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ABSTRACT

An inadequate and inefficient performance ability of conventional methods to remove persistent organic
pollutants urges the need of alternative or complementary advanced wastewater treatments methods to
ensure the safer reuse of reclaimed water. Photoelectrochemical methods are emerging as promising
options among other advanced oxidation processes because of the higher treatment efficiency achieved
due to the synergistic effects of combined photochemical and electrolysis reactions. Synergistic effects of
integrated photochemical, electrochemical and photoelectrochemical processes not only increase the
hydroxyl radical production; an enhancement on the mineralization ability through various side re-
actions is also achieved. In this review, fundamental reaction mechanisms of different photo-
electrochemical methods including photoelectrocatalysis, photo/solar electro-Fenton, photo anodic
oxidation, photoelectroperoxone and photocatalytic fuel cell are discussed. Various integrated photo-
chemical, electrochemical and photoelectrochemical processes and their synergistic effects are elabo-
rated. Different reactor configurations along with the positioning of electrodes, photocatalysts and light
source of the individual/combined photoelectrochemical treatment systems are discussed. Modified
photoanode and cathode materials used in the photoelectrochemical reactors and their performance
ability is presented. Photoelectrochemical treatment of real wastewater such as landfill leachate, oil mill,
pharmaceutical, textile, and tannery wastewater are reviewed. Hydrogen production efficiency in the
photoelectrochemical process is further elaborated. Cost and energy involved in these processes are
briefed, but the applicability of photocatalytic fuel cells to reduce the electrical dependence is also
summarised. Finally, the use of photoelectrochemical approaches as an alternative for treating soil
washing effluents is currently discussed.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Reuse of treated wastewater is mandated to address the
(CA.  Martinez-Huitle), increasing global water demand for cleaning water. Regulations for
the reuse and discharge of effluents are strictly imposed on
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municipal and industrial wastewater treatment plants. Various
physical, chemical, and biological treatment processes are being
carried out to remove organic and inorganic contaminants. Most of
the places, the conventional biological treatment process is per-
formed to remove organic contaminants. Due to the complexity and
recalcitrant in nature, removal of persistent organic pollutants
(POPs) through conventional treatment processes is often ineffec-
tive and inadequate. Advanced oxidation processes (AOPs) produce
highly active and reactive hydroxyl radicals (*OH) (E° = 2.8 V/SHE)
that can accelerate the mineralization of POPs (Babu et al., 2019;
Martinez-Huitle and Ferro, 2006; Nidheesh, 2017). AOPs that are
widely studied for the treatment of various wastewater are Fenton,
photocatalysis, ozonation, and wet oxidation. However, these pro-
cesses have exhibited some drawbacks related to an effective
implementation or concerning to incomplete removal of few POPs.
It urges the need for the innovative advanced treatment processes
that can be efficient, eco-friendly, versatile and techno-economical
feasible.

Electrochemical based AOPs (EAOPs) are considered as prom-
ising next generation alternative since high treatability of the
complex wastewater can be achieved with easiness, the process
efficiency can be easily controlled through automation and the
technology can be compact, occupying less space (Brillas et al.,
2009; Martinez-Huitle and Panizza, 2018; Nidheesh et al., 2018a,
b). EAOPs involve the in-situ production of *OH radicals through
external power supply (Martinez-Huitle et al., 2005; Solano et al.,
2016). Most widely studied EAOPs are anodic reactions based
anodic oxidation (AO) (Martinez-Huitle et al., 2008; Nava et al.,
2008; Santos et al., 2015) and cathodic reactions based electro-
Fenton (EF) processes (Dos Santos et al.,, 2016; Nidheesh et al.,
2013, 2019). Recently, innovative EAOPs emerged as efficient elec-
trochemical technologies, which are photo-EF (PEF), solar PEF
(PEF), photoelectrocatalysis (PEC), electro-peroxone (EP),
photoelectro-peroxone (PEP) etc. Combination of photochemical
and electrolysis processes not only provides the advantage of
synergistic effects, but it also minimizes the disadvantage of the
individual processes (Ganiyu et al., 2018). Based on the existing
literature, which will be summarised and discussed in this review,
the treatment efficiency of the photoelectrochemical processes is
reported to be high, especially for the real wastewater. Thus, the
fundamental reaction mechanisms, synergistic effects of the indi-
vidual and integrated photoelectrochemical methods, various
reactor configurations and modified electrodes studied, the treat-
ability of different real wastewater including landfill leachate, oil
mill, pharmaceutical, textile and tannery industries, hydrogen
production in the process, cost and energy consumption are dis-
cussed in detail in this review.

