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ABSTRACT

Wastewaters with toxic and recalcitrant organic contaminants are poorly remediated in conventional wastewater
treatment plants. So, powerful processes need to be developed to destroy such organic pollutants to preserve the
quality of the aquatic environment. This critical and comprehensive review presents the recent innovative
development of photoelectro-Fenton (PEF) covering the period 2019-September 2024. This emerging photo-
assisted Fenton-based electrochemical advanced oxidation process (EAOP) is an efficient and cost-effective
treatment for water remediation. It possesses a great oxidation power because the in-situ generated hydroxyl
radical as oxidant is combined with the photolysis of the organic by-products under UV or sunlight irradiation.
The review is initiated by a brief description of the characteristics of the PEF process to stand out in the role of
generated oxidizing agents. Further, the homogeneous PEF. PEF-like, solar PEF (SPEF), and SPEF-like processes
with iron catalysts are discussed, taking examples of their application to the removal and mineralization of
solutions of industrial chemicals, herbicides, dyes, pharmaceuticals, and direct real wastewaters. Novel
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heterogeneous PEF treatments of such pollutants with solid iron catalysts or functionalized cathodes are
analyzed. Finally, novel hybrid processes including PEF/photocatalysis and PEF/photoelectrocatalysis, followed
by novel and potent sequential processes like electrocoagulation-PEF and persulfate-PEF, are discussed.
Throughout the manuscript, special attention was made to the total operating cost of PEF, which is more
expensive than conventional electro-Fenton due to the high electric cost of the UV lamp, pointing to consider the
much more cost-effective SPEF as a preferable alternative in practice.

1. Introduction

The accumulation of organic and inorganic pollutants into water
bodies worldwide from wastewater causes a continuous loss of water
quality for the subsistence and consumption of animals and humans.
Many industrial chemicals, herbicides, dyes, and drugs in wastewater
are released daily into natural waters (Brillas, 2020; Sirés and Brillas,
2021). Persistent organic pollutants (POPs) are inefficiently removed in
municipal wastewater treatment plants (WWTPs) by traditional physi-
cochemical and biological processes. Since they are largely stable to
ambient conditions and solar light, their accumulation is favored in
lakes, rivers, and oceans, and even in drinking water, at levels from ng
L't ug L1 (Martinez-Huitle and Brillas, 2021; Pacheco-Alvarez et al.,
2022). Most POPs in the aquatic environment are toxic and can originate
hazardous health effects on living beings. This makes necessary the
proposal and development of simple, safe, and effective powerful
oxidation technologies to ensure their removal from water.

Over the last decades, advanced oxidation processes (AOPs)
including chemical, photochemical, electrochemical, and photo-
electrochemical techniques have been developed for the remediation of
wastewaters containing POPs (Brillas and Garcia-Segura, 2023; Brillas
and Peralta-Hernandez, 2023). AOPs are based on the in-situ generation
of reactive oxygen species (ROS) like hydroxyl radical (*OH) that can
attack organics up to their mineralization, the reason for which are
considered environmentally friendly methods. The large oxidation
ability of *OH over most organic pollutants is due to its high standard
reduction potential (E°) of 2.80 V/SHE) (Nidheesh et al., 2018). The
most ubiquitous chemical AOP is the Fenton method which consists of
the addition of a mixture of Fe** and H50-, the so-called Fenton’s re-
agent, which originates homogeneous *OH by the classical Fenton’s
reaction (Deng et al., 2023). However, the mineralization of organic
pollutants in this technique is impeded by the formation of Fe(III)
complexes with final short-linear aliphatic carboxylic acids, hardly
oxidizable by *OH. The photo-Fenton (PF) or solar PF (SPF) techniques,
overcome this problem because the solution is illuminated by UV light or
sunlight producing more *OH with photolysis of the Fe(III) complexes
formed, thus significantly enhancing its mineralization process (Brillas,
2020).

Electrochemical AOPs (EAOPs) are of great technological interest
because they are environmentally compatible operating at mild condi-
tions with versatility, high efficiency, safety, and amenability of auto-
mation (Nidheesh et al., 2018; Poza-Nogueiras et al., 2018).
Electro-Fenton (EF) as the ubiquitous Fenton-based EAOP is more
powerful than the Fenton method. In EF, both reagents (Fe®* and H>05)
are produced in an electrolytic cell and organics can be destroyed by
homogeneous *OH generated from Fenton’s reaction, by direct anodic
oxidation, and/or mediated oxidation with heterogeneous *OH formed
from water discharge at the anode (Poza-Nogueiras et al., 2018). Then, it
outperforms the simpler anodic oxidation (AO) process where organic
pollutants are only removed by direct or mediated oxidation at the
anode of the electrolytic cell (Sirés and Brillas, 2021). In many cases, EF
shows weak mineralization as a result of the ineffective attack of ho-
mogeneous and heterogeneous *OH on the recalcitrant final Fe
(I1)-carboxylate complexes generated (Deng et al., 2023). Like in the
case of the photo-Fenton method, the exposition of the treated EF so-
lution to UV light upgrades the mineralization efficiency in the
photoelectro-Fenton (PEF) process. The alternative use of sunlight as an

inexpensive and renewable source of light energy allows the application
of the solar PEF (SPEF) process that usually improves the PEF by the
higher irradiance of sunlight with respect to conventional UV lamps.

In previous work, one of us published a comprehensive review of the
application of PEF processes to the removal of waters contaminated with
POPs (Brillas, 2020). It summarized the articles reported from 2010 to
2018, also covering those with data from 2019 in the last year. Since no
further reviews have been published in the literature on this interesting
issue, we have undertaken a review of the articles reported on it in the
period 2019-September 2024, without considering those published in
2018 with data in 2019. A search in the Scopus database with the key-
words “Photoelectro-Fenton” and “organic pollutants” allowed the se-
lection of 85 scientific papers showing innovative PEF treatments for
organics in this period.

This paper presents a critical and comprehensive review of the main
innovative applications of PEF and related processes for synthetic and
real wastewater remediation shown in the above articles. First, the
characteristics operating variables, and parameters of PEF and SPEF are
briefly described to discuss their oxidation ability and the role of pro-
duced oxidants and irradiated UV or solar light. Further, the abatement
of industrial chemicals, herbicides, dyes, and drugs in synthetic solu-
tions and real wastewater is summarized by homogeneous PEF, PEF-like,
SPEF, and SPEF-like processes. While Fe?" acts over electrogenerated
Hy0, in PEF and SPEF, their like processes stabilize this ion by
quenchers or use HCIO instead of Hy0. After this, heterogeneous PEF
methods with solid catalysts or functionalized cathodes are detailed. The
final part analyzes combined treatments, coupling hybrid PEF with
photocatalysis (PC) and photoelectrocatalysis (PEC), and sequential
electrocoagulation (EC) or persulfate (PS) with PEF.

2. Characteristics of the photoelectro-Fenton process

PEF involves the 2-electron reduction at the cathode of injected O to
yield HoO3 by reaction (1) in an acidic medium with E° = +0.68 V/SHE
(Deng et al., 2023). A 3D cathode like a gas-diffusion electrode (GDE)
directly fed with O or air or a 2D cathode fed with dissolved O, in the
solution can be used. Reaction (1) competes with the cathodic reduction
of H" to Hy with E° = 0 V/SHE, also being easier than the cathodic
4-electron reduction of Oy to HoO with E° = +1.23 V/SHE. 3D and 2D
carbonaceous cathodes yield the best efficiency for HyO, electro-
generation from reaction (1). Nevertheless, when an undivided cell is
used, the accumulated Hy0; is oxidized at the anode M giving the
weaker oxidant hydroperoxyl radical (M(HO3)) by reaction (2) (Sirés
and Brillas, 2021). This reaction competes with the anodic water
oxidation leading to the heterogeneous M(*OH) by reaction (3), limited
to the anode surface. At high current, O3 can be generated from reaction
(4) (Brillas, 2020)

0y + 2H' + 2e” - Hy0, (€))
M + Hp0p — M(HO3) + H" + e~ )
M + Hz0 — M("OH) + H" + e~ (3)
3H,0 — O3 + 6H" + 6e” @)

When AO is performed with electrogenerated HyOs, it corresponds to
the AO-H305 process. The AO process is slightly less potent than the AO-
Hy0, one due to the very low oxidation power of Hy0, being the
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generated oxidant M(*OH) from reaction (3) the main oxidant in both
cases. Note that the oxidation ability of both methods is a function of the
anode used. Boron-doped diamond (BDD) thin-film electrodes have been
found the most preferable in non-chloride media since they produce
more amount of reactive BDD(*OH) than M(*OH) from conventional Pt
or dimensionally stable anodes (DSA) based on RuO, and/or IrO,
(Brillas, 2020; Sirés and Brillas, 20212). The anode also presents a
notable effect in the EF process, but it is much less significant in PEF and
SPEF because of the fast organic removal by the incident photons.

The homogeneous EF process strongly upgrades the oxidation power
of the electrogenerated H,05 by adding a small quantity of Fe?" as the
catalyst that originates homogeneous *OH from the well-known Fen-
ton’s reaction (5) at optimum pH near 3 (Sirés and Brillas, 2021):

Fe?* + Hy0y — Fe®t + *OH + OH ky =63 M !s7! 5)

This process yields a variety of ROS including not only *OH but also
HOS3 and superoxide radical anion (03~), whose reactions are specified
in Table SM-1 of Supplementary Material in the previous work of Brillas
(2020).

The advantages of the homogeneous EF process over chemical Fen-
ton are: (i) the in-situ HoO, electrogenerated in EF avoids being trans-
ported and handled as needed in chemical Fenton, which is dangerous
because of its explosive thermal decomposition, and (ii) a small quantity
of Fe?t (usually <0.5 mM) is needed in EF because Fe?" can be
continuously regenerated from the cathodic reduction of Fe** by reac-
tion (6) with E° = +0.77 V/SHE, thus maintaining the *OH generation in
the catalytic Fe3t/Fe*t loop (Deng et al., 2023). This differs from
chemical Fenton where a stoichiometric molar HyO,/Fe®™ ratio is used
for an efficient *OH generation giving rise to a much higher amount of
recyclable iron hydroxide sludge and making a much more expensive
process.

Fe3' + e~ — Fe?' 6)

In the homogeneous EF treatment, organic pollutants are attacked pre-
eminently by homogeneous *OH and heterogeneous M(*OH), although
it possesses the following drawbacks: (i) its better performance occurs in
an acidic medium, usually it is optimal at pH 3 rapidly losing efficiency
at pH > 4 due to the precipitation of iron hydroxides and (ii) the for-
mation of recalcitrant Fe(IlI) complexes with intermediates like final Fe
(II)-carboxylate species largely inhibits the mineralization process
(Brillas and Garcia-Segura, 2023). The use of PEF treatments can solve
these problems.

Several artificial lamps are used as irradiation sourced in PEF. They
can emit UVC light with A = 100-280 nm, UVB light with A = 280-315
nm, or UVA lamp with A = 315-400 nm (Brillas, 2020). These irradia-
tions enhance the rate of Fenton’s reaction (5) since they originate extra
Fe?" regeneration by: (i) Fe(OH)?* photoreduction pre-eminently at pH
2.8-3.5, with additional *OH production, by photo-Fenton reaction (7)
and (ii) photolysis of Fe(IlI)-carboxylate species following the general
reaction (8). Furthermore, by applying a UVC light, organic pollutants
can also be photolyzed and H>O» undergoes homolytic decomposition to
extra homogeneous *OH by reaction (9).

Fe(OH)?t + hv — Fe?' + *OH %)
Fe(OOCR)*" + hv — Fe?*" + CO, + R® ®
H,0, + hv — 2°0OH ©)

The high electrical cost of the artificial UV lamp represents a draw-
back for the application of the homogeneous PEF treatment at an in-
dustrial scale. This is overcome using the much more cost-effective
homogeneous SPEF method where the solution is irradiated with sun-
light, of A > 300 nm, also showing greater degradation and minerali-
zation rates of organics with respect to PEF by (i) its high UV input and
(ii) additional photolysis at A > 400 nm, that enhances the photo-
decarboxylation of Fe(Ill)-carboxylate complexes by reaction (8)
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(Brillas, 2020). However, the main restriction of the homogeneous SPEF
process is that it can only be applied to the daily hours of sun, depending
on the climatology and geographic site.

Heterogeneous PEF processes have been proposed with two strate-
gies, using solid (insoluble) catalysts or functionalized cathodic mate-
rials. Iron is usually employed in the catalyst in both cases, which
possesses surface Fe?!, denoted as = Fe?' typically linked to —OH
groups. This species yields the heterogeneous Fenton’s reaction (10)
with a production of surface = Fe>" and heterogeneous *OH from
electrogenerated HyOo, similarly to the homogeneous Fenton’s reaction
(5). Reaction (10) makes feasible the extension of heterogeneous *OH to
pH near 7, favoring the low dissolution of iron ions and increasing the
catalyst reusability preventing sludge formation.

=Fe" 1+ Hy0, — =Fe>* + *OH + OH™ 10)

SO~ and CI~ anions present in real wastewater can also be oxidized
at the anode of an undivided cell originating other oxidants of organics.
So, SO%’ can be transformed into the weak oxidant persulfate (SzOg’)
ion via reaction (11), which can be activated to form the strong oxidant
sulfate radical anion (SO% ) with an E° value between +2.5 and + 3.1 V/
SHE depending on pH (Brillas and Peralta-Hernandez, 2023). On the
other hand, it is well-known that Cl~ can be transformed into several
active chlorine species as function of pH by reactions (12)-(14), namely
Cl, (E° = +1.36 V/SHE) at pH < 3, HCIO (E° = +1.49 V/SHE) at pH 3-8,
and ClO™ (E° = +0.89 V/SHE) at pH > 8 (Brillas and Garcia-Segura,
2023). These active chlorine species can oxidize organics producing
toxic chloroderivatives, alongside ClO3 and ClOy4 ions that persist after
treatment. The viability of the applied process then needs to be moni-
tored by measuring the extent of such by-products.

2503 — S,0% + 2 an
2C1™ - Cly + 2e” 12)
Cly 4+ HoO — HCIO + ClI™ 4+ H" (13)
HClO«< ClO” +H'pK, =7.54 14

Apart from the generation of oxidants, it is also noticeable that SO3~
and Cl~ anions partially quench the Fe?* cations present in the solution
diminishing its content ascatalyst for Fenton’s reaction (5) and photo-
Fenton reaction (7). The concentration of both anions is then an
important parameter to be considered in the photo-assisted Fenton-
based EAOPs Other anions can influence the performance of the treat-
ments. While NOj3 is an inert species that does not form complexes with
Fe?, the phosphate ions are strong quenchers that largely inhibit the
PEF and SPEF processes.

