a Fe|
N-graphene cathode (Song et al., 2021) and thiamphenicol with a sea-
urchin-shaped carbon-anchored single-atom iron. Cathode (Zhang et al.,
2022) have been reported. The work of Song et al. (2021) electrolyzed
15 mL of an Oy-saturated solution with 25 mg L of chloramphenicol in
0.050 M Na,SO, at pH 1-13 using the stirred cell of Fig. 3a with a Pt
anode atj = 2 mA cm ™~ 2 for 180 min. At his time, the degradation decayed
following the sequence: pH 1 (98%) > pH 4 (92%) > pH 7 (89%) = pH 10
(90) > pH 13 (82%). This means that the heterogeneous Fenton's reaction
(22) produces high quantities of heterogeneous “OH in all the pH interval
tested, even being well-efficient in alkaline media where the homo-EF pro-
cess is completely inhibited by the precipitation of the iron catalyst as iron
hydroxide. The cathode showed a good reusability after 5 consecutive cy-
cles. Better performance has been described by Zhang et al. (2022) who
used a stirred tank reactor with a graphite anode of lower oxidation ability
to degrade 50 mL of an O,-saturated solution with 20 mg L'
thiamphenicol and 0.1 M K,SO, at pH = 3-11,andj = 20 mA cm ™2 during
60 min. At this time, overall degradation was found in all the pH range, but
TOC abatement decreased progressively with increasing pH from 68% at
pH 3 to 44% at pH 11 (see Table 5), indicating that less heterogenous
‘OH was generated at the cathode surface with raising pH to oxidize the
by-products formed, which was detected as the main oxidant. However,
the cathode rapidly lost performance in consecutive cycles and showed a
relatively good reusability. LC-QQQ-MS analysis of treated solutions
disclosed the production of 12 by-products and a feasible reaction degrada-
tion sequence for thiamphenicol was suggested.

The hetero-EF destruction of the -lactams amoxicillin with an ionic-
liquid-derived N-doped carbon cathode (Ko et al., 2018) and cefazolin
with a Cu,Fe nano layered double hydroxide multiwalled CNTs|CF cathode
(Ghasemi et al., 2020) has been reported. In the latter case, 80 mL of air-
saturated solutions with 20 mg L~ antibiotic and 0.050 M Na,SO, were
treated at pH 3.0-12.0 with a stirred cell like of Fig. 3a by applying a
I = 400 mA during 100 min. Again, it was found a drop of the antibiotic
abatement at higher pH: 95% for pH 3.0, 88% for pH 6.0, 64% for
pH 9.0, and 50% for pH 12.0. The authors remarked the potential use of
the system at pH near neutral pH 6.0, determining a higher degradation
of 91% with 0.075 M Na,SO,. The generation of the main oxidizing agents
like ‘'OH and O3 was corroborated. Additionally, 11 by-products were
MSidentified by GC-MS.

The same behavior with the pH change has been found for the hetero-EF
process of the fluoroquinolone ciprofloxacin in sulfate medium with cath-
odes of CesZrFe40144|CF (Li et al., 2019), non-iron NiMn,04|CF (Sun
et al., 2019), ferrocene-graphene oxide|GF (Divyapriya et al., 2018a,
2018b), FeMn binary oxide|GF (Huang et al., 2021b), FeOCI@MoS,|GF
Liu et al., 2021), and FelIFelll layered double hydroxide|CF (Yao et al.,
2021). For instance, Divyapriya et al. (2018a) used a three-electrode undi-
vided tank reactor with a Pt anode and an Ag|AgCl electrode reference for
the degradation of 150 mL of air-saturated solutions with 10 mg L™ " anti-
biotic with 0.050 M Na,SO,4 within a pH range of pH 3-9 and at E ¢ =
—0.75 to —1.50 V. While complete degradation was achieved after
30 min at pH 3.0 and Ee,e = —1.50 V with k; = 0.222 min~ ", a longer
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Fig. 15. (a,c) Time course for normalized antibiotic concentration and pseudo-first-order kinetic analysis (inset) obtained for the homo-EF and hetero-EF treatments of
500 mL of an air-saturated solution with 50 mg L™ " of (a,b) levofloxacin or (c,d) trimethoprim in 0.050 M Na,SO,, with 0.2 mM Fe**, 50 mg L™ ! Fe30,, or 50 mg L™ !
Pd-Fe30, as catalyst at pH 3.0 using a stirred tank reactor with a Ti|RuO,-IrO, anode and a carbon felt cathode at I = 200 mA. (b,d) Effect of I over the percentages of
TOC removal and mineralization current efficiency for the mineralization of the above antibiotic solutions with 50 mg L.~ ! Pd- Fe30,. (e) EPR spectra of dimethylpyridine
N-oxide (DMPO)-"OH and DMPO-'H determined after 30 min of electrolysis of solutions with 0.050 M Na,SO, and 50 mg L™ ! of Fe;0, or Pd-Fe;0,4 at pH 3.0. t-butanol

(TBA) was used as scavenger of ‘OH. Adapted from Zhou et al. (2018).

time of 160 min with a smaller k; = 0.030 min "~ was required for pH 6,
and even greater of >180 min with k; = 0.014 min~ 1 for pH 9 (see
Table 5). A good reusability of the cathode was found over 5 consecutive cy-
cles, the amount of ‘OH generated was quantified, and 6 by-products were
identified by LC-MS. Similarly, Huang et al. (2021b) reported a quick deg-
radation up to 95% in 30 min and 94% TOC removal with a high MCE of
20% for the remediation of 350 mL of an O,-saturated solution with
25 mg L~ ! antibiotic with 0.050 M Na,SO, and 300 mg of the FeMn binary
oxide at pH 7.0. The trials were performed with a stirred tank reactor like of
Fig. 2a with a Ti|RuO,-IrO, anode atj = 2 mA cm ™~ (see Table 5). The
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excellent performance of this simple iron functionalized cathode allowed
to obtain the same degradation rate at pH 3.0 and 7.0, only dropping to
81% antibiotic removal at the alkaline pH 10.