2. Photoelectrochemical methods

In this section, fundamental reaction mechanisms involved in
the various photoelectrochemical processes such as PEC, PEF, SPEF,
photoanodic oxidation (PAO), PEP and PFC on the oxidation of
contaminants owing to the synergistic effects that are exhibited
between the photochemical and electrochemical reactions within
the treatment unit.

2.1. Photoelectrocatalysis

Photoelectrocatalysis (PEC) process inherits the advantage of
photocatalysis while improving the radical production efficiency
with the combination of electrolytic reactions (Bessegato et al.,
2015; Mousset and Dionysiou, 2020). Photocatalysis is one of the
extensively investigated AOPs for mineralising the wide range of
contaminants (Hoffmann et al., 1995). Upon the irradiation of the
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UV/vis light, semiconductor based photocatalysts such as titanium
dioxide (TiOy), zinc oxide (ZnO), tungsten trioxide (WO3), and
bismuth vanadate (BiVO4) produces the reactive oxygen species
(*OH/0Oy*7) (Peleyeju and Arotiba, 2018). As the light energy (hv)
higher than the bandgap energy is irradiated on the semiconductor
photocatalyst, the electron is excited to the conduction band (eg,)
leaving behind the positive vacancy hole in the valance band (h{jp)
which can produce *OH radical through the oxidation of HyO/OH™
(Eq. (1-3)) (Carraway et al., 1994). However, the radical production
capacity of the photocatalyst is decreased due to the rapid recom-
bination of this light induced electron-hole (eg,/hyb) pair because
the lifetime of these charge pairs are in the order of nanoseconds
(Hoffmann et al., 1995). The recombination rate of the eg,/hyp pair
can be altered through the external applied potential. In the pho-
toelectrocatalysis process, the photocatalyst is coated on the
conductive supporting matrix (called as photoanode) (Esquivel
et al,, 2009). As the photoexcited electrons are produced upon
the irradiation of light, the external applied positive potential to the
photoanode forces the transfer the electrons to the cathode. This
phenomenon favours the hy}, to produce more radicals through the
reaction with HO/OH™.

Photocatalyst + hv—eg, + hyy (1)
hi, + H,0 > HO® + H* 2)
hf, + OH™ - HO* (3)
hy, +R—RYy (4)
ep + 0, > 03" (5)

The degradation efficiency of the process could also be further
increased through the direct oxidation of the organic contaminants
(R) upon the direct contact to the light induced hy}, as represented
in the Eq. (4). Further superoxide anion can also be produced as a
side reaction between the electroexcited electrons and the oxygen
molecules (Eq. (5)). Various photocatalysts are studied as photo-
anodes in photoelectrocatalysis processes such as TiO; (Esquivel
et al., 2009; Shi et al.,, 2019), C, N, S doped TiO, (Li et al., 2015a;
Peleyeju and Arotiba, 2018), electrochemically self-organised TiO,
nanotubes (Vacca et al, 2020), ZnO, Sny-W(100-x)-oxide
(Ghasemian and Omanovic, 2017), WO3 (Longobucco et al., 2017;
Mohite et al., 2016), BiVO4 (Tolod et al., 2017), Fe;03/BiVO4 (Xia
et al.,, 2017) etc. These photocatalysts are coated as films onto the
conductive substrate materials such as titanium (Vacca et al., 2020),
indium tin oxide (Wang et al., 2017), fluorine doped tin oxide
(Wang et al., 2012), tungsten (Longobucco et al., 2017), optical fiber
substrate (Shi et al., 2019), etc. through sol—gel and spin-coating
methods, chemical vapour deposition, magnetron sputtering and
electrochemical deposition technique. It is important to form a
stable and active photocatalyst layer onto the conductive substrate
material during the fabrication of photoanode. Ti and carbon-based
materials are commonly used substrate materials (Bessegato et al.,
2015; Garcia-Segura and Brillas, 2017). However, transparent sup-
porting materials having high light transparency, high mechanical
strength, and low surface resistivity such as FTO and ITO glasses
facilitate the transmission of UV light and maximizes the utilization
of incident photons (Guo et al.,, 2015). Hence, the transparent ma-
terials are the most popular choice among other substrates in the
fabrication of photoanodes (Guo et al., 2015; Xu et al., 2020).
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2.2. Photoelectro-Fenton and solar photoelectro-Fenton