3. Operating variables and parameters

The performance of photo-assisted Fenton-based EAOPs relies on
some operating variables like catalyst and pollutant concentrations,
electrolyte composition, solution stirring and pH, applied current (I) or
current density (j), nature of the electrodes, cell configuration, and
incident radiation. They affect the evolution of experimental parameters
like: (i) the absorbance (A) of a dye at the Apax of its UV/Vis spectrum,
(ii) the concentration (c) of the target molecule measured by reversed-
phase high-performance liquid chromatography (HPLC), and (iii) the
chemical oxygen demand (COD) and total organic carbon (TOC) of the
solution to monitor the abatement of oxidizable products and the
mineralization process, respectively. In some articles, primary in-
termediates and final short-linear carboxylic acids can be identified by
gas chromatography/mass spectrometry (GC/MS), liquid mass coupled
to MS (LC-MS), and ion-exclusion HPLC. The detection of these species
allows proposing a degradation or mineralization route for the target
molecule. Moreover, released inorganic ions can be identified by chro-
matographic or colorimetric methods. In some cases, the drastic loss of
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acute toxicity is determined to show the feasibility of a biological post-
treatment before disposal.

Figures-of-merit present the parameters in front of electrolysis time
(t, in s, min, h, or d) or specific charge consumed (Q, in Ah L™h.
Normalized parameters correspond to the X/X, ratio, where Xy and X are
the initial and at a given t or Q value. Namely, A, ¢ (in mg L’l), COD (in
mg O, L™1), and TOC (in mg C L7Y). It is also very usual to give the
percentage of parameter removal, according to the general Eq. (15)
(Brillas, 2020):

% X= XX 100 (15)
Xo

For A measurement, this term is known as the percentage of color
removal or discoloration efficiency.

The plots of the decay of In (Ao/A), In (co/c), or In (TOCy/TOC) vs.
time are usually straight lines obeying a pseudo-first-order kinetics. This
behavior indicates that the discoloration, degradation, or mineralization
process is limited by the quantity of ROS (pre-eminently *OH) in-situ
produced in the electrolytic system. The slope of such linear relations is
denoted as kgjs, k1, or ktoc, known as pseudo-first-order rate constant for
discoloration, target compound decay, or TOC removal. The latter
constant in much slower than the two former ones because the formed
by-products are destroyed much more slowly than the initial
contaminant.

The change of TOC with time allows the calculation of the miner-
alization current efficiency (MCE, in %) at a given time t (in s) as follows
(Brillas, 2020):

nFV ATOC
%MCE:74.32><107mIt100 (16)

Where n denotes the theoretical number of electrons consumed in the
mineralization, F is the Faraday constant (96,485 C mol’l), V is the
solution volume (in L), /AATOC is the loss of TOC content (in mg C L’l),
4.32 x 107 is a conversion factor (=3600s h!x 12,000 mg C mol_l), m
is the number of carbon atoms of the target molecule, and I is the applied
current (in A). Similarly, the average current efficiency (ACE, in %) can
be determined from Eq, (17):

%ACEZM 100 17
81t

where ACOD is the COD decay (in g O, L7), 8 is the oxygen
equivalent mass (in g eq’l), and the other magnitudes are the same as
Eq. (15).

Some energetics parameters related to the electrical consumption of
the process are also calculated. The energy consumption per unit volume
(EC, in kWh m~3) is determined by Eq. (18), whereas the energy con-
sumption per g of TOC (ECroc, in kWh (g TOC) 1) or per g of COD
(ECcop, in kWh (g COD)’l) is obtained by the general Eq. (19) (Brillas
and Garcia-Segura, 2023):

EC (kWhm ?) ="= It as)
EC, (kWh (kgX) ') = If/th 19)

where E,q is the average cell voltage (in V) and t is the electrolysis
time (in h). In PEF processes, the high energy consumption related to the
UV lamp is not usually considered in such equations because they ac-
quire too high values. Many cost-performance evaluations and techno-
economic studies are required in the future to assess such treatments.

4. Homogeneous photoelectro-Fenton process
The homogeneous PEF process is the most common photo-assisted

Fenton-based EAOP for removing organic pollutants from wastewater.
Key operating variables are the cell configuration and electrodes, which
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determine the Hy0, electrogenerated and Fe?' regeneration for *OH
production via Fenton’s reaction (5). The process is carried out in
batches for a long time aiming to achieve the maximum mineralization,
once reached, if possible, overall degradation. Undivided two-electrode
cells are used, and in minor proportion three-electrode cells, operating
under galvanostatic or potentiostatic mode, respectively. Short inter-
electrode gaps <2 cm are selected for attaining a low ohmic drop with
the consequent energy saving. An inner or external UV lamp is applied to
illuminate the solution.

Fig. 1 schematizes several experimental setups used for PEF with
two-electrode cells in batch. In some cases, the cell possessed a jacket
with water recirculation to maintain a given temperature in the solution.
Fig. 1a exemplifies the ubiquitous configuration of a stirred tank reactor
with an external UVA light above the solution (Brillas, 2020). In the flow
system of Fig. 1b, the cell is a stirred tank reactor equipped with elec-
trodes, recirculating the solution through an external UV photoreactor at
a liquid flow rate regulated by a flowmeter or rotameter/(Brillas, 2020).
This system differs from the typical flow system of Fig. 1c in which the
solution contained in a reservoir is injected into a flow-by-filter-press
electrochemical reactor with parallel electrodes to subsequently pass
through a UV photoreactor (Da Costa et al., 2021). Fig. 1d shows a
flow-through filter-press electrochemical reactor with the solution
passing through both electrodes and Fig. le, the corresponding flow
system with an external UV light directly illuminating the solution
contained in the reservoir (Cornejo et al., 2023b).

Table 1 collects the main results obtained for homogeneous PEF,
PEF-like, SPEF, and SPEF-like processes of selected industrial chemicals,
herbicides, dyes, drugs, and real wastewater. A look at this table con-
firms that most works consider the use of a BDD anode in synthetic
sulfate medium by its superior oxidation power with respect to DSA
ones, which were explored in chloride media Moreover, it can be
observed that 3D GDE of carbon-PTFE O»- or air-diffusion, without or
with modification, were the most popular cathodes, followed by 2D
cathodes such as carbon felt, graphite, or BDD. The advantage of using
GDE cathodes (see an example in Fig. 1a) is the much higher HyO9
accumulation provided to the medium with respect to the 2D ones
(Brillas, 2020). Although this behavior presupposes an initial faster rate
for Fenton’s reaction (5), their high selectivity on O reduction from
reaction (1) inhibits the Fe** regeneration from reaction (6), decreasing
the efficiency of *OH production by Fenton’s reaction (5) and favoring
the formation of recalcitrant Fe(IIl)-carboxylate complexes. The incident
light in PEF then results crucial to drastically photolyze such complexes,
thus enhancing the mineralization of the target molecule. In contrast,
the 2D cathodes with much smaller HyO, electrogeneration become
much more effective for Fe?* regeneration from reaction (6), main-
taining a more constant *OH production by Fenton’s reaction (5) and
generating less amount of hardly oxidizable final Fe(III)-carboxylate
species. In this section, the application of the different anode/cathode
systems for the removal of organic pollutants by homogeneous PEF is
summarized and discussed.

4.1. Industrial chemicals

Homogeneous PEF has been applied to the removal of several in-
dustrial chemicals in waters. 4-Aminoantipyrine (da Silva et al., 2019),
bentothiazoles (Xu et al., 2019), formic and oxalic acids (Ma et al.,
2021), methylparaben (Fortunato et al., 2020; dos Santos et al., 2021;
Barazorda-Ccahuana et al., 2023), and phenol (An et al., 2020; Mousset
et al., 2021), have been examined. The data in Table 1 indicate that such
processes were performed with a BDD anode and a GDE cathode with
0.050 M NaySO4 at pH 2.5-3.0. Among the operating variables checked,
was found a decay in the degradation rate with increasing the target
pollutant content by the slower destruction of greater organic load with
a similar production of homogeneous and heterogeneous *OH. On the
other hand, limit values of Fe?* content and j are achieved because
greater values of both variables cause a decay of the relative amount of
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Fig. 1. Scheme of experimental setups used for the homogeneous (a-e) PEF and (f) SPEF treatments of organic pollutants in wastewaters with two-electrode cells in
batch. (a) Stirred tank reactor with a carbon-PTFE cathode and a UVA lamp above the solution (adapted from Brillas (2020)). (b) Flow plant with a stirred tank
reactor and external UV light (adapted from Brillas (2020)). (c) Flow-by filter-press cell connected to a UV light compartment (adapted from Da Costa et al. (2021)).
(d) Flow-through filter-press cell and (e) lab-scale flow system under UVA light (adapted from Cornejo et al. (2023D)). (e) Flow raceway pond reactor upon sunlight

connected to a single filter-press cell (adapted from Campos et al. (2023)).

generated *OH by the larger acceleration of its non-oxidizing parasitic
reactions (Brillas and Garcia-Segura, 2023; Brillas and Per-
alta-Hernandez, 2023), thus inhibiting the degradation and minerali-
zation of the target molecule. These trends are verified for all the PEF
'and SPEF processes.

The work of da Silva et al. (2019) optimized the removal of 4-amino-
antipyrine in pure water using response surface methodology and found
that this chemical underwent a 99% removal in 7 min for 62.5 mg L™}
with 47.75 mg L™} Fe?*, j = 77.5 mA ecm 2, and 4 W UVA light (see
Table 1). The prolongation of the electrolysis to 170 min only yielded
64% of mineralization. It is noticeable that similar results were

determined in a WWTP effluent, although a slower process should be
expected by the consumption of *OH with the organic pollutants and
inorganic ions of the WWTP. For 0.5 mM methylparaben in pure water,
Fortunato et al. (2020) reported that the degradation and TOC decays
grew in the order: of AO-H302 < AO-H30,/UVC < EF < PEF. The PEF
process was more powerful than in the above article because a more
portent 5 W UVC light was applied and thus, total removal and 91% TOC
abatement with 21% MCE were determined for 0.5 mM Fe?* and j =
33.3 mA cm 2 lasting 180 min (see Table 1). Moreover, these authors
identified 3 aromatic intermediates and oxalic acid by GC/MS and
HPLC. Similar excellent results have been described by



Table 1
Selected results were reported for homogeneous photoelectro-Fenton (PEF), PEF-like, solar PEF (SPEF), and SPEF-like treatments of aqueous matrices contaminated with organic pollutants by different electrochemical
systems.

System (anode, cathode)

Pollutant

Experimental remarks

Best results

Ref.

Homogeneous PEF rowhead

Industrial chemicals rowhead

Like Fig. 1a (BDD °, carbon-PTFE air-
diffusion)

Like Fig. 1a (BDD, Pd/carbon-PTFE
0,-diffusion)

Like Fig. 1c (BDD, polyacrylonitrile-
carbon fiber air-diffusion)

Like Fig. 1a (BDD, carbon-PTFE O,-
diffusion

Herbicides rowhead
Like Fig. 1c (BDD, MoSP/MWCNTs ©
air-diffusion)

Fig. 1c (BDD, carbon-PTFE O,-
diffusion)

Stirred tank reactor upon external
light (Ti/Rug 3Tig 7O electrodes,
H,0, addition)

Dyes rowhead

Like Fig. 1a (Ti/Rug15Ti.s502,
carbon-PTFE air-diffusion)

Stirred tank reactor (BDD, carbon felt,
injected air)

Stirred tank reactor (BDD, carbon felt,
injected air)

Stirred tank reactor (BDD, BDD,
injected air)

Drugs rowhead
Like Fig. 1a (Ti/RuOs, agarose-
derived carbon-PTFE air-diffusion)

Like Fig. 1a (BDD, carbon-PTFE air-
diffusion onto several substrates)

Like Fig. 1a (BDD, modified carbon-
PTFE O,-diffusion with 1,4-
naphthoquinone)

4-Aminoantipyrine

Methylparaben

Phenol

Methylparaben

Bentazon

Tebuthiuron

Glyphosate

Reactive Blue 4

Erythrosine B

Direct Red 23

Brown HT

Acebutolol

Carbenicillin

Paracetamol

100 mL of 25-175 mg L™! chemical in pure water and
secondary WWTP effluent, 0.050 M Na»SO4, 2-63 mg L
Fe?", pH = 3.0, 25°C,j " = 10-100 mA cm ™2, 4 W UVA light,
170 min

150 mL of 0.5 mM chemical in pure water, 0.050 M NaSOy,
0.1-0.5 mM Fe?*, pH = 2.5, 25 °C,j = 33.3mA cm %, 5 W
UVC light, 180 min

600 mL of 1.4 mM chemical in pure water, 0.050 M K5SOy4,
0.05-0.2 mM Fe”, pH = 3.0, room temperature, j =
0.625-2.5 mA cm ™2, liquid flow rate = 0.4 L min~?, 12 W
UVC light, 160 min

150 mL of 0.5 mM chemical in pure water, 0.050 M NaSOy,
0.5 mM Fe?", pH = 3.0, 25 °C, j = 16.6 mA cm~2, 5.8 and
14.8 mW cm 2 UVA and UVC lights, respectively, 180 min

2.5 L of 20 mg L' herbicide in pure water, 0.050 M Na,SO,,
0.5 mM Fe?", pH = 3.0, 35 °C, j = 25 mA cm ™2, liquid flow
rate = 180 L h™%, 160 W UVA light, 240 min

2Lof 100 mg L 1 herbicide in pure water, 0.1 M K504, 0.5
mM Fe?", pH = 3.0, 25 °C, j = 75 mA cm ™2, liquid flow rate
=50 Lh7}, 64 Wm™2 UVC light, 360 min

100 mL of 100 mg L ! herbicide in pure water, 0.050 M
Na,SO4, 10 mg L™ Fe?*, 100 mg L ! H,0,, pH = 3.0, room
temperature, j = 50 mA cm ™2, 6 W UVC light, 120 min

150 mL of 36.2 mM dye in pure water, 0.050 M Na,SO4 or
0.15 M NaCl, 0.5 mM Fe?", pH = 3.0, 35 °C, I ¢ = 100 and
200 mA, 12 W UVA light, 360 min

300 mL of 100 mg L dye in pure water, 0.050 M NaySO4,
0.1 mM Fe?*, PpH = 3.0, room temperature, j = 20 mA em 2,
25 and 100 W UVA lights, 120 min

230 mL of 80 mg Lt dye in pure water, 0.050 M Na,SO,4 and
0.10 M NaCl, 0.1 mM Fe?", pH=3.0,20°C,j=2.5-15mA
cm~2, UVA LED light (A = 400 nm), 360 min

160 mL of 50 and 80 mg L' dye in pure water, 0.050 M
NaySOy4, 0.5 mM Fez*, pH = 3.0, room temperature, j = 71
mA cm 2, 75 mW cm~2 UVA light, 60 min

150 mL of 0.046 mM drug (10 mg L™! TOC,) in pure water
and WWTP effluent (10.4 mg L™ TOCy), 0.05 M NaySO4, 0.5
mM Fe?", pH = 3.0, 25 °C, j = 60 mA cm 2, 6 W UVA light,
360 min

150 mL of 0.049 mM drug in simulated and WWTP effluents,
0.010 M NaySO4, 0.50 mM Fe?", pH = 3.0, 25 °C, I = 20 mA,
6 W UVA light, 480 min

450 mL of 180 mg L 1 drug in pure water, 0.1 M K3SOy4, 0.15
mM Fe?*, pH = 2.0, 20 °C, j = 75 mA cm ™2, UVC light, 180
min

In pure water, optimized by response surface methodology: 99% removal
for 62.5 mg L~ ! chemical with 47.75 mg L ™! Fe?>* and j = 77.5 mA cm ™2 at
7 min. 64% mineralization at 170 min. Similar results with the WWTP
effluent

Degradation and TOC decay: AO-H,0, < AO-H,0,/UVC < EF < PEF (total
removal, 91% TOC decay, and 21% MCE). 3 aromatics and oxalic acid
found by GC/MS and HPLC

Determination of overall cost and percent of cost distribution for
ozonation, Fenton, PF, EF, and PEF. EF was the cheaper process with 125 €
m~3 (g TOC)™! for 99% of mineralization.