It is noticeable the article of Yang et al. (2020) comparing the hetero-EF
with a Fe""Fe' layered double hydroxide|CF cathode and the homo-EF with
a CF cathode and 0.20 mM Fe?* as catalyst of 145 mL of air-saturated solu-
tions with 0.20 mM of the fluoroquinolone ofloxacin 0.050 M Na,SO, at
pH 3.0-9.0- in pure water, The cell was a stirred tank reactor like of
Fig. 3a containing a powerful BDD anode and aj = 12.5 mA cm ™ was pro-
vided for 480 min. For the hetero-EF process, an extraordinary rapid total
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Table 5
Selected results reported for the heterogeneous electro-Fenton treatment with iron functionalized cathodes of several antibiotics in synthetic and real wastewaters.
Antibiotic System Experimental remarks Best results Ref.
(anode/cathode)
Synthetic solutions
Amphenicols
Chloramphenicol Like of Fig. 3a (Pt/Fe| 15 mL of Oy-saturated solution with 25 mg Lt Degradation: 98% (pH 1), 92% (pH 4), 89% (pH 7), 90% Song et al.
N-graphene) antibiotic in pure water, 0.050 M Na,SO,4, pH 1-13,  (pH 10), and 82% (pH 13). (2021)
j = 2mA cm™2 180 min. Good reproducibility in 5 successive cycles.
Thiamphenicol Like of Fig. 3a 50 mL of O,-saturated solution with 20 mg L™ ! Similar total degradation at pH 3-11. TOC decay: 68% (pH 3), Zhang et al.
(Graphite/SAFe@HSC *)  antibiotic in pure water, 0.1 M KSO4, pH = 3-11, 61% (2022)
j = 20mA cm ™2, 60 min. (pH 5), 53% (pH 7), 50% (pH 9),
and 44% (pH 11).
Detection of ‘OH as main oxidant.
Relatively good reusability.
Identification of 12 by-products by LC-QQQ-MS. Reaction
sequence proposed.
B-lactams
Cefazolin Like of Fig. 3a 80 mL of air-saturated solution with 20 mg Lt Degradation: 95% (pH 3.0), 88% (pH 6.0), 64% (pH 9.0), Ghasemi
(Pt/Cu,Fe-NLDH-CNTs| antibiotic in pure water, 0.050 M Na,SO4, and 50% et al. (2020)
CF) pH 3.0-12.0, 25 °C,I = 400 mA, (pH 12.0). At pH 6.0, higher degradation of 91% using
100 min. 0.075 M Na,SOj,.
Detection of ‘OH and O3 as main oxidants.
11 by-products identified by GC-MS.
Fluoroquinolones
Ciprofloxacin Three-electrode tank 150 mL of air-saturated Total degradation and k; at Ec;e = —1.50 V: 30 min and Divyapriya
reactor solution with 10 mg L™! 0.222 min~! et al. (2018a)
(Pt/Ferrocene-GO|GF) antibiotic in pure water, (pH 3), 160 min and 0.030 min !
and Ag|AgCl reference  0.050 M Na,SO4, pH 3- (pH 6), and > 180 min and 0.014 min~* (pH 9).
9,Eq = —0.75t0 —1.50 V, Good reusability over 5 consecutive cycles.
180 min. Quantification of "OH generated.
6 intermediates detected by LC-MS.
Like of Fig. 3a 350 mL of O,-saturated solution with 25 mg L™! 95% degradation in 30 min and 94% TOC removal with 20% Huang et al.
(Ti|RuO4-IrO,/FeMn antibiotic in pure water, MCE in 120 min for the optimum conditions of 300 mg (2021b)
binary oxide|GF) 0.050 M Na,SOy4, 150-600 mg of binary oxide, binary oxide, pH 7, andj = 2 mA cm ™2 Similar
pH 3-10,j = 1-4 mA cm ™2, 120 min. degradation at pH 3, dropping to 81% at pH 10.
Ofloxacin Like of Fig. 3a 230 mL of air-saturated For hetero-EF at pH 7.0 and 12.5 mA cm ™2, 20 min for total Yang et al.
(BDD/Fe''Fe' solution with 0.1 mM antibiotic in pure water, degradation, k; = 0.19 min~*, and 100% mineralization (2020)
LDH",|CF) 0.050 M Na,SOy, 0.20 mM Fe?* for homo-EF witha with 1.3% MCE and ECroc = 3.3 kWh (g TOC) .
CF cathode, pH 3.0 or 7.0, j = 3.1-12.5 mA cm™ %,  Low reusability over 6 cycles.
480 min. Quantification of ‘OH produced.
For homo-EF at pH 3.0 and 12.5 mA cm ™2, 50 min for total
degradation, k; = 0.09 min~ ', and 83% mineralization
with 1.1% MCE and ECroc = 3.9 kWh (g TOC) ™.
Identification of 9 by-products by
GC-MS and HPLG, F~, NO5, and NH, . Reaction sequence
proposed.
Sulfonamides

Sulfamethoxazole Like of Fig. 3a
(Ti40/Fe"Fe™
LDH|CF)

Like of Fig. 3a
(Pt/Cu0@
CNTs|CF)

Tetracyclines
Tetracycline Flow-through
filter-press cell

(Ti/Fe,04-CNTs)

Real wastewaters

Sulfonamides
Sulfadimethoxine Like of Fig. 3a
Sulfathiazole (BDD/Fe,N,S-SS)

145 mL of air-saturated

solution with 0.20 mM antibiotic in pure water,
0.050 M Na,SOy4, 0.20

mM Fe** for homo-EF

with a CF cathode, pH
3.0-9.0,j = 7.5 mA cm ™2,
480 min.

200 mL of air-saturated

solution with 20 mg L~ ! antibiotic in pure water,
0.050 M Na,SOy4, pH 3-

11,j = 6-15 mA cm™ 2, 75 min.

50 mL of O,-saturated solution with 0.04 mM
antibiotic in pure water,

10 mM Na,SiO3, pH 3.6-

9.4,FR = 1.5 mL min~",

Ecen = 25V, = 2 mA,

180 min.

200 mL of air-saturated pharmaceutical WWTP
effluent, 0.050 M Na,SO,, pH 3-9,

Degradation at 120 min by AO-

H,0, at pH 3.0, 6.0, and 9.0: 96%, 86%, and 84%. Total
degradation

for homo- and hetero-EF: 60 min

(pH 3.0), 120 min (pH 6.0), and

240 min (pH 9.0).

Greater TOC abatement for hetero-

EF at 480 min: 95% (pH 3.0), 90% (pH 6.0), and 88%

(pH 9.0).