Electro-Fenton based processes have been gaining much at-
tentions owing to the environmentally-friendly, economical
approach for the complete removal of recalcitrant organic con-
taminants (Nidheesh and Gandhimathi, 2012, 2014; Oturan et al.,
2018). Electro-Fenton process experiments conducted under the
irradiation of artificial UV—Vis light and natural sun light is called as
photoelectro-Fenton (PEF) and solar photoelectron-Fenton (SPEF)
processes, respectively (Coria et al., 2018). These processes were
proposed and comprehensively studied by Oturan’s and Brillas’
groups (Boye et al., 2003; Brillas et al, 1998, 2009; Flox et al., 2007;
Salazar et al., 2011a). Electro-Fenton process involves the in-situ
generation of Fenton’s reagent H,0, and Fe?* ions to produce ‘OH
radicals through external power supply (Eq. (6)) (Baiju et al., 2018;
Jacqueline George et al, 2016; Popat et al, 2019). Hydrogen
peroxide is continuously electrogenerated at cathode via two
electron oxygen reduction reactions (ORR) in acidic solution (Eq.
(7)) (Nidheesh and Gandhimathi, 2014; Nidheesh et al., 2014;
Sruthi et al., 2018).

Fe?* + H,0, - Fe®* + HO™ + HO" (6)

0, +2H" +2e- >H,0, (7)

Upon the reaction between the electrogenerated H,0O, and Fe2t
jons, Fe3* species are also produced that need to be regenerated to
Fe?* form once again to carry out the Fenton’s reaction. Since the
reactions are carried out at the optimum pH of 3.0, Fe3* species are
predominantly existing in Fe(OH)** form which is electrochemi-
cally reduced to Fe?* for further reactions (Eq. (8) and (9)). Series of
other reactions are also occurring simultaneously as represented in
the Eq. (10—12) (Brillas et al., 2009; Sirés and Brillas, 2021).

Fe3* + H,0—Fe(OH)*" + H* (8)
Fe(OH)?>* + e~ —»Fe?* + OH™ (9)
Fe3* + H,0, —» Fe?* + HO; + H* (10)
Fe3* + HO; - Fe?* + 0, + H* (11)
Fe3* + R* —» Fe?t + R* (12)

In general, carbon-based materials are used as cathode to pro-
duce H;0; via two electron ORR since it is characterised to exhibit
high hydrogen over potential and low H,0, decomposition ability
(Nidheesh and Gandhimathi, 2012; Nidheesh et al., 2018a, b; Sirés
et al., 2014). Three-dimensional porous structured high surface
carbon cathodes such as carbon/graphite felt, carbon foam and
carbon sponge can effectively absorb a high amount of oxygen
molecules and subsequently convert them into H,O, (Brillas et al.,
2009; Ganiyu et al., 2021a; Nidheesh et al., 2018a, b; Wang et al.,
2008). Other carbon electrodes that are used in the electro-
Fenton process include nanocarbon modified carbon felt/carbon
cloth (Divyapriya et al., 2018; Divyapriya and Nidheesh, 2020),
carbon nanotubes (Hasanzadeh et al., 2018), reticulated vitreous
carbon (El-Desoky et al., 2010), activated carbon fiber (Jiao et al.,
2020), gas diffusion electrodes (Brillas, 2014; Valim et al., 2013),
graphite (George et al., 2014; Venu et al., 2016), graphite felt
(Nidheesh et al., 2020; Popat et al., 2019) etc. In the PEF and SPEF
processes, the degradation rates of contaminants are further
enhanced through the additional conversion of ferric hydroxide
complex (Fe(OH)?*) resulting in the regeneration of Fe?* catalysed
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by the irradiated artificial UVA (315—400 nm)/UVB (280—315 nm)/
UVC (<280 nm) lamp or sun light, as given in the Eq. (13). Moreover,
the direct photolysis of the metal-ligand complexes formed be-
tween Fe3* and organics such as Fe-carboxylate complexes that are
resistant to *OH along with the regeneration of Fe>* species as given
in the Ec;. (14) (Brillas, 2020; Liu et al., 2019).