Total removal: 20 min by PEF-UVC (k; = 3.9 x 1073 s 1) and 30 min for
PEF-UVA and EF (k; = 2.7 x 10~2s™1). Total mineralization for both PEF
with near 40% MCE. Detected 3 aromatics and 4 carboxylic acids by GC/
MS

Overall degradation in 20 min with k; = 0.1875 min " and 77% TOC
decay in 240 min with 12% MCE. Detection of released SO3~, NO3, and
NH{

95% removal in 120 min (k; = 3.2 x 10~*s™1) and 92% TOC decay in 360
min ky: 5.9 x 107° 57! for EF < 2.6 x 10~*s™! for AO-H,0,/UVC.
Detection of released NO3, NO3, ClO3, and ClO3

Degradation, COD removal, and TOC decay: 70%, 82%, and 79% for EF-
Fered <74%, 86%, and 85% for PEF-Fered

94% color removal in 30 min by PEF with 0.15 M NaCl and 70 min by EF
and PEF with 0.050 M Na,SO,4. Under the last conditions, TOC removal:
33% by EF < 70% by PEF

Overall discoloration: SPEF = PEF-100 W UVA (20 min) < PEF-25 W UVA
(35 min) < EF (50 min). COD removal: 100% SPEF, PEF-100 W UVA (90
min) > 97% PEF-25 W UVA (120 min) > 91% EF (120 min)

Increasing discoloration at higher j. Faster loss of color with NaCl.
Conversely, for j = 5 mA cm™2, TOC decay: 59% for AO-H,0, < 63%
photo- AO-H»0, < 68% for EF < 76% for PEF using NaCl, lower than 82%
for AO-H;04 < 87% photo- AO-H20, < 90% for EF < 95% for PEF using
NaySO4

100% discoloration with kg5 = 0.120 and 0.085 min~" for 50 and 80 mg
L~! dye by EF and PEF. For PEF: 80% COD removal. Evolution of
generated glyoxylic, oxalic, and oxamic acids by HPLC

Complete removal in 9 min with k; = 0.477 min~! and 90% TOC
abatement in 360 min. Using the WWTP effluent, total degradation in 60
min and 47% TOC decay in 360 min

Overall degradation in 13 min for NaSO4, 15 min for simulated, and 18
min for WWTP. TOC decay: 95%, 67%, and 80% in 480 min in such media.
23 aromatic by-products, 7 aliphatic derivatives, and 7 carboxylic acids
detected by HPLC

Degradation: 74-76% with k; = 0.0082 min 1 for AO-H,0, and AO-
H,0,/UVC <85% with k; = 0.0114 min~" for EF < 97% with k; = 0.0164
min~?! for PEF. TOC removal: 33% for EF < 42% for PEF

da Silva et al. (2019)

Fortunato et al. (2020)

Mousset et al. (2021)

Barazorda-Ccahuana
et al. (2023)

Alcaide et al. (2020)

Da Costa et al. (2021)

da Silva et al. (2022)

Nakamura et al. (2019)

Clematis and Panizza
(2021)

Titchou et al. (2022)

Corona-Bautista et al.
(2021)

Zhang et al. (2022)

Ren et al. (2023)

Kronka et al. (2020)

(continued on next page)
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Table 1 (continued)

System (anode, cathode) Pollutant

Experimental remarks

Best results

Ref.

Fig. 1d (Ti|IrOx-TayOs mesh, graphite  Ciprofloxacin

felt, no oxygen supply)

Stirred tank reactor (BDD or Ti/ Penicillin G
Rug sIrg 502 (MMO), carbon felt,

injected air)

Like Fig. 1c (BDD, AISI-304 stainless Cephalexin
steel, H,O, addition)

Real wastewaters rowhead

Stirred tank reactor upon external Pharmaceutical
light (Fe electrodes, H,O, addition) wastewater

Like Fig. 1c (BDD, carbon-PTFE air- Landfill leachate

diffusion)

Homogeneous PEF-like rowhead

Like Fig. 1a (BDD, Ti/RuOs, or Ti/ Triclopyr
IrO,, carbon-PTFE air-diffusion)
Like Fig. 3a (Ti/Ir-Sn-Ru oxide, Sulfamethoxazole

stainless steel, with annular
photoreactor)

Homogeneous SPEF rowhead
Fig. 1e (Ti/Rug 3Tip 702, carbon-PTFE
air-diffusion)

7 drugs in WWTP effluent

Like Fig. 1c with a solar CPC
photoreactor (BDD, carbon-PTFE
air-diffusion)

Fig. S6 (Porous graphite electrodes, air
injection)

LAS ¢ in greywater

Petroleum refinery
wastewater

Homogeneous SPEF-like rowhead
Like Fig. 1c with a CPC © photoreactor
(BDD, carbon-PTFE air-diffusion)

Nanofiltration retentate
from secondary WWTP
effluent

Fig. 3a (Ti/Ir-Sn-Ru oxide, stainless Norfloxacin
steel with a solar planar

photoreactor)

2L of 10-30 mg L™! TOC of drug in pure water, 0.05 M
Na,S04, 0.1-0.5 mM Fe?*, pH = 3.0, 25 °C, j = 5-15 mA
em ™2, liquid flow rate = 0.4-1.0 L min~', 15 W UVA light,
420 min

150 mL of 50 mg L™ drug in urine, 0.5 mM Fe?*, pH = 3.0,
25°C,j = 120 mA cm 2, 9 W UVC light, 120 min

1L of 180 mg L™! drug in pure water, 0.1 M NaySO,4, 1 mM
Fe?*, 50 mg L~ H,0, each 60 min, pH = 3.0, room
temperature, j = 10 mA cm 2, liquid flow rate = 7 Lmin "%, 9
W UVA light, 480 min

400 mL of wastewater (750 mg L~! CODy), 0.5-5.0H;05/
Fe?", 0.3-2.5 mL L~! H,0,/wastewater, pH = 2.0-5.0, 25 °C,
j = 20-80 mA cm™2, 6 W UVA light, 70 min

1 L of wastewater (2685 mg L™! CODy, 1220 mg L™ TOC),
7.9 mg L™! total Fe, pH = 3.0, 25 °C, j = 30-90 mA cm 2,
liquid flow rate = 200 L h~!, 6 W UVA or UVC light, 240 min

150 mL of 0.12 mM herbicide in pure water, 0.050 M
NaS04, 0.03-0.09 mM Fe(II)-EDDS ¢, pH = 7.0, 35 °C, j =
16.7-66.7 mA cm 2, 6 W UVA light, 300 min

3 L of 0.208 mM drug in pure water, 0.025-0.045 M Na,;SO4
+ 0.015-0.035 M NacCl, 0.3-1 mM Fe2+, pH=3.0,30°C,j=
5-20 mA cm 2, liquid flow rate = 180 L h™%, 160 W UVA
light, 150 min

20 L of WWTP, 0.050 M Na,SO4, 0.05 mM Fe?", pH = 3.0,
room temperature, j = 20 mA cm 2, liquid flow rate = 570 L
h~!, sunlight, 300 min

10 L of 40 mg L~! chemical in wastewater, 0.050 M NaySOy,
5mg L~! Fe?*, pH = 3.0, 25 °C, j = 77.5 mA cm 2, liquid
flow rate = 180 L h™!, sunlight, 240 min

1.25 L of wastewater (375 mg L~! coDy), 0-1 g L~! Nacl,
0.2-0.8 mM Fe?*, pH = 3.0, 30 °C, j = 10-50 mA cm 2,
liquid flow rate = 3 L min~?, sunlight, 90 min

75 L of wastewater (375 mg L1 CODy), 0.050 M NaySOy, 0.1
mM Fe(II)-EDDS, pH = 3.0, 25-35 °C, j = 74 mA cm 2,
liquid flow rate = 300 L h™, sunlight, 75 min

3 L of 0.103 mM drug in pure water with 0.015-M NaCl +
0.045 M NaySOy, 0.1-0.5 mM Fe?*, pH = 3.0, 30 °C, j =
5-20 mA cm 2, liquid flow rate = 180 L h~?, 300 min

In pure water, total removal in 60 min with k; = 0.076 min—* and 77%
TOC decay in 420 min for 0.1 mM Fe?*, j = 5 mA cm ™2, and liquid flow
rate = 0.4 L min~'. Evolution of generated oxalic and oxamic acids by
HPLC and released F~, NO3, and NHj

TOC decay: 51% for EF-BDD <54% for EF-MMO <65% for PEF-BDD
<68% for PEF-MMO. 98%-100% degradation in all cases. Evolution of
urea, uric acid, and creatinine

Complete removal in 15 min for EF-Fered and PEF-Fered. For the latter,
94% TOC removal, 60% MCE, and ECroc = 0.10 kWh (g TOC) ™.
Detection of 6 aromatic by-products and generated fumaric, oxalic, and
oxamic acids by HPLC

Optimization by response surface methodology: For EF, 86.85% of COD
removal for 3.78H,0,/Fe?t, 1.37 mL L™} H,0,/wastewater, pH = 2.96,
and j = 42.90 mA cm 2 for 58.49 min, For PEF, 93.00% of COD removal
for 4.29H,0,/Fe?*, 1.67 mL L~! H,0,/wastewater, pH = 2.91, and j =
43.71 mA cm™ 2 for 54.24 min.

Higher COD and TOC removals with raising j. At 90 mA cm ™2, COD
removal: 60% (UVA) and 82% (UVC), TOC removal: 70% (UVA) and 92%
(UVC). Detection of generated acetic and formic acids by ion
chromatography

With a BDD anode, 0.06 mM Fe(III)-EDDS, and 25 mA cm ™2, complete
removal in 90 min and 65% TOC decay in 300 min. Worse performance
with the other anodes. 3 heterocyclic, 5 aliphatic, and 2 carboxylic acids
by-products identified by GC/MS

Total degradation in 20 min for 0.025 M Na,SO4 + 0.015-M NaCl with 0.4
mM Fe?" atj = 15 mA cm ™2, 41% TOC reduction in 150 min with ECroc =
1.136 kWh (g TOC) 1.6 aromatic, 6-chloroaromatic, 2-heterocycles, and 2
aliphatic by-products detected by GC/MS

TOC removal: 19% for AO-H,0, < 25% for EF < 55% for SPEF

Optimization by response surface methodology: 70% removal of LAS and
55% TOC decay of the contaminated greywater

Optimization by response surface methodology: 0.747 g L~! NaCl, 0.8 mM
Fe?",j =10 mA cm~2, and 87 min yielding 93% COD removal with ECcop
= 0.01597 kWh (g COD) !

88% decay of micropollutants with 14.4 kWh m~> energy consumption.
Initial addition of 10 mg L~ H,0, reduced 96% of micropollutants with
5.9 kWh m~2 energy consumption

Overall degradation; 15 min for AO-HCIO (k; = 0.1999 min ) < 30 min
(k; = 0.1278 min ") for SPEF-HCIO with 0.40 mM Fe?" and j = 15 mA
cm ™2, For the latter process at 300 min, 46% TOC reduction with 2% MCE
and ECroc = 0.76 kWh (g TOC) ™!

Cornejo et al. (2023b)

Gonzaga et al. (2021)

Antonin et al. (2019)

Behfar and Davarnejad
(2019)

Crispim et al. (2022)

Da Costa Soares et al.

(2021)

Murrieta et al. (2020a)

Campos et al. (2023)

dos Santos et al. (2023)

Khaleel et al. (2023)

Salmeron et al. (2021)

Murrieta et al. (2023)

2 BDD: Boron-doped diamond.

b j: Current density.

¢ MWCNTs: Multiwalled carbon nanotubes.

4 I: Current.

¢ EDDS: Ethylenediamine-N,N"-disuccinic acid.
f CPC: Compound parabolic collector.

8 LAS: Linear dodecyl-benzene sulfonic acid.
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Barazorda-Ccahuana et al. (2023), reporting total mineralization with
40% MCE at the same electrolysis time with a UVC light, as shown in
Table 1.