Inhibition of the luminescence of

Vibrio fischeri.

Detection of 18 by-products by GC-MS and HPLC. Reaction
sequence proposed.

Total and similar degradation rate within the pH 3-9,
decreasing to 87% at pH 11 for 12 mA cm ™2

Detection of ‘OH as main oxidant.

Identification of 12 by-products by LC-QQQ-MS, SO3~, NO3 ,
and NH; . Reaction sequence proposed.

Total and similar rate degradation at pH 3.6 and 6.8,
decreasing to 87% at pH 9.4.

Identification of 10 by-products by LC-MS. Reaction sequence
proposed.

Sulfathiazole degradation and wastewater TOC removal at
10 mA ecm ™2 92% and 67% (pH 3.0), 80% and 57%

Ganiyu et al.
(2018a)

Mao et al.
(2021)

Guo et al.
(2021)

Zhu et al.
(2022)
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Antibiotic System

(anode/cathode)

Experimental remarks

Best results Ref.

Sulfodiazine j = 2-15 mA cm ™2, 180 min.

(pH 5.0), 65% and 50% (pH 7.0), and 57% and 46%
(pH 9.0) Identification of "OH, 'O, and O3 as main oxidants.
Detection of 6 aromatic derivatives by LC-QQQ-MS

# SAFe@HSC: Sea-urchin-shaped carbon-anchored single-atom iron.
" Fe'Fe™ LDH|CF: Fe''Fe layered double hydroxide multiwall|CF.

degradation with k; = 0.19 min~* was achieved in only 20 min, and at the

end of the assay, 100% mineralization with 1.3% MCE and ECtoc = 3.3
kWh (g TOC) ! was determined (see Table 5). This points to consider
that the surface Fe>* /Fe®* pair originates very rapidly high amounts of
heterogeneous ‘OH from the heterogeneous Fenton's reaction (22), which
were quantified. However, the cathode was quickly coated by the by-
products formed and lost reusability in 6 cycles. This ‘OH generation clearly
upgraded that produced in the homo-EF process at the optimum pH 3.0,
which required a much longer time of 50 min with k; = 0.09 min~" for
complete degradation, finally yielding 83% mineralization with 1.1%
MCE and ECroc = 3.9 kWh (g TOC)™'. For this compound, 9 by-
products were identified by GC-MS and HPLC, alongside the loss of F,
NOs, and NHS ion, and a reaction sequence was proposed.

Sulfamethoxazole has been the sulfonamide molecule selected as model
to study the hetero-EF treatment with cathodes of Fe"Fe'" layered double
hydroxide|CF (Ganiyu et al., 2018a), Cu;O@CNTs|CF (Mao et al., 2021),
and Cu-doped Fe,03 nanoparticles (Qi et al., 2022). The work of Ganiyu
et al. (2018a) was centered on a comparative study by AO-H,0, with a
CF cathode without catalyst, homo-EF with the same cathode and
0.20 mM Fe?™, and the hetero-EF with the prepared cathode. The experi-
ments were carried out with 145 mL of air-saturated solutions with
50 mg L~ ! antibiotic in 0.050 M Na,SO, at pH 3.0-9.0 using a stirred
tank reactor like of Fig. 3a with a powerful non-active Ti4;O, anode at
j = 7.5 mA cm ™2 Fig. 16a-16c highlight the decay of the degradation
rate when pH increased gradually from 3.0 to 9.0 in the order: AO-
H,05 < homo-EF ~ hetero-EF. For instance, at the better pH of 3.0, total
degradation was obtained at 240, 60, and 60 min, respectively (see
Table 5). In contrast, Fig. 16d discloses the superior mineralization reached
by the hetero-EF process after 480 min of electrolysis, with a TOC removal
of 95% at pH 3.0, which slightly decayed down to 90% at pH 6.0 and 88%
at pH 9.0. This makes in evidence again, as in the above case of ofloxacin,
the powerful behavior of the Fe"Fe™ layered double hydroxide|CF cathode
to produce heterogeneous ‘OH at its surface, which became operative in
acid and alkaline conditions. The faster mineralization rate at pH 3.0 was
also reflected in the more rapid inhibition of the luminescence of the ma-
rine bacteria Vibrio fischeri, as can be seen in Fig. 16e. Fig. 16f depicts that
the ultimate oxalic, glycoxylic, oxamic, maleic, and pyruvic were rapidly
formed and slowly practically destroyed during 540 min of the hetero-EF
process at pH 6.0. Moreover, 18 by-products were identified by GC-MS
and HPLC, and a reaction sequence was suggested.

Mao et al. (2021) studied the hetero-EF process of 200 mL of air-
saturated solutions with 20 mg L~ ! sulfamethoxazole and 0.050 M
Na,SO, at a wide pH interval of pH 3-11 using a stirred tank reactor like
of Fig. 3a with a Pt anode at j = 6-15 mA cm 2 lasting 75 min. At the op-
timumj = 12 mA cm ™2, the antibiotic was completely degraded at pH 3-9,
decreasing its removal up to 84% at pH 11 (see Table 5). These authors de-
tected the generation of ‘OH as main oxidant and identified 12 by-products
by LC-QQQ-MS, as well as the generation of SO%~, NO3, and NHJ ions.
Fig. 17 shows the reaction sequence for sulfamethoxazole (1) mineraliza-
tion proposed from the by-products detected. The initial ‘OH attack over
1 gives either the oxidation of its -NH, to a nitro group to form the com-
pound 2 or the demethylation followed by hydroxylation of the isoazole
ring to originate the compound 3. Subsequent cleavage of the sulfonamide
bond of 2 yields the loss of the benzene ring to produce the compound 4 or
the direct release of 3-amino-5-methylisoxazole (5). Compound 3 evolves
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via breaking of the isoazole group generating the compound 6, followed
by the cleavage of the SN bond giving rise to the compound 7. Further ox-
idation of the above intermediates yields the sulfoxide compound 8, which
is then transformed into the aliphatic S-compound 9, nitrosobenzene (10),
and the sulfone derivative 11. The cleavage of these by-products finally
leads to the ultimate acetic and formic acids that are mineralized to CO.
It is noticeable that the reaction sequences for amoxicillin in Fig. 8, cipro-
floxacin in Fig. 10, tetracycline in Fig. 14, and sulfamethoxazole in
Fig. 17 are proposed depending on the EF method used and the analytical
techniques applied (GC-MS, HPLC, LC-MS, and/or ionic chromatography,
and their varieties). So, the suggested sequence can substantially change
if other intermediates are detected by varying the process and analysis per-
formed. The generated by-products always follow as degradative sequence:
antibiotic — aromatic/heteroaromatic/cyclic derivatives — short-linear al-
iphatic acids — CO, + released inorganic ions. As general rule, the ‘OH
formed from Fenton's reaction originates the conversion of the antibiotic
up to the aliphatic acids, whereas the destruction of the latter, highly recal-
citrant, is rather due to the action of the heterogeneous M(OH) formed at
the anode surface where the BDD electrode is preferable because it is the
most powerful anode known (Brillas and Garcia-Segura, 2020; Brillas,
2022).