Fe(OH)** +'hv - Fe?* + HO® (13)

Fe(OOCR)?* + hv - Fe?* + CO, + R° (14)

These photoreduction and photolysis reactions can effectively
occur when the source light is emitted near to the wavelength that
the reactants complexes can absorb. Further, the irradiation of UVC
can decompose H,0, to produce more *OH through the homolytic

cleavage of the peroxide bond, as given in the Eq. (15).
H,0, %+ hv — 2HO* (15)

Most of the PEF studies reported the use of the irradiation of
UVA light. However, additional artificial irradiation could result in
the increased cost of operation. Nevertheless, this disadvantage can
be avoided through the usage of natural renewable solar energy
where the reactant solution is directly exposed to the sun light.
Further, better treatment efficiency can be achieved in homogenous
SPEF process with the photons from sunlight (A > 300 nm)
compared to the low intensity artificial lamps (UVA with
A = 315—400 nm) due to the great UV input with additional
photolysis reactions mediated by light adsorption at A > 400 nm
such as the decarboxylation of Fe(Ill)-carboxylate species (Brillas,
2020; Moreira et al., 2017).

2.3. Photoanodic oxidation

Anodic oxidation integrated with the photolysis is called as
photo assisted anodic oxidation process. Anodic oxidation is the
widely popular EAOPs that involve the production of radical species
while oxidizing the water molecules at the anode surface (Eq. (16))
or directly oxidises the organic contaminant through direct elec-
tron transfer (DET) mechanism (Eq. (17) (Martinez-Huitle and
Panizza, 2018).

H,0 - HO®+ H* + e (16)

R-> (R)"+ e (17)

Depending upon the properties of anode material, the hydroxyl
radicals produced through water oxidation could be physiosorbed
or chemisorbed. The standard oxygen evolution potential is 1.23 V/
SHE. The ‘active anodes’ having the low oxygen evolution potential
(<1.8 V/SHE) involve the partial and selective oxidation of organics
through the production of chemisorbed radicals that include
ruthenium dioxide (RuO;: 1.4—1.7 V/SHE), iridium dioxide (IrO:
1.5—1.8 V/SHE), and platinum (Pt: 1.6—1.9 V/SHE). The chemisorbed
radical (M(*OH) produced on the anode surface is transformed into
its higher oxide/superoxide state (MO). Further MO/M act as redox
mediator to oxidise the organic contaminant (R) into the inter-
mediate product (RO) as represented in the Eq. (18—20). When the
oxidation of water is not occurring (up to 2.0 V/SHE), the contam-
inant could be directly oxidised through DET mechanism depend-
ing on the property of electrode material (Brillas, 2021; Chaplin,
2014).

M(HO*) - MO + H* + e~ (18)

MO +R —M + RO (19)
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MO — M + 0.50, (20)

whereas ‘non active anodes’ having high oxygen evolution poten-
tial (>1.8 V/SHE) mineralises the organic contaminants through the
production of physiosorbed hydroxyl radicals that include lead
dioxide (Pb03:1.8—2.0 V/SHE), tin dioxide (SnO;: 2.0—2.2 V/SHE),
sub-stoichiometric TiO, (1.7—2.6 V/SHE) and boron-doped dia-
mond (BDD: 2.2—2.8 V). During the oxidation of contaminants
through physiosorbed radicals, other unavoidable side reactions
also occur (Eq. (21—23). Further, other oxidizing species such as
H,0, and O3 is also produced along with the “OH (Eq. (24) and (25))
(Garcia-Segura et al., 2018; Martinez-Huitle et al., 2015; Moreira
et al., 2017).

M+ H,0 -» M(HO®) + H* + e~ (21)
M(HO*) + H,0 > M+ 0, + 3H* + 3e” (22)
2M(HO®) » 2M + 0, + 2H* + 2e” (23)
2M(HO*) -» 2MO + H,0, (24)
3H,0 — O3 +6H" + 6e~ (25)

Depending upon the existence of ions in the electrolyte medium
like chloride, sulfate, carbonate, and phosphate; additional
oxidizing species can be also produced owing to the electro-
chemical reactions {Formatting Citation}. Chloride ions present in
the electrolyte can be directly converted into active chlorine species
based on the anodic reaction as given in the Eq. (26). Further
chlorine species disproportionate into HCIO and Cl~ species (Eq.
(27)) can also participate. Since the pKa value of HCIO is 7.5, it es-
tablishes equilibrium with ClO~ species (Aravind et al., 2016) and
the contaminants are oxidised by ClO~ species at the solution
pH > 7.5 as represented in the Egs. (28) and (29).