It is remarkable the techno-economic study presented by Mousset
et al. (2021) for the mineralization of 1.4 mM phenol (100 mg L' of
initial TOC) in pure water by several AOPs including ozonation, ho-
mogeneous Fenton and PF, and homogeneous EF and PEF upon opti-
mized conditions. Ozonation was carried out with a 500 mL glass flask
under injection of 300 mg L™ h™! of O3 at pH = 12.0. Homogeneous
Fenton was made in a 600 mL stirred tank reactor with 15.0 mM H,0,
and 0.9 mM Fe?* at pH = 3.0, whereas homogeneous PF was carried out
in a flow system similar to Fig. 1¢ with 15.0 mM H30, and 0.7 mM Fe?*
at the same pH using a 263 mL photoreactor exposed to a 12 W UVC
light. Homogeneous EF and PEF were performed with the same flow
system equipped with a BDD anode and a polyacrylonitrile carbon fiber
and adding 0.1 mM Fe?* at j = 12.5 mA em 2. Fig. Sla shows the ex-
pected growth of overall cost for each treatment with raising the
mineralization from 50% to 99% because of the much longer time
applied. For all the mineralization percentages, the total cost diminished
in the sequence: ozonation > homogeneous Fenton > homogeneous PF
> homogeneous PEF > homogeneous EF. Note that despite the electric

Chemosphere 366 (2024) 143465

cost of the UVC lamp, homogeneous PF was cheaper than homogeneous
Fenton due to the rapid phenol mineralization as a result of the fast
photodecomposition of the final Fe(IIl) carboxylate species from reac-
tion (8). In contrast, the use of the UVC lamp enhanced the total cost of
homogeneous PEF for homogeneous EF which also presented a high
mineralization rate by the oxidation of such complexes with BDD(®0OH)
produced by reaction (3). So, the most viable and cost-effective treat-
ment was the homogeneous EF with an overall cost of 125 € m~> (g
TOC)™! at 99% mineralization. Figs. S1b-d informs on the percent of
sludge, chemicals, and power costs at each mineralization percentage. It
can be observed a scarce percent of sludge cost in all cases. A chemical
cost >99% was attained for homogeneous Fenton, but for the other
methods, the percent of power cost grew concerning that of chemicals
costs as the mineralization percentage raised. For the most cost-effective
homogeneous EF, 75.8% power cost vs. 24.2% chemicals cost was found
at 99% mineralization (see Fig. S1d). Many more studies on the viability
and competitiveness of Fenton-based AOPs with different organic pol-
lutants should be performed to show their applicability at the industrial
level. Special attention should be made to benchmark the SPEF process
where the free sunlight irradiation is expected to offer the best
cost-effective process for their mineralization.
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Fig. 2. Field emission scanning electron microscopy (FE-SEM) images of as-synthesized (a) CoSy/multiwalled carbon nanotubes (MWCNTSs) and (b) CoSP/MWCNTSs
catalysts. (c) X-ray diffraction (XRD) patterns of the above catalysts, compared upon contact with the atmosphere for given periods. Signals related to the pyrite phase
of CoS, (JCPDS Card No. 41-1471) are given. (d) Change of accumulated H,O, concentration with time for the electrolysis of 2.5 L of a 0.050 M Na,SO, solution at
pH 3.0 and 35 °C using a flow plant-like of Fig. 1c with a BDD anode and a (i) CoS2/MWCNTs (¢ ), CoOSP/MWCNTSs, or (4) uncatalyzed MWCNTs cathode at j = 25
mA cm ™2 (A). Homogeneous PEF treatment of 20 mg L~! bentazon with 0.50 mM Fe?" using a CoSP/MWCNTSs cathode and an annular photoreactor with a 160 W
UVA lamp. Change of (e) bentazon concentration, with its pseudo-first-order kinetic analysis (inset), and (f) TOC, with its mineralization current efficiency (inset), for
the latter assay by () anodic oxidation with electrogenerated H,0, (AO-H,0,) and (A) homogeneous PEF. Adapted from Alcaide et al. (2020).
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4.2. Herbicides

Solutions contaminated with herbicides like bentazon (Alcaide et al.,
2020), carbaryl (Kronka et al., 2023), clopyralid (Santos et al., 2020), 2,
4-dichlorphenoxyacetic acid (2,4-D) (Forti et al., 2020), diuron + hex-
azinone (Souza et al., 2019), glyphosate (da Silva et al., 2022), paraquat
(Tadayozzi et al., 2021), and tebuthiuron (Da Costa et al., 2021) have
been treated by homogeneous PEF.

An interesting article has been published by Alcaide et al. (2020)
dealing with the preparation and application of a novel GDE cathode
composed of CoSP/multiwalled carbon nanotubes (MWCNTSs) deposited
onto carbon paper, being compared with a CoSy/MWCNTs. The field
emission scanning electron microscopy (FE-SEM) images of
as-synthesized CoSy/MWCNTs of Fig. 2a and CoOSP/MWCNTs of Fig. 2b
show that they contained nanocrystals with a cubic-like morphology and
a strong enhancement of the CoS3 and CoSP dispersion without aggre-
gation of particles by the presence of the underlying platform of
MWCNTs. Fig. 2¢ highlights the similar X-ray diffraction (XRD) patterns
of both catalysts, which match with the pyrite-phase of CoSy. It can also
be seen that the structure of CoOSP/MWCNTs was well stable, remaining
its XRD pattern unchanged during 12 weeks in contact with the atmo-
sphere, with an average crystallite size of 27.9 + 2.0 nm. The concen-
tration of accumulated HyO, with electrolysis time for the treatment of
2.5 L of 0.050 M NaySO4 at pH = 3.0 and 35 °C using a flow plant like
Fig. 1c with a BDD anode and different GDE cathodes at j = 25 mA cm ™2
and liquid flow rate = 180 L hlis depicted in Fig. 2d. As can be seen,
more HyO5 was accumulated at 350 min in the GDE sequence:
CoSP/MWCNTs (11.8 mM) > CoS2/MWCNTs (10.2 mM) > only carbon
paper (7.7 mM). When 20 mg L~! of bentazon was added to the solution
with the best GDE with CoSP/MWCNTs and a 160 W UVA light was
applied, the corresponding homogeneous PEF process only yielded
about 2 mM H0,, as expected by its drastic reduction due to its con-
sumption by Fenton’s reaction (5), enhanced from Fe2t regeneration by
reactions (6) and (7). This means that homogeneous *OH can be effi-
ciently produced in this system. Under these conditions, Fig. 2e displays
the total abatement of the herbicide in 20 min with k; = 0.1875 min ?,
whereas the application of AO-H,0, (without Fe2™) only led to a 53%
degradation at 360 min with k; = 0.0030 min~", indicating the much
smaller oxidation power of BDD(*OH) formed from reaction (3) than
homogeneous *OH from reaction (5). However, Fig. 2f shows that TOC
was only reduced by 77% with 12% MCE (see Table 1), suggesting the
generation of hardly oxidizable by-products different from carboxylic
acids. A study of the decay of toxicity at the end of the process should
then be made to know if a biological post-treatment is feasible to remove
such recalcitrant by-products and complete the mineralization of the
target herbicide. The authors detected the release of SO3~, NO3, and
NHj ions, alongside a very low loss of Co from the GDE.

Da Costa et al. (2021) presented a similar homogeneous PEF study by
treating 2 L of 100 mg L™} tebuthiuron in pure water with 0.1 M K5SO4
and 0.5 mM Fe?" at pH = 3.0 and 25 °C. They also used a flow plant like
Fig. 1c with a BDD/carbon-PTFE O,-diffusion cell by applying aj = 75
mA cm ™2, liquid flow rate = 50 Lh™!, and 64 W m~2 UVC light. Despite
the use of the more powerful UVC light, a long time of 120 min was
required to obtain a 95% removal with k; = 3.2 x 10~% s}, although
with a larger 92% TOC decay in 360 min probably by the predominance
of removing carboxylic acids (see Table 1). It was also found a slower
degradation by EF with k; = 5.9 x 107> s™!, being more potent the
AO-H,0,/UVC process with k; = 2.6 x 10~*s™1, pointing to a synergetic
attack of BDD(*OH) and UVC light over the herbicide. Moreover, the
release of NO3, NO3, ClO3, and ClO3 ions was detected.

On the other hand, it is noticeable the variant of PEF called PEF-
Fered was reported by da Silva et al. (2022) using a stirred tank
reactor with Ti/Rug 3Tig 702 electrodes upon an external 6 W UVC light.
Since the cathode did not produce Hy0o, this compound was directly
added to the solution. The trials were performed with 100 mL of 100 mg
L! glyphosate in pure water containing 0.050 M NaSOy4, 10 mg L™}
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Fe?", and 100 mg L ! H,0, at pH = 3.0, room temperature, and j = 50
mA cm 2 lasting 120 min. The homogeneous PEF-Fered gave 74%
degradation, 86% COD abatement, and 85% TOC removal and the effect
of the UVC light was demonstrated by its superiority over the analogous
homogeneous EF-Fered that yielded lower values of 70% degradation,
82% COD abatement, and 79% TOC removal (see Table 1).

4.3. Dyes

The application of homogeneous PEF to the remediation of dyeing
waters has been carried out for Bismark Brown G, Bismark Brown R, and
Brown DGI (Medrano-Rodriguez et al, 2020), Brown HT
(Corona-Bautista et al., 2021). Chocolate Brown HT and Eriochrome
Black (Pacheco-Alvarez et al., 2019), Direct Red 23 (Titchou et al.,
2022), Eosin Yellow (Mansour et al., 2023), Erythrosine B (Clematis and
Panizza, 2021), Methyl Orange (Kong et al., 2020; Marquez et al., 2020).
Orange G (Liu et al., 2019), Reactive Blue 4 (Nakamura et al., 2019), and
Red CL and Red WB (Herrera-Chavez et al., 2024).

Figs. S2a and b show the corresponding decay in color and TOC for
the homogeneous EF and PEF treatments of 150 mL of 36.2 mM Reactive
Blue 4 dye in pure water containing 0.050 M NaySO4 or 0.15 M NaCl and
0.5 mM Fe?*at pH = 3.0 and 35 °C. The system was a conventional
stirred tank reactor similar to Fig. 1a with a Ti/Rug 15Tig.g502 anode and
a carbon-PTFE air-diffusion cathode operating at I = 100 mA upon 12 W
UVA light (Nakamura et al., 2019)). A quite similar discoloration rate of
the dye can be observed in Fig. S2a for homogeneous EF and PEF with
0.050 M NayS0y4, reaching 94% loss of color in 70 min, as expected by a
slow regeneration of Fe?* from reactions (6) and (7). In contrast, the
same percentage of color was lost in a shorter time of 30 min for ho-
mogeneous PEF with 0.15 M NaCl due to the parallel oxidation with
active chlorine (HCIO) produced from reactions (12) and (13) that
enhanced the loss of color of the dye. The authors demonstrate the
positive action of the incident UVA light over TOC removal. Fig. S2b
makes evident that after 360 min of electrolysis in 0.050 M NaySO4, 70%
mineralization was achieved by homogeneous PEF, much greater than
33% determined by homogeneous EF (see Table 1), as a result of the fast
photodecarboxylation of recalcitrant Fe(III)-carboxylate species from
reaction (8).

Clematis and Panizza (2021) reported the homogeneous EF, PEF, and
SPEF processes of 300 mL of 100 mg L~ Erythrosine B dye in pure water
with 0.050 M NaySO4 and 0.1 mM Fe?* at pH = 3.0 and room temper-
ature using a stirred tank reactor like of Fig. 1a with a BDD anode and a
carbon felt cathode at j = 20 mA cm ™2 under 50 or 100 W UVA light.
Fig. S2c highlights a similar percentage of color removal for homoge-
neous PEF with 100 W UVA light and SPEF that yielded overall discol-
oration in 20 min. The homogeneous PEF with 25 W UVA light was less
potent due to the incidence of a smaller quantity of photons, giving rise
to a colorless solution in a longer time of 35 min. However, it was able to
regenerate amount enough of Fe? from reaction (7) accelerating Fen-
ton’s reaction (5) to be more powerful than homogeneous EF that
required 50 min for total loss of color. A similar tendency can be seen in
Fig. S2d for the percentage of COD removal since total mineralization
was attained in 90 min for homogeneous PEF with 100 W UVA light and
SPEF, whereas 97% and 91% of COD were abated after 120 min of ho-
mogeneous PEF with 25 W UVA light and EF, respectively (see Table 1).
These findings demonstrate that homogeneous PEF can possess a similar
oxidation power to homogeneous SPEF using a UVA light with high
power enough, although with a much higher operating cost by the
electricity consumed by the UVA lamp. A similar work by Titchou et al.
(2022) considered the effect of NaCl by treating 230 mL of 80 mg L™
Direct Red 23 in pure water with 0.050 M NaySO4 or 0.10 M NaCl and
0.1 mM Fe?* at pH = 3.0, 20 °C, and j = 2.5-15 mA cm 2under a UVA
LED light (A = 400 nm). Table 1 shows that discoloration was enhanced
at higher j due to the increasing generation of more oxidizing agents, as
pointed out above. Faster loss of color was found for NaCl vs, NasSO4
because of the quicker parallel oxidation of the dye with generated
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active chlorine. However, after 360 min at j = 5 mA cm ™2, a 95% TOC
decay was obtained for homogeneous PEF in NapSO4, which was
reduced to 76% in NaCl due to the formation of recalcitrant chlor-
oderivatives. This loss of performance is then expected in chloride media
such as real wastewater.

It is interesting to note that a 2D BDD cathode can offer an excellent
performance for homogeneous PEF as well. Corona-Bautista et al. (2021)
treated 160 mL of 50 and 80 mg L' Brown HT dye in pure water with
0.050 M NaySO4 and 0.5 mM Fe?* at pH = 3.0 and room temperature
using a stirred BDD/BDD tank reactor at j = 71 mA cm ™2 and 75 mW
cm™2 UVA light for 60 min. Total color removal with a similar discol-
oration rate was found for homogeneous EF and PEF, with kgis = 0.120
min~! for 50 mg L™! dye that dropped to kg;; = 0.085 min " for higher
80 mg Lt dye (see Table 1). Moreover, an 80% COD abatement was
determined for the former conditions at such time for homogeneous PEF.
The analysis of the treated solution by ion-exclusion HPLC allowed
following the evolution of generated glyoxylic, oxalic, and oxamic acids.

4.4. Drugs

Drugs such as acebutolol (Daniel et al., 2020; Zhang et al., 2022),
amitriptyline (Melin et al., 2021), ampicillin (Cornejo et al., 2023c),
carbenicillin (Ren et al., 2023), cephalexin (Antonin et al., 2019), cip-
rofloxacin (Cornejo et al., 2023b), paracetamol (Pinheiro et al., 2019;
Kronka et al., 2020), penicillin G (Gonzaga et al., 2021), sulfamethazine
(Wang et al., 2020), and sulfamethoxazole and trimethoprim
(Delgado-Vargas et al., 2022), have been treated in aqueous solutions
with homogeneous PEF.