The hetero-EF treatment of tetracycline has been investigated with cath-
odes of FeOCI-CNTs (Li et al., 2020d), Fe,03-CNTs (Guo et al., 2021), and
FeOCl-carbon cloth (Tang et al., 2021). Guo et al. (2021) used a flow-
through cell with a Ti anode at FR = 1.5 mL min~* to degrade 50 mL of
O,-saturated solutions with 0.04 mM antibiotic and 10 mM Na,SiO5 as elec-
trolyte at pH 3.6-9.4. An E..; = 2.5V, equivalent to al = 2 mA, was pro-
vided during 180 min. The antibiotic was slowly removed with total and
similar rate degradation at pH 3.6 and 6.8, dropping to 87% at pH 9.4
(see Table 5). LC-MS analysis of electrolyzed solution allowed the identifi-
cation of 10 by-products, suggesting a possible reaction sequence.

Few authors have considered the comparative study of various antibi-
otics by hetero-EF with functionalized cathodes. The behavior of sulfadia-
zine and ofloxacin in sulfate medium with a non-iron N,S-exfoliated
graphene|CF cathode was investigated by Yang et al. (2021), whereas
that of sulfadiazine, sulfathiazole, and sulfadimethoxine in sulfate matrix
and in a pharmaceutical WWTP effluent with a Fe,N,S-SS cathode has
been reported by Zhu et al. (2021) and Zhu et al. (2022), respectively.
The article of Zhu et al. (2021) electrolyzed 100 mL of an air-saturated so-
lution with 10 mg L™ ! of each antibiotic in 0.050 M Na,SO, at pH 3.0 with
a stirred tank reactor with a BDD anode atI = 50 mA. Overall degradation
was obtained for increasing times of 25 min for sulfadiazine, 40 min for sul-
fathiazole, and 55 min for sulfadimethoxine, with a TOC abatement at
60 min of 53%, 43%, and 41%, respectively. The same trend was further de-
scribed by Zhu et al. (2022) for the same system and treating 200 mL of a
pharmaceutical WWTP effluent after adding 0.050 M Na,SO, at
pH 3.0-9.0, by applying aj = 2-15 mA cm ™ 2 for180 min. Fig. 18a and b
depict the abatement of the more easily degradable sulfadiazine and the
wastewater TOC at the different pH values tested for j = 10 mA cm ™ 2. As
expected, these parameters slowed down with raising.

pH, showing a degradation of 92%, 80%, 65%, and 57% at pH 3.0, 5.0,
7.0, and 9.0, respectively, with corresponding TOC reduction of 67%, 57%,
50%, and 46% (see Table 5). These results confirm again an acceptable per-
formance of the system at near neutral pH. It is noticeable the effort made to
identify the main oxidants using ¢-butanol for ‘OH, furfuryl alcohol for 10,,
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Fig. 16. Variation of sulfamethoxazole concentration with electrolysis time for the destruction of 145 mL of air-saturated solutions with 50 mg L ™! (0.20 mM) antibiotic in
0.050 M Na,SO, at different pH values using a stirred tank reactor with a Ti;O, anode by means of (a) AO-H,0, with a carbon-felt cathode, (b) homo-EF with 0.20 mM Fe2*
and a carbon-felt cathode, and (c) hetero-EF with a Fe''Fe LDH|CF cathode at j = 7.5 mA cm ™2 (d) Percent of TOC removal after 480 min of the above trials. (e) Percentage
of inhibition after 15 min of exposure to the luminescence of Vibrio fischeri by hetero-EF. (f) Evolution of generated carboxylic acids during the hetero-EF process at pH 6.0.

Adapted from Ganiyu et al. (2018a).

and p-benzoquinone for O3 as scavengers (see Fig. 18c¢). Fig. 18d-18e high-
light the clear DMPO-"OH and TEMP-'0, spectra recorded by EPR for the
two former radicals, whereas Fig. 18f show a non-clear DMPO-O3 spectrum.
A total of 6 aromatic derivatives were identified by LC-QQQ-MS.

The research of hetero-EF with iron functionalized cathodes corrobo-
rates, in most cases, its good effectiveness to destroy antibiotics at neutral
pH, although it offers better performance at pH 3.0, which can be even su-
perior to that of homo-EF. Sophisticated cathodes have been tested for this
purpose, which are doubtful fpr their application in practice. Simpler mate-
rials like FeMn binary oxide or Fe;O3-CNTs should be better checked in the
next future to corroborate their oxidation ability over a large variety of an-
tibiotics, preferentially in real wastewaters using pilot plants to open the
way to industrial scale.

27

4.3. Combined electro-Fenton processes

This section examines the hybrid and sequential processes of EF devel-
oped to destroy antibiotics. Coupling with absorption and membranes,
and the use of microbial EF, are described as hybrid methods, whereas
the sequential ones consider the post-treatment with adsorption or biolog-
ical processes. Table 6 lists selected results obtained for these combined
EF treatments.

4.3.1. Hybrid processes

Chen et al. (2019b) proposed a hybrid EF/absorbent method to remove
sulfathiazole, schematized in Fig. 19a. The cell was a stirred tank reactor
with a Ni anode and a graphite cathode, and an absorbent membrane
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Fig. 17. Proposed reaction sequence for sulfamethoxazole mineralization in sulfate
bifunctional CNTs|CF foam cathode. Adapted from Mao et al. (2021).

with zero-valent iron (ZVI) nanoparticles or spongy ZVI between them.
Fig. 19a highlights that the antibiotic crossed the absorbent membrane to
be destroyed at the cathode surface where H,0, is generated and the oxi-
dants ‘OH and HO3 are formed with the Fe?™ produced from ZVI in the
membrane.