2CI" - Cly + 2e~ (26)
Cly + H,0 - HCIO + CI™ + H' (27)
HCIO < CIO™ +H* (28)
ClO™ + Pollutants — intermediates + Cl— (29)

In PAO, UV irradiation used in the anodic oxidation process can
produce additional radicals through the indirect route in reaction to
the reactive chlorine species as per the following Egs. (30) and (31)

&de Mello Florenc10 et al.,, 2016).
100 +hv - 0+ CI” (30)

0*~ +H,0 » HO® + OH- (31)

Persulfate ions can be also produced during the AO process
which is mainly feasible with the non-active anodes such as BDD
and PbO; (de Freitas Aradjo et al., 2020; Escalona-Duran et al.,
2020; Santos et al., 2018) and the persulfate ions can be further
activated in the presence of UV irradiation (Eq. (32) and (33))
(Souza et al., 2016)

2505 — S,0%™ +2e” (32)
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S,02" + hv - 2(S0%7)" (33)

2.4. Photoelectro-peroxone

Photoelectro-peroxone (PEP) is the hybrid electrolysis, ozona-
tion and UV induced photolysis process in which the progressive
research studies are being reported on removing the persistent
organic contaminants in recent years (Jaafarzadeh et al., 2017; Shen
et al., 2017). PEP uses clean oxygen and electricity as the main
resource to generate reactive oxygen species such as HO,, and *OH.
Further peroxone reagents (H,0, and O3) is activated by UV irra-
diation that does not require any catalyst addition. The unreacted
H,0,, and Os (if any) can be easily decomposed to H,O and O».
Moreover, PEP eliminate the undesired production of by-products
that may require further disposal or treatment. Thus, PEP is
considered as one of the cleaner treatment processes (Frangos et al.,
2016). Hy0, is electrogenerated through the two electrons ORR at
the carbon-based cathode surface as represented in the Eq. (7)
while the O, and O3 mixer is continuously injected into the reac-
tion mixture by the external ozone generator. Radical species are
produced as per the reaction represented in the Eq. (34). Further
decomposition of O3 molecules through the electron transfer re-
action can also produce additional radical species as represented in
the Egs. (35) and (36) (Ahmadi and Ghanbari, 2018; Frangos et al.,
2016; Joy et al., 2020).

20, + 2HO; + H,0 —» 2HO" + 30, + OH™ + HO;"

(34)
O;+ e - 03° (35)
03;°+ H,0 - HO®*+ 0, + OH™ (36)

However, the reaction rate of O3 with H,O;, decreases at the
acidic condition. The presence of Fe?*/Fe>* ions in the wastewater
could produce the metal organic complexes with the carboxylic
acids intermediate products that reduce the further mineralization
of the contaminants (Frangos et al., 2016). To enhance the radical
production and the degradation kinetics, electro-peroxone process
was combined with the UV induced photolysis. UV induces the
photolysis decomposition of O3 and H,0, as well as the metal
organic intermediate compounds as represented in the Egs. (37)
and (14) respectively (Ahmadi and Ghanbari, 2018; Frangos et al.,
2016).

0; + H,0,+ hv — 2HO® +H,0 (37)

Moreover, the process does not produce any secondary
contamination since the residual peroxone regents can be easily
decomposed to H,0 and O,.