Several authors have used simple stirred tank reactors similar to
Fig. 1a with unmodified or modified GDE cathodes. So, Zhang et al.
(2022) detailed the treatment of 150 mL of 0.046 mM acebutolol (10 mg
Lt TOCy) in pure water containing 0.05 M NaySO4 and 0.5 mM Fe?t at
pH = 3.0 and 25 °C. The cell was equipped with a Ti/RuO; anode and an
agarose-derived carbon-PTFE air-diffusion at j = 60 mA cm ™2 and sub-
mitted to a 6 W UVA light. A very fast and complete drug removal in 9
min with k; = 0.477 min~' was found and an excellent 90% TOC
abatement was obtained in 360 min (see Table 1). The good oxidation
power of the system was compared with that of a WWTP matrix of 10.4
mg L~! TOC. The presence of organic matter and inorganic anions
consuming the oxidizing agents slowed down the process in the WWTP,
reaching total degradation in 60 min and being TOC removed by 47% in
360 min. Another study by Ren et al. (2023) was centered over 150 mL
of 0.049 mM carbenicillin in simulated and WWTP effluents by adding
0.010 M NaySO4 and 0.50 mM Fe?™ at pH = 3.0 and 25 °C using a
BDD/carbon-PTFE air-diffusion cell at I = 20 mA under 6 W UVA light.
Using only the pure sulfate solution, 13 min were required for overall
abatement, which was raised to 15 min for simulated and 18 min for
WWTP (see Table 1). After 480 min of electrolysis, TOC was reduced by
95% in pure sulfate solution, decreasing to an acceptable 80% in WWTP,
pointing to a good oxidation power of the system under real conditions.
HPLC analysis of the treated sulfate solution revealed the generation of
23 aromatic by-products, 7 aliphatic derivatives, and 7 final carboxylic
acids. On the other hand, the treatment of 450 mL of 180 mg L!
paracetamol in pure water with 0.1 M K804 and 0.15 mM Fe?" at pH =
2.0 and 20 °C filling a BDD/modified carbon-PTFE Os-diffusion with 1,
4-naphthoquinone cell at j = 75 mA cm™2 under UVC light lasting180
min has been reported by Kronka et al. (2020). At such time, 97% drug
decay with k; = 0.0164 min~! and 42% TOC removal for homogeneous
PEF was found, upgrading an 85% decay with k; = 0.0114 min~! and
33% TOC removal found for homogeneous EF (see Table 1). These
findings confirm the acceleration of *OH generation by Fenton’s rection
(5) from Fe?* regeneration by reaction (7) and pre-eminently, HyO»
photolysis by reaction (9), alongside the photodecomposition of Fe(III)
species by reaction (8). The authors corroborated the high *OH pro-
duction by measuring a 74-76% degradation with k; = 0.0082 min ™ for
AO-H302 and AO-H02/UVC, indicating that the drug was largely
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removed by reactive BDD(*OH) with little participation of its photolysis
by UVC light.

A curious work of Cornejo et al. (2023b) described the ciprofloxacin
removal in pure water using the flow system of Fig. 1e equipped with the
flow-through filter-press cell of Fig. 1d with a Ti|IrO»-Tap0s mesh anode
and a graphite felt cathode. No O was supplied because that produced
at the anode was assumed to be sufficient for the electrogeneration of
H»0; from reaction (1). The assays were carried out with 2 L of 10-30
mg L™ TOC of the drug by adding 0.05 M NaySOy4 and 0.1-0.5 mM Fe?*
at pH = 3.0, 25 °C, j = 5-15 mA cm 2, and liquid flow rate = 0.4-1.0 L
min~! upon 15 W UVA light lasting 420 min. A total abatement was
found in 60 min with k; = 0.076 min~* and 77% of final TOC decay for
0.1 mM Fe?", j = 5 mA cm™2, and liquid flow rate = 0.4 L min~'. It
detected the formation of oxalic and oxamic acids as final by-products
by HPLG, alongside the release of F~, NO3, and NHJ ions from the F
and N atoms present in the drug.

Urine is a complex matrix that contains urea, uric acid, and creati-
nine as main organic components, which can be oxidized by *OH and
active chlorine. Gonzaga et al. (2021) studied the mineralization of
Penicillin G in urine with a stirred tank reactor with a BDD or Ti/R-
g 5Irg 502 (metal mixed oxide, MMO) anode and a carbon felt cathode.
A volume of 150 mL of this medium with 50 mg L™! drug and 0.5 mM
Fe?* at pH=3.0,25°C,andj =120 mA cm 2 was submitted to 9 W UVC
light during 120 min. Almost total degradation was achieved for ho-
mogeneous EF and PEF with both anodes. In contrast, a partial TOC
removal was attained depending on the process: 51% for EF with BDD
<54% for EF with MMO <65% for PEF with BDD <68% for PEF with
MMO (see Table 1). The MMO anode was more powerful than the BDD
one, suggesting a superior reactivity of the greater amount of active
chlorine formed at the former anode with all the organics of the urine
matrix. This means that the nature of the aqueous matrix can largely
affect the oxidation ability of the homogeneous PEF, and cheaper DSA
anodes can be even more potent than BDD ones.

Antonin et al. (2019) studied the homogeneous PEF-Fered process of
cephalexin with a flow system like Fig. 1c with a BDD anode and an
AISI-304 stainless steel cathode filled with 1 L of 180 mg L™! drug in
pure water with 0.1 M NaySO4 and 1 mM Fe?* at pH = 3.0 and room
temperature. To do the trials, 50 mg L lof H50, was added each 60 min
and aj = 10 mA cm ™2, and liquid flow rate = 7 L min~* were applied
under illumination with a 9 W UVA light lasting 480 min. Fig. S3a shows
an enhancement of the overall cephalexin content removal in the order:
AO (4 h) > AO/UVA (3 h) > homogeneous EF-Fered = homogeneous
PEF-Fered (15 min). This indicates again the much superior oxidation
power of *OH produced from Fenton’s reaction (5) than BDD(*OH)
generated from reaction (3). When TOC was determined, Fig. S3b re-
veals that its final removal of 97% was much greater, as expected, for
homogeneous PEF-Fered (see Table 1). This process also presented the
higher values of the percentage of MCE (see Fig. S3c), which dropped
with time up to 60%. This decay is related to 2 effects: the gradual loss of
organic load and the accumulation of more recalcitrant intermediates.
The opposite trend can be observed in Fig. S3d for the ECrq¢ profile that
raised with time up to a low value of 0.10 kWh (g TOC)’I, without
considering the cost of the UVA lamp. 6 aromatic by-products and
generated fumaric, oxalic, and oxamic acids were detected by HPLC. The
evolution of oxalic and oxamic acids is presented in Figs. S3e and S3f,
respectively. Oxalic acid was more largely accumulated in homogeneous
EF-Fered, dramatically decaying in homogeneous PEF-Fered as a result
of the photolysis of Fe(IlI)-oxalate complexes, which can explain the
higher TOC removal of the latter method. In contrast, a slightly smaller
amount of oxamic acid was found for the latter process with respect to
the former one, indicating a smaller photolysis of Fe(IlI)-oxamate
species.

4.5. Real wastewaters

Excellent homogeneous PEF treatment of real wastewater has been



E. Brillas and J.M. Peralta-Hernandez

reported. Pharmaceutical wastewater (Behfar and Davarnejad, 2019),
sulfidic spent caustic (Esfahani et al., 2019), dairy wastewater
(Bruguera-Casamada et al., 2019), landfill leachate (Crispim et al.,
2022), and distilling industry wastewater (Perumal et al., 2023) have
been examined. Echeverry-Gallego et al. (2023) demonstrated that this
procedure reduced the abundance of genes related to pathogenicity
factors, antibiotic resistance, and metabolism.

For pharmaceutical wastewater with 750 mg L™! CODg, Behfar and
Davarnejad (2019) proposed a photo-assisted electrocoagulation with
H,0; addition as a variant of homogeneous PEF. The stirred tank reactor
contained two Fe electrodes, so that, the Fe anode was oxidized and
solubilized to Fe?* as follows:

Fe — Fe?™ 4 2¢~ (20)

Despite this reaction, additional Fe?>* was added to the medium to
enhance the HyO, decomposition by Fenton’s reaction (5). Response
surface methodology was utilized to optimize the assays made with 400
mL of wastewater, 0.5-5.0H05/Fe?" molar ratio, and 0.3-2.5 mL L™!
Hy0y/wastewater at pH = 2.0-5.0, 25 °C, and j = 20-80 mA cm 2
submitted to 6 W UVA light during 70 min. Good optimum results were
found for homogeneous EF, which were upgraded for homogeneous PEF,
as can be seen in Table 1.

It is interesting to the recent article published by Crispim et al.
(2022) who studied the influence of j and the kind of UV light on the
remediation of landfill leachate with 2685 mg L™! CODg and 1220 mg
L~! TOCy. They used a flow system like Fig. 1¢ with a BDD/carbon-PTFE
air-diffusion cell for treating 1 L of wastewater with 7.9 mg L™! total Fe
at pH = 3.0, 25 °C, j = 30-90 mA cm 2, and liquid flow rate = 200 Lh™!
under 6 W of UVA or UVC light during 240 min. Figs. S4a and S4b show
an enhancement of both, COD and TOC abatements with raising j and
using UVC light, respectively. The increase at higher j can be ascribed to
the concomitant production of more oxidizing agents and the superiority
of UVC light to the additional generation of *OH from electrogenerated
H20; via reaction (9). For the greater j = 90 mA cm’z, COD removal of
60% with UVA and 82% for UVC was obtained, whereas TOC was
reduced by 70% with UVA and 92% with UVC (see Table 1). Fig. S4c
highlights the enhancement of the energy consumption per g of TOC
considering the energy provided by each UV lamp with j due to the high
rise of Ee). This energetic parameter is always slightly smaller with UVC
due to its higher oxidation power. However, less energy consumption
was found up to j = 60 mA cm 2 for homogeneous EF with much lower
oxidation power, being quite similar to both homogeneous PEF pro-
cesses at j = 90 mA cm 2. These findings agree with the results reported
above in Fig. S1 by Mousset et al. (2021) in which the homogeneous EF
is more cost-effective due to the high energy cost of the UV lamp.

5. Homogeneous photoelectro-Fenton-like

A homogeneous PEF-like process operating at neutral pH has been
proposed by stabilizing Fe2* upon the addition of the quencher EDDS
(ethylenediamine-N,N'-disuccinic acid) (Ye et al., 2020a; Da Costa
Soares et al., 2021). These authors presupposed that the target molecule
can be oxidized by M(*OH) generated from reaction (3) and HCIO from
reactions (12) and (13), Moreover the Fe(II[)-EDDS complex reacted
with electrogenerated HyO, to form the Fe(II)-EDDS one by reaction
(21), which yields homogeneous *OH from the Fenton-like reaction (22).
Additionally, the complex can be photo-reduced by reaction (23) to
originate Fe?™ that can yield *OH from Fenton’s reaction (5).

Fe(II)-EDDS + Hy05 — Fe(ID-EDDS + 05~ + 2H" 1)
Fe(ID-EDDS + Hy0, — Fe(II)-EDDS + *OH + OH™ (22)
Fe(II)-EDDS + hv — Fe?* + EDDS** (23)

Fig. S5a depicts the effect of the anode over the time course of
accumulated HyO3 content for 50 mL of 0.12 mM triclopyr (10.0 mg L!
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TOCy) with 0.025 M NaySO4 + 0.035 M NacCl and 0.06 mM (7.2 mg L!
TOCy) Fe(II)-EDDS (1:1) at pH 7.0 and 35 °C using a system like of
Fig. lcatj =25 mA cm 2 uon a 6 W UVA light (Da Costa Soares et al.,
2021). As can be seen, HoO5 accumulation decreased in the sequence:
BDD > RuO»-based anode > IrOs-based anode. The decay of H;O, can be
mainly ascribed to its oxidation at the surface of anode M to O, via the
intermediate reaction (2) originating the weak oxidant HO3, a reaction
that was then slower for BDD.

Fig. S5b reveals that active chlorine was more favorably produced in
the order: of RuO»-based anode > IrO»-based anode > BDD anode. The
fact that BDD accumulated more HyO5 explained the slightly quicker
and total removal of the Fe(III)-EDDS complex attained in 90 min, as can
be seen in Fig. S5c. The corresponding k;-values were 0.0982 min " for
BDD >0.0888 min~! for RuOj-based >0.0793 min~! for IrO5-based.
Fig. S5d highlights that the herbicide triclopyr was also more rapidly
abated with BDD suggesting its quicker removal with homogeneous *OH
than active chlorine. Its k;-value decreased as 0.0251 min~! for BDD
>0.0221 min~! for RuO,-based >0.0168 min~! for IrO,-based. The
same tendency was found for TOC reduction (see Fig. S5e), with 65%
mineralization attained in 300 min using BDD (see Table 1). The
excellent results obtained for BDD, slightly worse for the other two DSA
anodes, validate the application of this procedure at pH = 7.0. However,
its main drawback is the introduction of another organic like EDDS that
increases the organic load due to the herbicide solution and the diffi-
culty of its mineralization.

Another homogeneous PEF-HCIO treatment has been proposed by
Murrieta et al. (2020a) considering the photo-assisted electrochemical
generation of HCIO from reactions (12) and (13) and the production of
Fe?* from reactions (6) and (7) as Fenton-like reagents in chloride
media. HCIO can then directly oxidize the organics or react with Fe?* to
yield homogeneous *OH as follows:

HCIO + Fe?*™ — Fe3* 4+ Cl™ + 2°0OH 24

The flow system used was the same as Fig. 3a but with an annular
photoreactor containing a 160 W UVA light, in which 3 L of 0.208 mM
sulfamethoxazole in pure water with 0.025 M NaySO4 + 0.015-M NaCl
and 0.4 mM Fe?" at pH = 3.0, 30 °C, and j = 15 mA cm ™2 were rapidly
and completely degraded in 20 min (see Table 1). After 150 min of
electrolysis, TOC was abated by 41% with an ECtoc = 1.136 kWh (g
TOC)™ . Parallel GC/MS analysis of the treated solution allowed the
identification of 6 aromatic, 6-chloroaromatic, 2-heterocycles, and 2
aliphatic by-products.