Air-saturated solutions of 400 mL containing 1.50 mg L~ ! antibiotic,
0.050 M Na,SO,4, and 1 g L™ of each separated catalyst, at pH 5 and
15 °C, were treated at j = 7.5 mA cm ™~ 2. A synergistic effect was found
due to the iron converted into Fe?* in the membrane, much superior for
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medium by hetero-EF with a functionalized Cu,O nanoparticles anchored on 3D

spongy ZVI giving a total TOC decay in 160 min (see Fig. 19b and
Table 6). Fig. 19¢ shows that greater amount of "OH was produced from
spongy ZVI. LC-MS/MS revealed the generation of 9 cyclic derivatives
and a reaction sequence was suggested.

Jiang et al. (2018, 2021) used a hybrid EF with membrane method
operating in continuous mode, depicted in Fig. 20a, for the degradation
of florfenicol and a mixture of antibiotics, respectively. The dead-end
membrane cell was equipped with a Pt anode, a carboxylated carbon
nanotubes intercalated reduced graphene oxide doped with iron oxide
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this antibiotic with 0.050 M Na,SO, using a stirring tank reactor with a BDD anode and a Fe,N,S co-doped cathode onto SS by applying aj = 10 mA cm ™2 (c) Effect of 50 mM
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under the latter conditions for: (d) "OH, (e) 10, and (f) O} using 100 mM DMPO or 50 mM 2,2,6,6-tetramethylpiperidine (TEMP). Adapted from Zhu et al. (2022).

membrane, and an Ag|AgCl reference electrode. Jiang et al. (2021) de-
graded a mixture of 1.0 mg L™ ! of each antibiotic with 0.050 M
Na,SO,4 at pH 7.0, upon a pressure of 2.5 bar and 25 °C, by providing
an E.,c = —0.6 V. Fig. 20b shows the percentage of excellent antibiotic
degradations determined in this hybrid treatment. From this figure and
data of Table 6, one can infer a relative larger reactivity for the
degradation of several antibiotic families with "OH following the se-
quence: sulfonamides (78% for sulfadiazine and 83% for sulfamethoxa-
zole) ~ fluoroquinolones (80% for ofloxacin) < amphenicols (94% for
florfenicol) < [-lactams (100% for amoxicillin, ampicillin, and
cefalexin). Note that all these antibiotics are negatively charged in the
medium, and the effectiveness of the procedure should then be
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confirmed for positively charged antibiotics like chloramphenicol and
thiamphenicol.

Several hybrid microbial EF processes have been proposed for the de-
struction of the macrolide erythromycin (Li et al., 2020c), sulfamethoxazole
and norfloxacin (Wang et al., 2019), sulfamethoxazole (Li et al., 2020b),
tetracycline (Soltani et al., 2021), and tetracycline and sulfaquinoxaline
(Hassan et al., 2020). Fig. 21a and b illustrate the setup of two successful di-
vided two-electrode cells with electricity generation proposed by Li et al.
(2020c) and Hassan et al. (2020) for hybrid microbial EF, respectively. In
Fig. 21a, the antibiotic was oxidized in both compartments (anolyte and
catholyte) separated by a cation exchange membrane. The anolyte
contained 76.3 mL of 50 pg L.~ ' antibiotic in 1 g L™ ! acetate and 50 mM
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Selected results determined for the removal of several antibiotics by hybrid and sequential electro-Fenton processes.

Antibiotic System (anode/cathode)

Experimental remarks

Best results Ref.

Hybrid electro-Fenton/absorbent
Sulfonamides
Sulfathiazole Fig. 19a ZVI NPs, spongy
ZVI catalysts

(Ni/graphite)

Hybrid electro-Fenton with membrane

Amoxicillin Fig. 20a
Ampicillin (Pt/RGO-CNTs-Fe) and
Cefalexin Ag|AgCl reference
Ofloxacin
Sulfadiazine
Sulfamethoxazole
Florfenicol
Hybrid microbial electro-Fenton
Macrolides
Erythromycin Fig. 21b
(carbon
cloth/CNT|y-FeOOH|SS)
and a cation exchange
membrane
Tetracyclines
Tetracycline Fig. 21b (CF/CF with
Sulfaquinoxaline SrFe;,049 catalyst) and a
cation exchange
membrane
Tetracycline Fig. 21b

(CF/CF) and a cation
exchange membrane

Sequential adsorption-electro-Fenton

Sulfonamides

Sulfamethiazole ~ Adsorption: stirred

vessel with pellet
carbonaceous material.
EF: Like of Fig. 3a
Iron-perlite catalyst
(BDD/CF)

Sulfamethoxazole Adsorption: stirred
vessel
EF: Stirred cubic
cell
(BDD/CF)
Sequential electro-Fenton-biological process
Nitroimidazoles
Metronidazole EF: Like of Fig. 3a
(Pt/GF)
Biological: Stirred tank
reactor

400 mL of air-saturated solution with 1.50 mg L~ antibiotic
in pure water, 0.050 M Na,SO,4, 1 g L™!
catalyst, pH 5, 15 °C,j = 7.5 mA cm ™2, 330 min.

Continuous O,-saturated solution with a mixture of
1.0 mg L~ ! of each antibiotic in pure water, 0.050 M Na,SO,,
pH 7.0, pressure 2.5 bar, 25 °C, E¢, = —0.6 V.

76.3 mL of anolyte and catholyte. Anolyte: 50 pg L™*
antibiotic in 1 g L™ " acetate and 50 mM phosphate buffer.
Catholyte: O,-saturated solution with 50 pg L~ antibiotic in
50 mM phosphate buffer, pH 7, 30 °C, 48 h.

250 mL of anolyte and catholyte. Anolyte:

1 g L™ ! acetate and growth medium. Catholyte: Air-saturated
solution with a mixture of 10 mg L™ " of each antibiotic in
pure water with phosphate, 0.3 g L™ ! of catalyst or
FeSO,7H,0, pH 3-7, 24 °C, 24 h.

450 mL of anolyte and catholyte. Anolyte: anaerobic

sludge + synthetic feeding wastewater + salts+ phosphate
buffer, pH 7 (1000-10,000 mg L~! coD). Catholyte:
Air-saturated solution with 10 mg L~ antibiotic in pure
water, 0.10 M

K804, 2-10 mg L1

FeSO4, pH 3-7, 30 °C, 24 h.