6. Homogeneous solar photoelectro-Fenton

PEF with sunlight irradiation or SPEF has been developed to obtain a
more useful process in practice because it is more efficient and cost-
effective than PEF with artificial lamps. Homogeneous SPEF has been
checked for the remediation of Orange II dye (Paz et al., 2020) and 3
antibiotics and 2 non-steroidal anti-inflammatories in pure water
(Bugueno-Carrasco et al., 2021), 7 drugs in WWTP effluent (Campos
et al., 2023), and linear dodecyl-benzene sulfonic acid. (LAS) in grey-
water (dos Santos et al., 2023), along with different recalcitrant
wastewaters like industrial textile wastewater (Salazar et al., 2019),
elderberry agro-industrial water (Ferreira et al., 2020), UWWTP efflu-
ents (Deemter et al., 2022), industrial wastewater (Salazar et al., 2022),
and petroleum refinery wastewater (Khaleel et al., 2023).

The work of Campos et al. (2023) was centered on clarifying the
performance of a flow raceway pond reactor upon sunlight connected to
a single filter-press cell, as schematized in Fig. 1e. The cell contained a
DSA anode of Ti/Rug 3Tip.7O02 and a carbon-PTFE air-diffusion cathode
with recirculation of 20 L of a WWTP effluent contaminated with 100 pg
L' of progesterone, estradiol, ibuprofen, diclofenac, estrone, sulfame-
thazine, and carbamazepine. Contents of 0.050 M NaySO4, and 0.05 mM
Fe?* were added to such contaminated WWTP at pH = 3.0 and room
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Fig. 3. (a) Sketch of the experimental setup of the solar flow plant used for the homogeneous SPEF-like process with a Ti/Ir-Sn—Ru anode, a stainless-steel cathode,
and a solar planar photoreactor of norfloxacin (NFX) in chloride medium. Time course of (b) normalized NFX content and kinetic analysis (inset), (c) normalized
TOC, (d) mineralization current efficiency, and (e) energy consumption per g of TOC for 3 L of 0.103 mM (20 mg L! TOCy) drug in pure water with 15 mM NaCl +
45 mM NaySO, at pH 3.0 and 30 °C by AO-HCIO, EF-HCIO, PEF-HCIO, and SPEF-HCIO at j = 15 mA cm ™2 and liquid flow rate = 180 L h™!. For the Fenton-based
processes, 0.40 mM Fe>" was added as a catalyst, and in the homogeneous PEF-HCIO, an annular photoreactor of 600 mL with an internal 160 W UVA lamp was used.

Adapted from Murrieta et al. (2023).

temperature, and a j = 20 mA cm ™2 and liquid flow rate = 570 L h™!
were applied for 300 min. It was found an increase in the final TOC
abatement of 19% for AO-H204 < 25% for homogeneous EF < 55% for
homogeneous SPEF. All the drugs were largely removed in the latter
process and its high efficiency was ascribed to the large contact area
between the effluent and UV irradiation of sunlight in the flow raceway
pond reactor.

Another article by dos Santos et al. (2023) degraded LAS in grey-
water using a flow system like Fig. 1c with a BDD/carbon-PTFE air--
diffusion filter-press and a solar compound parabolic collector (CPC)
photoreactor. The optimization of the homogeneous SEF treatment of
10 L of 40 mg L' of this chemical in the wastewater was found for
0.050 M NaySO4, 5 mg L™ Fe?*, pH = 3.0, 25 °C, j = 77.5 mA cm 2,
liquid flow rate = 180 L h™%, and 240 min. Under these conditions, LAS
was removed by 70% and TOC was reduced by 55% (see Table 1), which
are excellent results because of the high recalcitrance of the chemical
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and wastewater checked.

To study the remediation of a petroleum refinery wastewater with
375 mg L~! COD, by homogeneous SPEF, Khaleel et al. (2023) used the
flow system with a solar CPC photoreactor of Fig. S6a equipped with the
flow-by graphite/graphite filter-press cell of Fig. S6b. The tests were
made with 1.25 L of wastewater by addition of 0-1 g L™! NaCl and
0.2-0.8 mM Fe?" at pH = 3.0, 30 °C, j = 10-50 mA cm ™2, and liquid flow
rate = 3 L min~! lasting 90 min. The process was optimized by response
surface methodology and the best variables were 0.747 g L™ NaCl, 0.8
mM Fe2+, j=10mA cm_z, and 87 min (see Table 1). For these condi-
tions, am excellent 93% COD removal with ECcop = 0.01597 kWh (g
COD) ! was determined, pointing to a good viability of this procedure
for the treatment of petroleum refinery wastewater at an industrial
scale.
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7. Homogeneous solar photoelectro-Fenton-like

Like homogeneous PEF-like, the works of homogeneous SPEF-like
were centered on the addition of the quencher EDDS (Salmeron et al.,
2021) and the application of a novel process with simultaneous HCIO
and Fe** electrogeneration (Murrieta et al., 2020b, 2023). Salmeron
et al. (2021) treated a secondary WWTP effluent after concentration as
nanofiltration retentate with 375 mg L' COD through a flow plant-like
of Fig. 1c with a BDD/carbon-PTFE air-diffusion filter-press cell coupled
to a solar CPC photoreactor. A volume of 75 L of the wastewater with
0.050 M NaySO4 and 0.1 mM Fe(III)-EDDS (1:1) at pH = 3.0 and 25-35°
was treated at j = 74 mA cm 2 and liquid flow rate = 300 L h™! lasting
75 min. Micropollutants measured by HPLC in the wastewater dropped
88% on average with EC = 14.4 kWh m™3. Since the procedure elec-
trogenerated a small amount of H,05, its oxidation power was upgraded
by initially adding 10 mg L™ of this compound, and fit was found that
the degradation of micropollutants grew up to 96% with only EC = 5.9
kWh m—3 (see Table 1), showing its viability at industrial level.

Fig. 3a schematizes the solar flow plant used for the homogeneous
SPEF-HCIO process of norfloxacin (NFX) in a chloride medium (Murrieta
et al., 2023). The filter-press cell contained a Ti/Ir-Sn—-Ru anode and a
stainless-steel cathode connected to a solar planar photoreactor. First,
the tests were performed by recirculating 3 L of 0.103 mM drug in pure
water with 0.015-M NaCl +0.045 M NaySO4 and 0.4 mM Fe?" at pH =
3.0, 30°C, j = 15 mA cm ™2 and liquid flow rate = 180 L h ™! for 300 min.
Fig. 3b—e shows the time course of normalized NFX content and TOC,
percentage of MCE, and ECroc for different processes. Surprisingly,
better performance was found for homogeneous AO-HCIO (without
Fe?") than Fenton-based EAOPs. So, the drug disappeared from the
medium in only 15 min with k; = 0.1999 min~! for the former process,
whereas a longer time of 30 min for homogeneous EF-HCIO, PEF-HCIO,
and SPEF-HCIO with k; = 0.1278 min ! (see Table 1). Nevertheless, for
the homogeneous SPEF-HCIO at 300 min, a 46% TOC reduction with 2%
MCE and ECroc = 0.76 kWh (g TOC)™! was found, with values quite
similar to those of homogeneous AO-HCIO. The lower performance of
homogeneous SPEF-HCIO was ascribed to a drastic loss of its oxidation
ability by the conversion of the stronger oxidant HCIO into the weaker
one "OH from the reaction (24). This was confirmed by the decay of
normalized drug content with increasing the addition of Fe** from 0.1 to
0.5 mM, as can be seen in Fig. S7a. In contrast, Fig. S7b shows a much
poorer TOC reduction with 0.1 mM Fe?", suggesting a faster destruction
of chloroderivatives formed when more quantity of *OH is produced at
higher Fe>* content. The authors also confirmed the oxidation power of
the homogeneous SPEF-HCIO power under comparative conditions with
a WWTP effluent. The consumption of oxidants with its organic com-
ponents and inorganic ions inhibited the removal of NFX. Fig. S7c
highlights that in WWTP effluent, 30 min were also needed for overall
degradation with a smaller k; = 0.0784 min~?, whereas Fig. S7d reveals
a lower TOC reduction up to 40%. These findings point to consider that
this treatment only possesses a slightly lower oxidation power in real
wastewater than in pure water. Moreover, the by-products that origi-
nated in pure water were identified by LC-MS/MS and the initial
degradation sequence of NFX (1) shown in Fig. S7e was proposed. The
initial attack of *OH on the C(3) of the piperazine group of 1 gives the
hydroxylated compound 2 that is transformed into 5 with breaking of
the piperazine group or 6 with a carbonyl addition on its C(2). Further
oxidation of 5 and 6 originates 7 with two carbonyls linked to the two N
atoms of the broken piperazine group that further yields 8 losing the
carbonyl joined to the N atom linked to the naphthalene ring. The par-
allel chlorination over C(9) of the naphthalene ring of 1 forms 3, fol-
lowed by the loss of the piperazine group to give 9. The hydroxylation in
C(7) of the naphthalene group of 1 with the release of F~ yields 4, whose
naphthalene ring is broken to form 10, followed by its hydroxylation
and decarboxylation leading to 11.
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8. Heterogeneous photoelectro-Fenton

Few heterogeneous PEF processes have been proposed aiming to
operate at neutral pH with low production of iron hydroxide sludge. A
first approach considered solid iron catalysts to remove the chemical 1-
butyl-2,3-dimethylimidazolium with a Fe/TiOy/perlite catalyst (Diez
et al., 2020), the dyes Sunset Yellow with Fe3O4 (Pinheiro et al., 2020)
and Ponceau SS with vermiculite (dos Santos et al., 2020), and the drugs
thiamphenicol with pyrite (Thiam et al., 2020), carbamazepine with
NOM (Duan and Sedlak, 2024), cephalexin with chalcopyrite (Droguett
et al., 2020), and tetracycline with Fe/C/N/ZIF-8/ACF (Zhang et al.,
2024). A second approach was based on functionalized GDE cathodes
applied for the treatment of bisphenol S with Co-porphyrin/Printex L6
GDE (Marques et al., 2022), the dyes Methyl Orange, Methylene Blue,
and Rhodamine B with bismuth hexacyanoferrate/graphene/carbon fi-
bers GDE (Chen et al., 2022), and the dye Methylene Blue and the drug
erythromycin with graphene-MOFs (2Fe/Co)/CNF cathode membrane
(Li et al., 2023a). Table 2 lists selected results of these works, On the
other hand, a sensor for HoO, detection using heterogeneous PEF with
iron sites on graphdiyne has been detailed by Li et al. (2023b).

Fig. S8a shows a sketch of the setup of the heterogeneous PEF
treatment of 1-butyl-2,3-dimethylimidazolium in aqueous medium
(Diez et al., 2020). It consisted of an electrochemical cell with a BDD
anode and a carbon felt cathode upon air injection linked to a photocell
containing a floating Fe/TiOy/perlite catalyst under illumination with a
250 nm UVA-LED lamp. A volume of 320 mL of 25 mg L™! chemical in
pure water or WWTP with 0.010 M NaySOy4 at natural pH and 20 °C was
recirculated through this system for 240 min. An I = 50 mA was applied
to the electrochemical cell and 2.72 g L™ catalyst was added to the
photocell. Fig. S8b depicts that the faster chemical abatement was
reached with the Fe/TiOy/perlite catalyst with total disappearance in
120 min. A slightly slow abatement can be observed for Fe/perlite
catalyst giving rise to total removal at the same time. When TiO,/perlite
was used as a catalyst, the chemical was more slowly removed up to 98%
at 120 min. For these catalysts, it is expected the production of hetero-
geneous *OH from reaction (10) from the surface = Fe?* onto Fe and
perlite (an aluminum potassium sodium silicate mineral with <1%
Fey03) with electrogenerated HyO5. =Fe?* can thus be regenerated from
the formed = Fe*' by a surface photolytic reaction similar to (7).
Moreover, TiOy is a common photocatalyst that originates oxidizing
agents like *OH, as explained in subsection 9a, but this point was dis-
regarded by the authors. The synergy action of the three components of
Fe/TiOy/perlite then possessed more oxidation power than simpler
combinations due to the greater heterogeneous °OH generation,
including that of BDD(*OH) formed at the anode from reaction (3).
Fig. S8c highlights a large ability of the heterogeneous PEF to abate the
COD in 80% and TOC in 70% of the solution in pure water at 240 min
(see Table 2). These good results can be associated with the fast
photolysis of the complexes of by-products anchored at the surface =
Fe37, e.g., by a reaction similar to (8) for final carboxylates. The parallel
treatment with a WWTP effluent reduced the mineralization power of
the system to 67% of COD and 63% of TOC, values acceptable for
practical application.

dos Santon et al. (2020) proved the use of sodium vermiculite (an
iron-rich clay mineral) as a solid iron catalyst to remove the dye Ponceau
SS. The cell was like Fig. la equipped with a BDD anode and a
carbon-PTFE air-diffusion cathode submitted to a 6 W UVA light or
direct sunlight. It was filled with 130 mL of 0.075-0.225 mM dye in pure
water by adding 0.050 M NaySO4 and 0.25-2 g L™! catalyst at pH = 3.0,
25°C, and j = 16.6-66.6 mA cm ™~ lasting 360 min. The catalyst was able
to efficiently produce heterogeneous BDD(*OH) as well as *OH from
reaction (10) and similar to reaction (7) with surface = Fe3* to largely
oxidize the dye and its by-products, whose surface = Fe(II) complexes
were rapidly photolyzed. So, a kgis = 0.0123 min' with 77% TOC
removal and 6.1% MCE was obtained with UVA light, which was
upgraded using sunlight up to 0.0140 min~!, 84%, and 6.4%,
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Table 2
Selected results were obtained for heterogeneous PEF and hybrid and sequential treatments of organic pollutants in different aqueous matrices.
System Pollutant Experimental remarks Main results Ref.
Heterogeneous PEF
Fig. S8, BDD anode, carbon felt cathode, 1-butyl-2,3- 320 mL of 25 mg L™! chemical in pure Overall removal in 120 min, more rapidly Diez et al.
air injection, Fe/TiO,/perlite catalyst dimethylimidazolium water and WWTP effluent, 0.010 M than simpler combinations of the catalyst. (2020)
2500 Im UVA-LED lamp NayS0y, 2.72 g L' catalyst, natural pH, COD and TOC reduction: 80% and 70% in
20 °C, I = 50 mA, 240 min pure water >67% and 63% in WWTP
Like Fig. 1a, BDD anode, carbon-PTFE air- ~ Ponceau SS 130 mL of 0.075-0.225 mM dye in pure For 0.150 mM dye, 1 g L~ ! catalyst,andj=  dos Santos
diffusion cathode, sodium vermiculite water, 0.050 M NaySO4, 0.25-2 g L1 33.3mA ecm 2, kgjs (min'!), TOC decay, and et al.
catalyst, 6 W UVA light, sunlight catalyst, pH = 3.0, 25 °C, j = 16.6-66.6 mA  MCE: 0.0123, 77% and 6.1% for UVA and (2020)
cm™2, 360 min 0.0140, 84%, and 6.4% for sunlight.
Evolution of 5 carboxylic acids by HPLC
Stirred tank reactor with a 500 W Xe lamp ~ Methylene Blue 100 mLof 50 mg L' dye or 50 mg L™' drug  Discoloration and TOG removal: 98% and Li et al.
(cut-off of A > 420 nm), BDD anode, Erythromycin in pure water, 20 mg L™ Na,SO,4, pH=3.0,  95% for Methylene Blue and 98% and 92%  (2023a)
MOFs (2Fe/Co)/carbon fiber cathode, room temperature, E b = _1.0 V/SCE, 60 for Erythromycin. *OH as the main oxidant.
SCE reference electrode, O, injection min For the latter dye, excellent reusability
after 5 consecutive cycles
Hybrid
Like Fig. 1a with a 5 W UVC lamp at the Sulfamethazine 200 mL of 10-80 mg L' drug in pure Total decay in 40 min for 80 mg L' drug,  Du et al.
bottom, Ti/RuO, anode, air-diffusion water, 0.050 M Na,SO,4, 5-35 mg Lt 25 mg L~! photocatalyst, pH = 4.0, and I = (2022)
cathode, FeCu/porous carbon photocatalyst, pH = 3.0-7.0, room 25 mA. Leaching of Fe and Cu. *OH and O3~
photocatalyst temperature, I = 5-35 mA, 60 min oxidants detected by EPR. Excellent
reusability after 5 successive steps.
Evolution of 5 carboxylic acids by HPLC
Stirred tank reactor with an inner 500 W Sulfamethazine 100 mL of 5 and 10 mg L™! drug in pure Complete abatement for 5 mg L' drug, 7 Xia et al.
Xe lamp, Pt anode, FeS, NWs /Ti3Cs water, 0.050 M NaySO,4, 5-9 mg cm ™2 mg cm 2 catalyst, pH = 3.0-7.0, and I = (2021)
photocathode, O, injection photocatalyst onto the cathode, pH = 200 mA. Good reusability with loss of 9%
3.0-9.0, room temperature, I = 100-300 degradation after 5 consecutive steps
mA, 100 min
Stirred tank reactor with an inner 10 W Acid Black 172 500 mL of 50-200 mg L™! dye in pure Optimized discoloration by response Aflaki et al.
LED (A = 520 nm) lamp, Cu anode, Reactive Blue 19 water, 0.050 M NaySO4, 1 g Lt surface methodology for suspended or (2021)
graphite cathode, TiO,/glycine/ photocatalyst, pH = 4.0-8.0, 25°C,j=2-6  immobilized at the cathode photocatalyst:
ZnFe,04 photocatalyst, O, injection mA cm™2, 90 min 72% and 92% for Acid Black 172 at pH =
6,5,j = 2 mA cm 2, and 48 min, 80% and
95% for Reactive Blue 19 at pH = 6,5, j =
2.7 mA cm 2, and 30 min
Fig. 4a with a FTO “/TiO photoanode Triphenyltin chloride 50 mL of 0.1 mM chemical in pure water, 96% (k; = 0.219 min~!) removal by PEF Xu et al.
upon a 0.05 mWm ™2 UVA lamp, a 0.050 M K5S04, 0.2 mM Fe?*, pH = 3.0, and 98% (k; = 0.274 min~!) by PEF/PECin  (2020)
carbon felt cathode, and an Ag|AgCl room temperature, E,, = +2.5 V/Ag|AgCl, 60 min, respectively. Total TOC reduction
electrode reference, O injection 360 min in 120 min by PEF/PEC and 360 min by
PEF. 10 aromatic, 3 cyclic, and 5 carboxylic
acids by-products identified by LC-MS/MS
and HPLC
Stirred tank reactor with a blue-TiO, 2,4- 100 mL of 5-20 mM herbicide in pure Complete abatement in 60 min for 10 mM  Zhang
nanotube array photoanode upon a 200 Dichlorophenoxyacetic water, 0.050 M NaSOy4, 0-0.3 mM Fe?*, herbicide, 0.2 mM Fe?*, and E,, = +2.4 V/ et al.
W Xe lamp, a carbon felt cathode, and an  acid pH = 1.5, room temperature, E,, = from SCE. *OH is the main oxidant (2021)
SCE electrode reference, O, injection 0 to +2.8 V/SCE, 60 min
Sequential
Electrocoagulation with two parallel Fe Acid Blue 29 Electrocoagulation: 2 L of 500 mg L™ of Second electrocoagulation: 94% color Marquez
electrodes (Fig. 5a) followed by PEF-like COD of the dye in pure water, 2 kg NaCl, removal and 49% COD decay in 180 min. et al.
with a Ti/Ir-Sn-Sb oxide anode and a pH = 7.3, 25°C,j = 14 mA cm 2, flow Further PEF-like process with Fe?*: 100% (2022a)
stainless-steel cathode exposed to a 15 velocity = 0.69 cm s~1, 180 min. PEF-like:  color removal and 98% COD decay in 420
W UVA lamp (Fig. 5¢) 0.4 mM Fe*". pH = 3.0, j = 15 mA cm ™2, min
flow velocity = 24.2 cm s~ 1, 420 min.
Like Fig. 1c. Electroactivated persulfate Reactive Orange 16 21 0f30-50 mg L' TOC, of the dye in pure  First step with PS: 37% TOC reduction for Cornejo
with a Ti/RuO, anode, graphite felt air- water, 0.050 M Na5SOy, first 0.5-1.6 mM 50 mg L~! TOC, at 1 mM PS, pH = 3.0, et al.
diffusion cathode, followed by PEF with PS ¢ followed by 0.5 mM Fe?* for PEF, pH  liquid flow rate =1L min ', andj=10mA  (2023a)

UVA light

= 3.0-9.0, 25 °C, liquid flow rate = 0.5-2 L
min~!, j = 5-30 mA cm 2, 360 min each
step

cm ™2, Post-PEF: 98% mineralization with
30% MCE and ECyoc = 0.060 kWh (g
TOC) ! under the same conditions. Total
operating cost (including UVA lamp): 25.9
US$ m~3. Evolution of 6 carboxylic acids
by HPLC and NHj

2 NWs: Nanowires.
b E,.. Cathodic potential.

¢ FTO: Fluoride-doped tin oxide. ¢ E,, = Anodic potential.

4 PS: Persulfate.

respectively (see Table 2). The authors also followed the evolution of 5
final carboxylic acids by HPLC.

Metal-organic frameworks (MOFs) are porous polymers with metal-
clusters coordinated to organic ligands yielding 1D, 2D, or 3D structures
of high stability. The use of MOF catalysts as cathodes for heterogeneous
PEF should be a hot research line in next future. The good performance
of these catalysts has been checked for Methylene Blue and

Erythromycin operating with a stirred three-electrode cell equipped
with a BDD anode, a MOFs (2Fe/Co)/carbon fiber cathode, and a SCE
reference electrode (Li et al., 2023a). The cell was submitted to a 500 W
Xe lamp with a cut-off of A > 420 nm, thus providing visible light. It was
filled with 100 mL of 50 mg L ™! of each pollutant in pure water with 20
mg L™ NaySO4 at pH = 3.0 and room temperature, which was elec-
trolyzed by applying a cathodic potential (Eca¢) of —1.0 V/SCE that gave
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sufficient HyO, production. More than 92% of each compound and TOC
were reduced after 60 min of electrolysis (see Table 2). It was found that
°OH was the main oxidant, which proceeded from BDD(*OH) and het-
erogeneous "OH formed from the reaction of HyOy with = FeZ* by
heterogeneous Fenton reaction (10) and a similar reaction of = Co%t
leading to = Co®". The visible light enhanced the mineralization under
the action of surface reactions similar to (7) and (8). The excellent
performance found for the cathode encourages further studies to
confirm its viability in the pilot plant, which is supported by its excellent
reusability obtained after 5 consecutive cycles of erythromycin
degradation.

9. Combined processes

Several hybrid and sequential processes have been proposed as
combined treatments with PEF. Hybrid processes involve the coupling
with PC or PEC, whereas sequential ones with EC and PS. Table 2 shows
the selected results for these treatments.

9.1. Hybrid processes

PEF/PC treatments have been described for the dyes Acid Black 172
and Reactive Blue 19 (Aflaki et al., 2021) and the drugs bezafibrate (Ye
et al., 2020b), carbamazepine (Liu et al., 2024), ciprofloxacin (Bai et al.,
2019), and sulfamethazine (Xia et al., 2021; Du et al., 2022). PEF/PEC
processes have been developed for the chemical triphenyltin chloride
(Xu et al., 2020), the herbicides 2,4-D (Zhang et al., 2021) and simazine
(Xu et al., 2021), and the drug paracetamol (Olvera-Rodriguez et al.,
2019). Thor et al. (2021, 2023) have reported the coupling of a PEF
system with a PEC fuel cell.

PC consists of the light irradiation of a semiconductor material to
photoexcite the electrons from its VB to its CB, separated by a band gap
energy (Eg), according to reaction (25) (see Fig. SOb). The energy of
photons has to be > E, and so, photoinduced ecg/h * v pairs with the
electron at the CB (ecp), and positive hole at the VB (h ™ yp) are formed
(Brillas and Garcia-Segura, 2023). h' yp is a strong oxidant that directly
attacks organics or reacts with HO to give *OH from the reaction (26).
In contrast, ecg is a strong reductant yielding O3~ and *OH by reactions
(27) and (28), respectively. The fast recombination of both photo-
generated species from reaction (29) is the main drawback of PC.

Semiconductor + hv — egg + h © g (25)
h *yg + HyO —» *OH + H' (26)
ecg + 02 - 03 27)
ecs + HpO2 — *OH + OH™ (28)
ecg + h 7 yg = Semiconductor + heat (29)

Du et al. (2022) reported the removal of sulfamethazine with a
suspended FeCu/porous carbon photocatalyst using a stirred tank
reactor like Fig. 1a with a Ti/RuO; anode and an air-diffusion cathode,
with the variant of putting a 5 W UVC lamp at its bottom. The complex
PEF/PC mechanism of Fig. S9a was proposed to explain the generation
of oxidants. It considered that the photocatalyst contained Fe304 and
CuO that generate ecg from reaction (25) and its surface = Fe?t and
=Cu" species can produce heterogeneous oxidant *OH from Fenton’s--
like reactions (10) and (30), respectively. The photoinduced ecp can
then reduce O, to O3~ from reaction (27) and HyO, to *OH from reaction
(28). This last process also occurs through reaction (9) under UVC light.
Moreover, Fe and Cu were leached to the medium, opening a homoge-
neous oxidation way. Apart from O3 reduction to HyO; by reaction (1),
soluble Fe>* and Cu?* can be reduced to Fe>™ and Cu* through reactions
(6) and (31), respectively, so that, homogeneous *OH can also be formed
from Fenton’s reaction (5) and Fenton-like reaction (32). The photolysis
of Fe(OH)*" by reaction (7) and Fe(OOCR)?* by reaction (8) finally
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leads to higher mineralization.

=Cut + Hy05 — =Cu®* + *OH + OH~ (30)
cu®t+e - cut (31)
cut + Hy0, — Cu®* + *OH + OH™ (32)

Total drug removal was found after 40 min of electrolysis of 200 mL
of 80 mg L ! drug in pure water with 0.050 M Na;SO4 and 25 mg L™?
photocatalyst at pH = 4.0, room temperature, and I = 25 mA (see
Table 2). It is noticeable that the generation of *OH and O3~ as oxidants
were detected by EPR by the complex formed with 5,5
-dimethyl-1-pyrroline N -oxide (DMPO). An excellent reusability of the
photocatalyst was determined after 5 successive steps. The evolution of
5 final carboxylic acids was followed by HPLC.

A slower degradation of sulfamethazine has been reported by Xia
et al. (2021) using a stirred tank reactor with a Pt anode, a FeSy nano-
wires (NWs)/TizCy photocathode, and an inner 500 W Xe light simu-
lating sunlight. Fig. S9b presents the mechanism proposed for this
PEF/PC system. H,0 is oxidized at the Pt surface to form Pt(*OH) from
reaction (3). The FeSy; NWs produce photoinduced ecg under visible
irradiation from the reaction (25). These electrons can reduce: (i) O to
H,0, by reaction (1), (ii) HpO- to heterogeneous *OH from reaction
(28), and (iii) = Fe3* to = Fe?t by a reaction similar to (6) to produce
more heterogeneous *OH and accelerate the heterogeneous Fenton re-
action (10). Photolysis of = Fe>* species by a reaction similar to (7) also
contributes to = Fe*" regeneration. Oxidation of SO~ from the elec-
trolyte yields the strong oxidant SO;~, although heterogeneous *OH is
the main oxidant of sulfamethazine and its by-products. PEF/PC trials
performed with 100 mL of 5 and 10 mg L ™! drug in pure water, 0.050 M
NaySO4, and 5-9 mg cm 2 catalyst onto the cathode at pH = 3.0-9.0,
room temperature, and I = 100-300 mA revealed a slower degradation
rate than the above reported by Du et al. (2022). So, 100 min were
required for the overall removal of 5 mg L~} drug with 7 mg cm ™2
catalyst at pH = 3.0-7.0 and I = 200 mA (see Table 2). The cathode
presented a good reusability with a loss of 9% degradation after 5
consecutive steps.