Adsorption: 25 mL of 0.1: 25 g of adsorbent per mol of
25 mg L.~ ! antibiotic in pure water, 25 °C, 240 min.
Desorption with 15 mL of acetonitrile, 25 °C, 240 min.
EF: 150 mL of air-saturated solution with 25 mg L™ ! of
antibiotic in pure water, 0.10 M

Na,SO4, pH 3.0, 25 °C,I = 100 mA, 240 min.

Adsorption; 50 mL of 50 mg L~ ! antibiotic and 0.1 g biochar,
stirring at 150 rpm, pH 5.6, 25 °C, 180 min.

EF: 150 mL of air-saturated solution with 0.1 g biochar in
0.01 M

Na,S0,4, 0.29 mM Fe“, pH 3.0, = 300 mA, 360 min.

250 mL of air-saturated solution with 100 mg L~ " antibiotic
in pure water, 0.050 M NaySOy4, 0.1 mM Fe2+, pH 3.0, 20 °C,
j = 0.07 mA cm™2 120 min.

Biological: 200 mL of pre-treated solution, 0.5 g L™" of
activated sludge, pH 7, stirring at 150 rpm, 28 °C, 504 h.

Total TOC removal: 160 min (spongy ZVI),  Chen et al. (2019b)
240 min (ZVI NPs), 330 min (no catalyst).

Quantification of ‘OH.

9 cyclic derivatives detected by LC-MS/MS.

Reaction sequence proposed.

Degradation: 100% for amoxicillin,
ampicillin, and cefalexin, 80% for ofloxacin,
78% for sulfadiazine, 83% for
sulfamethoxazole, and 94% for florfenicol.

Jiang et al. (2021)

89% degradation and 87% COD removal.
Maximum power output and current density:
0.193 Wm ™ *and 0.583 Am™?>

(R = 1000 Q),

Li et al. (2020c¢)

With the catalyst at pH 3and R = 1000 Q,
86-88% degradation of all antibiotics in

17 h, 100% in 24 h.

Coulombic efficiency of 33-43% and
maximum power output of 136.4 mW m ™2,
Lower degradation of 71-75% at pH 5, and
58-63% at pH 7.

Using FeSO47H,0 at pH 3, 80% degradation
in 24 h.

Degradation with 2000 mg L™ COD at

pH 3: 99% for short-circuit (R = 0 Q), 90%
for open circuit (R = 1000 Q).

97-99% degradation between 1000 and
10,000 mg L~ ! of anodic COD in
short-circuit at pH 3, 91% at pH 5, and 88%
atpH 7.

Maximum voltage, current density, and
power density at pH 3 and 10,000 mg L~*
of anodic COD: 322 mV, 1195 mA m ™2, and
141.60 mW m ™2

Hassan et al.
(2020)

Soltani et al.
(2021)

Adsorption: 95% antibiotic removed.
Overall desorption in 3 consecutive cycles.
Total degradation and k;:

240 min and 0.019 min~ ! (AO-H,0,),

20 min and 0.300 min~ ! (homo-EF with
Fe®"), 10 min and 0.403 min "
(hetero-EF with iron-perlite).

Detection of 4 carboxylic acids by HPLC, NO3,
NO; , and NH; .

Adsorption: 100% antibiotic removed. Low
reusability of the adsorbent.

EF: 88% of antibiotic decay

for adsorbent regeneration. Reusability
during 6 consecutive cycles.

Puga et al. (2020a)

Acevedo-Garcia
et al. (2020)

Aboudalle et al.
(2018)

EF; total degradation in 20 min. 16% and
32% mineralization after 60 and 120 min,
respectively.

Increase of BDOs/COD from O to 0.44 in
60 min or 0.60 in 120 min.

Biological: 89% total mineralization using
pre-treated EF solutions at 60 or 120 min.
5 heterocyclic derivatives identified by
LC-MS/MS, NO3 , and NHy .

phosphate buffer (pH 7) with a carbon cloth anode, whereas the catholyte
was an O,-saturated solution with 50 pg L™?
buffer (pH 7) and a CNT|y-FeOOH|SS cathode. The system worked at 30 °C

antibiotic in 50 mM phosphate
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during 48 h, attaining 89% degradation and 87% COD removal. The elec-
trons circulating through the external circuit with a resistance of 1000 Q
generated a maximum power output of 0.193 W m ™2 and current density
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Fig. 19. (a) Sketch of the experimental setup and proposed mechanism for the hybrid EF/absorbent process of sulfathiazole using a stirred tank reactor with a Ni anode, a
graphite cathode, and a spongy zero-valent iron (ZVI) between them as particle catalytic electrodes. (b) Normalized concentration vs. electrolysis time for the no catalyst
treatment and the processes with ZVI NPs and spongy ZVI of 400 mL of air-saturated solution with 50 mg L~ ! antibiotic and 0.050 M Na,SO, at pH 5 and 15 °C, by

applying j = 7.5 mA cm ™2 (c) Relative accumulated "OH content in the above trials. Adapted from Chen et al. (2019b).
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Fig. 20. (a) Sketch of the setup used for the hybrid EF with membrane treatment in continuous mode of a mixture of antibiotics with a dead-end membrane setup equipped
with a Pt anode, a carboxylated carbon nanotubes (CCNTs) intercalated reduced graphene oxide (RGO) composite EF (doped with iron oxide) membrane, and an Ag|AgCl
reference electrode. (b) Removal efficiency for an O,-saturated solution with 1.0 mg L™ ! of each antibiotic with 0.050 M Na,SO,4 at pH 7.0 and 25 °C, pressure of 2.5 bar,

and E.,; = —0.6 V/Ag|AgCl. Adapted from Jiang et al. (2021).