Aflaki et al. (2021) checked the performance of the hybrid PEF/PC
treatments of Acid Black 172 and Reactive Blue 19 using suspended or
cathodically immobilized TiO,/glycine/ZnFe;O4  photocatalyst.
Response surface methodology was applied to optimize the treatment of
500 mL of 50-200 mg L~} of each dye in pure water by adding 0.050 M
NaySO4 and 1 g L1 photocatalyst at pH = 4.0-8.0, 25 °C, and j = 2-6
mA cm 2. The best results were obtained at pH = 6.5 for both suspended
and immobilized photocatalysts, with discoloration efficiencies of 72%
and 92% for Acid Black 172 at j = 2 mA cm ™2 and 48 min, and 80% and
95% for Reactive Blue 19, atj = 2.7 mA c¢m 2 and 30 min (see Table 2).
These findings point to consider that immobilized photocatalysts at the
cathode are preferable to be used against suspended ones in practice,
although more comparative research is needed to confirm this
suggestion.

PEC consists of the use of a photoanode that is irradiated to yield the
generation of oxidizing species from reactions (25)-(28), with minimi-
zation of reaction (29) due to the pass of the photoinduced ecp to the
cathode through the external electric circuit. Fig. 4a shows a sketch of
the simple three-electrode photoelectrolytic cell for the PEF/PEC pro-
cess with a fluoride-doped tin oxide (FTO)/TiO5 photoanode directly
illuminated with 0.05 mWm 2 UVA lamp (Xu et al., 2020). The cathode
was a Pt/carbon felt and the reference electrode was an Ag|AgCl. With
this system, 50 mL of 0.1 mM of the chemical triphenyltin chloride in
pure water with 0.050 M K250, and 0.2 mM Fe?* at pH = 3.0 and room
temperature were remediated by applying an anodic potential (E,,) of
+2.5 V/Ag|AgCl lasting 360 min. The comparative normalized chemical
concentration and TOC decay using FTO/TiO5 without illumination,
PEC, PEF, and PEF/PEC are presented in Fig. 4b and c, respectively. The
inset of Fig. 4b highlights the good pseudo-first-order kinetic analysis
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Fig. 4. (a) Schematic representation of the photoelectrolytic cell used for the hybrid PEF/photoelectrocatalysis (PEC) process with an FTO/TiO, photoanode upon a
0.05 mWm 2 UVA lamp and a carbon felt cathode. An Ag|AgCl electrode reference was added for the assays. Normalized (b) triphenyltin chloride concentration and
(¢) TOC with time for 50 mL of 0.1 mM chemical (20 mg L~! TOGC,) in pure water with 0.050 M K,SO4 and 0.2 mM Fe?" at pH = 3.0, room temperature, and an
anodic potential (E,,) of +2.5 V/Ag|AgCl for different processes. The inset panel of (b) presents the pseudo-first-order kinetic analysis of the corresponding con-

centration decays. Adapted from Xu et al. (2020).

found for the corresponding concentration decays. As can be seen, the
best process was PEF/PEC yielding 98% degradation with k; = 0.274
min~! in 60 min and total TOC reduction in 120 min. It upgraded the
PEF process that gave 96% degradation with k; = 0.219 min~! in 60 min
and total TOC abatement in 360 min (see Table 2). From the by-products
identified for the PEF/PEC process by LC-MS/MS and HPLC, indicating
the main oxidative action of generated °OH, the proposed reaction
mineralization sequence for triphenyltin chloride (1) is depicted in
Fig. S10. This chemical presents two reactive sites, the high electron
density in the aromatic moieties and the highly polar Sn—C center. The
process was then initiated by the introduction of ~-OH groups over the
benzenic rings to form the dihydroxylated 2 and the monohydroxylated
3. Further attack of O, yielding O3~ causes the loss of one hydroxylated
benzene of both by-products to form 4 and 5. The same reaction over 5
originates 6 is hydroxylated to 7, followed by the loss of Sn** and Cl~ to
form phenol (8). Subsequent hydroxylation of 8 yields hydroquinone (9)
and catechol (10) that are oxidized to 1,4-benzoquinone (11) and 1,
2-benzoquinone (12), respectively. The ring cleavage of these com-
pounds leads to maleic (13) and fumaric (14) acids, which are oxidized
to glycolic acid (15). The latter is finally transformed into the ultimate
oxalic (16) and formic (17) acids that are directly converted into CO,.
Note that these 5 carboxylic acids are complexed with Fe>* in solution
and quicky photodecarboxylated by reaction (8), thus explaining the fast
and total mineralization achieved for triphenyltin chloride by PEF/PEC.

Zhang et al. (2021) also reported the generation of *OH as the main
oxidant for an efficient PEF/PEC process of 2,4-D. They used a stirred
tank reactor with a blue-TiO5 nanotube array photoanode upon a 200 W
Xe lamp, a carbon felt cathode, and an SCE electrode reference. Com-
plete degradation was obtained after 60 min of electrolysis of 100 mL of

16

10 mM herbicide in pure water containing 0.050 M Na3SO4 and 0.2 mM
Fe?" at pH = 1.5 and room temperature upon application of Ex, = +2.4
V/SCE (see Table 2).

9.2. Sequential processes

Sequential processes including EC-PEF for the dyes Acid Blue 112,
Acid Blue 29, and Brilliant Green (Marquez et al., 2022a, 2022b, 202.3)
and PS-PEF for the dye Reactive Orange 16 (Cornejo et al., 2023a) have
been developed. A complex treatment train with HyO, oxidation,
chemical precipitation, biological oxidation, chemical coagulation with
FeCls, and homogeneous PEF-UVA has been checked for textile waste-
water (Silva et al., 2020) and industrial waste landfill leachate (Segundo
et al., 2020).

EC is based on the solubilization of a Fe anode to Fe?*from reaction
(20), followed by its precipitation as Fe(OH)y(s) from reaction (33) or its
oxidation with O to form Fe(OH)3) from reaction (34).

Fe?t + 2 OH™ — Fe(OH)y) (33)

4 Fe®™ 4+ 10H20 + Oy — 4 Fe(OH)3() + 8 H' 34

Fe(OH)y(s) and Fe(OH)ys)are coagulants/flocculants that can adsorb
dyes, micelles, colloids, and other charged pollutants from the waste-
water to separate them by sedimentation. The main drawbacks of this
procedure are (i) anode passivation and sludge deposition on the elec-
trodes and (ii) generation of iron ions that can be partially dissolved in
the final solution, although they can catalyze a further PEF post-
treatment (Brillas, 2020).

Marquez et al. (2022a) designed the sequential EC-PEF-like system
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schematized in Fig. 5a—d. Fig. 5a presents the up-flow parallel plate EC
reactor with a Fe/Fe cell and Fig. 5b the pre-pilot plant for the EC
process. This was carried out with 2 L of 500 mg L™ of COD of Acid Blue
29 dye by adding 2 kg NaCl at pH = 7.3, 25 °C, and flow velocity = 0.69
cm s ! by applying a j = 14 mA cm 2 for 180 min. Apart from the
generation of Fe(OH)y(s) and Fe(OH)s(s) as coagulants/flocculants, the
presence of Cl originated active chlorine (HCIO, ClO™) from reactions
(12)-(14) that oxidize the dye and its by-products. Fig. 5¢ shows the
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flow-by filter-press reactor equipped with a Ti/Ir-Sn-Sb oxide anode
and a stainless-steel cathode upon a 15 W UVA light for homogeneous
PEF-like and Fig. 5d shows the pre-pilot plant used. This process was
made without and with the addition of 0.4 mM Fe?* at pH = 3.0 and
flow velocity = 24.2 cm s~ ! by applying a j = 15 mA cm™2 during 420
min. In this process, M(°OH) and active chlorine were formed at the
anode, and in the presence of Fe?* (PEF-like + Fe2+), homogeneous *OH
was produced from reaction (24) as well. Fig. Se discloses that 94% of
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Fig. 5. (a) Up-flow parallel plate electrocoagulation (EC) reactor with a Fe/Fe cell and (b) scheme of the pre-pilot plant for the EC process. (¢) Exploded view of the
electrochemical filter-press reactor with a Ti/Ir-Sn-Sb oxide anode and a stainless-steel cathode exposed to a 15 W UVA lamp and (d) sketch of the pre-pilot plant for
the PEF-like process. (e) Percentage of color removal and (f) residual COD for different processes involving the EC process of 2 L of 500 mg L~ of COD of Acid Blue 29
dye with 2 kg NaCl at pH = 7.3, 25 °C, and flow velocity = 0.69 cm s~ ! by applying a j = 14 mA cm ™2 for 180 min. The subsequent PEF-like was made by adding 0.4
mM Fe?* at pH = 3.0 and flow velocity = 24.2 cm s~! by applying a j = 15 mA cm 2 during 420 min. Adapted from Marquez et al. (2022a).
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color was removed after 2 consecutive EC steps, whereas total discol-
oration was reached after both, PEF-like and PEF-like + Fe?" treatments
(see Table 2). From Fig. 5f, one can infer that the initial 500 mg L1of
COD of the wastewater was reduced by 49% in the second consecutive
EC step, which raised to 92% after PEF-like and a satisfactory 98% after
PEF-like + Fe?*. The addition of 0.4 mM Fe?* in the latter case enhanced
the formation of final Fe(IIl)-carboxylate complexes that were more
quickly photolyzed by UVA light. The authors calculated an operating
cost of the sequential EC-PEF-like of 1.36-1.39 US$ m~3, without
considering the high cost of the electrical energy provided to the UVA
lamp, thus opening the door to further study the alternative use of more
cost-effective SPEF-like post-treatment for practical application.

A recent work of Cornejo et al. (2023a) proposed a novel sequential
PS-PEF process for the mineralization of Reactive Orange 16 with a flow
system like Fig. 1c¢ with a Ti/RuO3 anode and a graphite felt air-diffusion
cathode. The electroactivation of PS was performed in the dark by its
reaction with electrogenerated HyO; to form SO3~ and *OH following
reaction (35). SO;~ can then be hydrolyzed to produce more *OH by
reaction (36). However, this treatment was not powerful enough, and
only 37% of TOC was reduced starting from 2 L of 50 mg L™! TOCy in
pure water with 0.050 M NaySO4, and 1 mM PS at pH = 3.0, liquid flow
rate=1L min’l, and j = 10 mA cm 2 (see Table 2). The formation of
stable carboxylic acids inhibited the mineralization process.

S,03~ + Hy0y — 2505 + 2°0OH (35)

S04~ + Hy0 — SOF™ + *OH + H* (36)

Subsequent homogeneous PEF treatment of the resulting wastewater
was carried out under the same conditions after adding 0.5 mM Fe?* and
bu applying a UVA irradiation. For this procedure, excellent results were
obtained yielding 98% mineralization with 30% MCE and ECroc =
0.060 kWh (g TOC) ™V, indicating its feasible viability in practice. In this
case, the rapid disappearance of 6 final carboxylic acids was followed by
HPLC due to the fast photodecarboxylation of its Fe(IlI) complexes by
reaction (8). Total operating costs were also calculated including that of
the UVA lamp giving rise to a value as high as 25.9 US$ m >, pointing
again to the study of the irradiation with sunlight to offer a much more
cost-effective PS-PEF process that can be much more attractive at in-
dustrial scale.

10. Conclusions and prospects

The results summarized in this review suggest that future research
should be centered on the development of homogeneous, heteroge-
neous, and combined processes with SPEF, especially for the remedia-
tion of textile and pharmaceutical industries’ wastewaters, as well as
urban effluents as tertiary treatment. The use of sunlight in SPEF makes
it a more cost-effective effective and viable process than PEF with UV
light. However, since SPEF only runs in the daily hours of the sun, in-
tegrated systems with UV light irradiation could be coupled to contin-
uous operation in the dark. So, autonomous systems with integrated
photovoltaic/PEF/SPEF systems could be designed and tested to prevent
the consumption of external electrical energy, an interesting option for
industrial applications. A larger area would be occupied by solar
photovoltaic panels, becoming space a key issue issue for its imple-
mentation. Operating variables should be optimized. The MCE decay at
low organic load needs to be clarified to more efficiently remediate
urban wastewater with micropollutants. For each anode/cathode pair,
the rate of accumulated H,O5 and Fe2t regeneration has to be assessed
to understand their performance, and the best configuration of the cell
and optimum electrodes should be well-defined for the faster destruction
of pollutants. Cleaning protocols of the cell, electrodes, and external
devices have to be well established to maintain the performance for
long-term application. For PEF, the irradiance of the UV lamp should be
optimized and controlled to minimize its energy cost. Better solar pho-
toreactors with maximum capture of photons from sunlight also need to
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be developed for SPEF, making possible their industrial applicability.

High efficiency has been found for emerging homogeneous EF, PEF,
and SPEF in removing toxic and recalcitrant industrial chemicals, her-
bicides, dyes, and drugs in a sulfate medium at pH = 3.0 because of the
large formation of homogeneous *OH from Fenton’s reaction. The
mineralization in homogeneous PEF and SPEF was enhanced by the
photolysis of the final Fe(Ill)-carboxylate species. Better results were
obtained in PEF with UVC light that photolyzed H2O5 to *OH. In chloride
media, active chlorine accelerated the degradation of the target
pollutant but produced recalcitrant chloroderivatives that slowed down
its mineralization. PEF and SPEF processes were also very effective for
real wastewater with DSA anodes because they generate more active
chlorine than BDD. Overall operating costs for phenol abatement
showed that EF was more cost-effective than PEF due to the high cost of
the UVA lamp. More techno-economic studies with cost evaluation
should be made in the future to confirm this behavior, which can open
the door to applying the homogeneous SPEF in practice.

The stabilization of Fe>* by its quenching with EDDS offered a novel
and interesting approach to operate with a powerful homogeneous PEF-
like, allowing the use of BDD and cheaper DSA anodes at pH = 7.0.
However, the addition of this organic difficult its mineralization process.
Novel homogeneous PEF-HCIO and SPEF-HCIO processes in chloride
medium have been proposed but they were not useful for decontami-
nation by the loss of HCIO from its reaction with Fe?>*. Among the het-
erogeneous PEF processes, solid iron catalysts like Fe/TiOy/perlite and
vermiculite were appropriate to remove organics. The application of
novel and stable MOFs with Fe, Co, should be extensively studied in the
future at a pilot scale under neutral pH and sunlight irradiation for urban
and industrial wastewaters to show its potential applicability at the in-
dustrial level. FeCu/porous carbon and TiOy/glycine/ZnFe,04 photo-
catalysts can be used in hybrid PEF/PC processes. The good
immobilization of the photocatalyst at the cathode is an important issue
that should be explored for exhaustive treatments with novel photo-
cathodes. Homogeneous PEF/PEC with conventional TiO, photoanode
presented a higher oxidation power up to total mineralization and
widely upgraded the PEF process.
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