0f 0.583 A m 2 (see Table 6). In contrast, Fig. 21b shows that the antibiotic
was only destroyed in the catholyte by ‘OH produced by hetero-EF with a
functionalized M-type strontium hexaferrite nanoparticles cathode. The
anolyte with a CF anode coated with a biofilm contained 250 mL of
1 g L™ ! acetate in a growth medium. Oxidation of acetate to CO, provided
the electrons that passed through a resistance of 1000 Q to the cathode in
the catholyte, composed of 250 mL of an air-saturated solution with a mix-
ture of 10 mg L™ ! of tetracycline and sulfaquinoxaline in phosphate me-
dium with 0.3 g L™! of catalyst at the cathode or 0.3 g L™! of
FeSO47H,0 (homo-EF with a CF cathode) at pH 3-7. The trials were
made at 24 °C for 24 h. As expected, the cells showed better performance
at pH 3 where the heterogeneous Fenton's reaction (22) or the Fenton's re-
action (4) are optimal. Under these conditions, the antibiotics underwent
86-88% degradation in 17 h, which rose to 100% in 24 h, with a coulombic
efficiency of 33-43% and maximum power output of 136.4 mW m ™2,
Lower degradations of 71-75% at pH 5 and 58-63% at pH 7 were deter-
mined (see Table 6). Poorer results were found by homo-EF with
FeSO,7H,0 at pH 3 since only 80% degradation was reached for both an-
tibiotics in 24 h.

Other interesting microbial EF system like of Fig. 21b with two CF
electrodes has been reported by Soltani et al. (2021) for tetracycline
removal. The anolyte contained 450 mL of an organic load with
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1000-10,000 mg L.~ ' COD composed of anaerobic sludge, synthetic
feeding wastewater, salts, and a phosphate buffer of pH 7. The catholyte
of 450 mL contained an air-saturated solution with 10 mg L.~ antibi-
otic, 0.10 M K»,SO,4, and 2-10 mg L.~ 1 FeSO, operating at pH between
3 and 7 and at 30 °C. Results of Table 6 make in evidence that for all an-
odic COD loads and in 24 h, 97-99%, 91%, and 88% degradation was
obtained in short-circuit (resistance 0 2), with maximum voltage of
322 mV, current density of 1195 mA m~ 2, and power density of
141.60 mW m 2 for 10,000 mg L~ ! of anodic COD at pH 3.

4.3.2. Sequential processes

The Spanish Sanroman group proposed a sequential adsorption-EF
method for the remediation of sulfanoamides like sulfamethiazole (Puga
et al., 2020a) and sulfamethoxazole (Acevedo-Garcia et al., 2020; Puga
et al., 2020b). The aim of the method was the adsorption of the antibiotic
from diluted solutions, followed by desorption from the adsorbent to a so-
lution to be effectively degraded by EF. Puga et al. (2020a) checked that
95% of sulfamethiazole was adsorbed in 0.1:25 g of pellet carbonaceous
as adsorbent per mol in 25 mL of 25 mg L.~ antibiotic in pure water with
a stirred vessel at 25 °C for 240 min. The adsorbent desorbed completely
the antibiotic in 15 mL of acetonitrile after 3 cycles at 25 °C during
240 min. Once confirmed that the antibiotic could be desorbed from the
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Fig. 21. Examples of hybrid microbial EF processes for the treatment of (a) erythromycin in phosphate buffer (pH 7) with a carbon cloth anode and a CNT|y-FeOOH stainless
steel (SS) cathode (adapted from Li et al., 2020c), and (b) tetracycline and sulfaquinoxaline in phosphate buffer (pH 7) with a carbon-felt anode and a carbon-felt cathode with
M-type strontium hexaferrite nanoparticles (adapted from Hassan et al., 2020). In both cases, a divided H-cell with a cation exchange membrane as separator was used.

adsorbent to be potentially treated by EF, a parallel hetero-EF treatment
with an iron-perlite catalyst and other AOPs was undertaken to treat
150 mL of an air-saturated solution with 25 mg L™ ' of antibiotic in
0.10 M Na,SO4 at pH 3.0 and 25 °C using a stirred tank reactor like of
Fig. 3aat] = 100 mA. Total degradation was attained in 240 min (k; =
0.019 min~ 1) by AO-H50, (without catalyst), decreasing to 20 min
(k; = 0.300 min~*) by homo-EF with Fe®>* and to only 10 min (k; =
0.403 min™ 1) by hetero-EF with iron-perlite solid catalyst (see Table 6).
The authors detected 4 carboxylic acids by HPLC, as well the loss of NO3 ,
NO; , and NH, ions. This research pointed the feasible application of a se-
quential adsorption-EF process, which was applied to the destruction of sul-
famethoxazole by Acevedo-Garcia et al. (2020). To do this, they spiked
50 mg L™ of antibiotic in 50 mL of pure water in a stirred vessel with
0.1 g of biochar as adsorbent at pH 5.6 and 25 °C during 180 min. Under

these conditions, the biochar adsorbed all the antibiotic and then, 0.1 g of
the contaminated biochar was introduced in a stirred BDD/CF cubic cell
containing 150 mL of an air-saturated 0.01 M Na,SO, solution with
0.29 mM Fe?™" at pH 3.0 and aI = 300 mA was applied. The antibiotic
was slowly desorbed from the biochar to the aqueous matrix and oxidized
by".OH, and after 360 min of the homo-EF process, a maximal of 88% of
it was removed with adsorbent regeneration (see Table 6). A good reusabil-
ity was found during 6 consecutive cycles.

Several authors have investigated the behavior of sequential EF-
biological processes related to the destruction of the fluoroquinolones
gatifloxacin and gentamicin (Arhoutane et al., 2019a), and the
nitroimidazole metronidazole (Aboudalle et al., 2018, 2021). The EF pro-
cess was applied as pre-treatment of the antibiotic wastewater strongly re-
ducing its toxicity and allowing an efficient biological post-treatment.
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This arrangement seems more useful in practice because it is easily scalable
to industrial level since the biological processes can be performed with
large volumes of liquid and are very cost-effective. For instance, Table 6
shows the results obtained for metronidazole removal by this sequential
process (Aboudalle et al., 2018). The EF pre-treatment was performed
with a stirred Pt/GF cell like of Fig. 3a containing 250 mL of an air-
saturated solution with 100 mg L™ ! antibiotic in 0.050 M Na,SO, with
0.1 mM Fe** at pH 3.0 and 20 °C upon a very low j = 0.07 mA cm ™2,
Total degradation was obtained after 20 min of electrolysis, attaining a
low mineralization of 32% in 120 min. Fortunately, the BDOs/COD ratio
of the electrolyzed solution rose to 0.60, making it biodegradable. A volume
of 200 mL of the pre-treated solution was then subsequently transferred
into a stirred tank reactor with 0.5 g .~ " of activated sludge at pH 7 and
28 °C for 504 h, giving rise to a high mineralization of 88%. Additionally,
5 heterocyclic derivatives were identified by LC-MS/MS, as well as NO3
and NH, as released ions.

5. Conclusions and prospects

The homo- and hetero-EF processes show an excellent oxidation ability
to destroy a large variety of antibiotics in synthetic and real wastewaters.
These methods have the common feature of generating the strong oxidant
‘OH from Fenton's reaction (4), heterogeneous Fenton's reaction (22), and
heterogeneous M('OH) from reaction (24) at optimum pH 3.0, which can
effectively remove aromatic/heteroaromatic/cyclic by-products and ali-
phatic pollutants. At present, the studies published for these EF treatments
have been made at bench-scale level and do not support any mature method
for its direct application to industrial scale. To solve this situation, it is nec-
essary in the next future to extend the research to pilot plants, pre-
eminently with real wastewaters, to obtain operating and energetic param-
eters industrially affordable. It is also required deep techno-economic anal-
yses showing their advantages to benchmark these EF technologies in front
of other available AOPs. The knowledge of by-products and their relative
toxicity and biodegradability are also key parameters to infer the duration
of the treatment and their possible combination with subsequent cheaper
post-treatments such as post-biological processes, which are very interest-
ing to be developed at industrial level to offer more clear advantages over
other possible competitive AOPs. Homo-EF is the most studied process for
antibiotic remediation in sulfate medium. It is much more powerful than
AO-H,0, and the amount of H,0, electrogenerated determines its oxida-
tion power because it controls the ‘OH production to destroy organics. Car-
bonaceous cathodes like carbon sponge, carbon felt, and GDE seem the
better materials for this purpose, although some modified cathodes favor
the electrogeneration of H,0O,, which depend on the applied I or j in two-
electrode systems and E.,, in three-electrode ones The parallel ability of
the anode to form heterogeneous M('OH) also plays an important role in
the process. The non-active BDD is the best anode for homo-EF, with a
much greater oxidation power than active anodes like Pt and DSA. The pro-
cess is optimal at pH 3.0 and regulated by Fenton's reaction (4). From the
by-products detected after electrolysis, one can infer that the antibiotic is
rapidly transformed into more recalcitrant aromatic and cyclic derivatives,
which slowly evolve to ultimate carboxylic acids that are difficultly con-
verted into COs. This explains the enlargement of the antibiotic mineraliza-
tion respect to its degradation, as well as the low TOC abatement found in
many treatments depending on the recalcitrance of intermediates, although
the wastewater toxicity usually diminishes. Other co-catalysts as Cu>* and
Mn?* also producing ‘OH from Fenton-like reactions are beneficial for the
oxidative process. The increase in j or E.,, leads to a faster mineralization,
but with lower MCE and higher ECroc, because of the acceleration of the
parasitic reactions of ‘OH and M('OH). More comparative studies with dif-
ferent antibiotics are needed to clarify their reactivity respect to ‘OH.

Much less attention has received the homo-EF treatment of real waste-
waters, where additional oxidants and toxic species like active chlorine,
ClO3, ClO4 , and chloramines are formed from the oxidation of C1~ present
in the aqueous matrix. Active chlorine also attacks the antibiotic yielding
toxic and recalcitrant chloroderivatives. The oxidation of the antibiotic is
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slower than in synthetic sulfate solutions as result of the consumption of ox-
idizing agents in the parallel destruction of the other pollutants present in
the medium. Studies with flow plants demonstrate that better performance
is found operating with flow-through than flow-by regimes, a behavior that
needs a deeper investigation in future work to clarify the best efficient tech-
nique for the homo-EF process. TPP as ligand of Fe?* also produces "OH
from a Fenton-like reaction and can efficiently destroy the antibiotic at
near neutral pH 6, very far from the optimum pH 3 of Fenton's reaction
(4). The main drawback of using TPP is that it must be extracted from the
medium to obtain a clean water before disposal.

The Fe?™ catalyst in homo-EF can be replaced by iron solid catalysts in
hetero-EF with similar or even better performance. The oxidation ability of
iron solid catalysts is again higher at pH 3.0, with the advantage of avoiding
iron sludge when the solution is neutralized. Iron oxides and sulfides, some-
times with copper, have been explored as catalysts, showing an acceptable
reusability. The heterogeneous Fenton's reaction (22) is promoted at the
catalyst surface to form heterogeneous ‘OH as the main oxidant, although
05 generation has been claimed as well. ‘OH and 'H are proposed as the gen-
erated oxidants by Pd- Fe;0, catalyst. Addition of more catalyst causes
higher antibiotic removal due to the presence of more electrocatalytic sur-
face, which is enhanced with raising I. The BDD anode is again the better
electrode for the mineralization process. The antibiotic removal is relied
on the iron solid catalyst and its reactivity seems rather related to the recal-
citrance of by-products formed. An increasing mineralization sequence in-
volving oxytetracycline < sulfadiazine < sulfamethazine < tetracycline,
has been reported.

Hetero-EF with iron functionalized cathodes can operate at near neutral
pH where it shows a good effectiveness to destroy antibiotics, although it
offers better performance at pH 3.0, which can be even superior to that of
homo-EF. This is feasible because H,O, electrogeneration and heteroge-
neous Fenton's reaction (22) occur simultaneously at the cathode surface fa-
voring the oxidant generation and antibiotic destruction at pH > 3.0. ‘OH,
03, and 'O, have been proposed as main oxidizing agents. Sophisticated
cathodes that are not useful in practice have been tested. This suggests
that in the next future, the treatments should be centered on simple mate-
rials like FeMn binary oxide or Fe,O3-CNTs to confirm their oxidation abil-
ity over a large variety of antibiotics, preferentially in real wastewaters
using pilot plants to open the way to industrial scale.

Several hybrid and sequential EF methods have been proposed for an ef-
fective destruction of antibiotics. More research is needed to develop ma-
ture technologies for their practical application. It has been found that the
relative reactivity of negatively charged antibiotics follows the order: sul-
fonamides ~ fluoroquinolones < amphenicols < B-lactams. The hybrid
microbial EF systems proposed show a large mineralization of antibiotics,
along with the generation of an excellent electric power density. The
sequential EF-biological process should be extensively explored since the
EF pre-treatment reduces the toxicity enough to ensure an efficient and
cost-effective subsequent biological treatment.
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