2.5. Photocatalytic fuel cell

Photocatalytic fuel cell (PFC) is one of the sustainable process
which involves the simultaneous treatment of organic contami-
nants and the energy recovery via photocatalytic reactions (Xu
et al,, 2019a; Zeng et al., 2018). PFC contains photoanode made
up of photocatalyst where the oxidation of contaminants occurs
under irradiation of UV light; while the photoexcited electrons are
transferred to the photocathode where the oxygen reduction re-
actions occur through the external circuit accompanied by the
electricity generation (Lee et al.,, 2016). Since the application of
widely studied TiO, photocatalyst is restricted due to large band
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gap energy (Eg = 3.2 eV) and the need of UV light irradiation, many
visible light responsive photoanodes are developed in recent years
for the broad solar spectrum absorption and improved energy
generation such as CdS/TiO, (Li et al.,, 2015b), CdS/ZnS/TiO, (He
et al., 2018), WOs3/W (Zeng et al., 2018), BiVO4/WO3 (Georgieva
et al,, 2012), BiVO4/TiO, (Bai et al., 2016), Ag/AgCl/TiO, (Wang
et al,, 2015), etc. To improve the overall charge separation effi-
ciency and the energy production, dual photoelectrode PFC systems
are introduced that comprising of photoanode and photocathode in
which the internal bias potential are developed. Photocathode
materials include Cuy0O/Cu (Paracchino et al., 2011), ZnO/CuO (Bai
et al., 2016), Pt-modified buried junction silicon (Zeng et al.,
2018) etc. CuO is the p-type semiconductor having the low band
gap energy (Eg = ~1.5 eV), hence it is highly preferred to be used in
photocathode (Masudy-Panah et al., 2016; Patel et al., 2016). A few
studies reported the combination of electro-Fenton reactions at the
cathode along with the photoanode for improving degradation
efficiency by using the carbon-based electrode such as Fe@Fe,0s/
carbon felt (Xu et al., 2019a) and Pt-modified buried junction silicon
(Zeng et al., 2018). PFC system has been performed in the con-
ventional single chamber and dual chamber H-type cell (Lui et al.,
2019; Macias-Sanchez et al., 2011). Membrane less micro-PFC
process with lateral arrangement of the electrodes that can allow
simultaneous illumination of light could be feasible process
configuration for the practical application (Parmar et al., 2015; Xia
et al.,, 2016).

3. Synergistic effects in photoelectrochemical methods

Integrating the individual photochemical, electrochemical and
photoelectrochemical processes in a single treatment unit, it is the
proven approach to improve the contaminant oxidation ability of
the system compared to the individual processes owing to the
increased radical generation capacity and the enhanced degrada-
tion kinetics (Ganiyu et al., 2021b). The enhancement in the
treatment efficiency of the hybrid systems is achieved through the
following synergistic effects:

(i) coupling of the processes complement the source of *OH
radicals generation through the main reactions of individual
processes,

(ii) the side reactions that are mediated by synergy between the
individual processes supplement the additional *OH radicals
generation sites as well as produce other oxidizing radical
species,

(iii) combing photochemical and electrolysis enhancing the
mineralization via the direct photolysis of complex in-
termediates such as metal-ligand complexes and carboxylic
acid intermediates (Brillas et al.,, 2009; dos Santos et al.,
2015; Oturan and Aaron, 2014).

Combined photolysis with the AO process (PAO) does not act as
additional *OH radical source, while it can generate additional
oxidizing species depending upon the anionic species supple-
mented in the electrolyte medium (Mousset et al., 2017). The
contribution of homogeneous, heterogeneous *OH radicals and
their synergy in the hybrid AO-EF treatment process is elucidated
by Olvera-Vargas et al. (2021). In BDD-EF process, homogeneous
*OH participate in the initial stage of degradation while heteroge-
neous BDD(*OH) involve in the later stage of treatment through
electron transfer reactions (Olvera-Vargas et al., 2021). Enhance-
ment in the mineralization efficiency of the photolysis coupled EF
(PEF) process is achieved because of the formation of additional
*OH radicals due to the photolysis of the metal-ligand complexes
and direct photodecomposition of electrogenerated H,0, (Brillas,
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2020). When the photocatalysis is integrated with PEF or PAO
processes, one extra *OH radical generation site is introduced. In the
case of PEF/PC process, additional *OH radical can be also generated
by the reactions between the electrogenerated H,0, with super-
oxide produced in photocatalysis process (Eq. (38)) (Brillas et al,,
2009).

H,0, 4+ 0;° — HO®+ HO™ + 0, (38)

Likewise, coupling of anodic based PEC with the cathodic based
PEF could result in similar reactions to PC (Mousset and Dionysiou,
2020). Nevertheless, the recombination rate of the photocatalyst is
reduced in PEC resulting on the enhancement of the degradation
kinetics (Orimolade et al., 2020). Further coupling of PEF and PAO in
a single unit increases the *OH radical generation capacity of the
system due to the obvious advantage of integrating anode and
cathode based radical production reactions (Garza-Campos et al.,
2014). Additional *OH radicals can be also produced as the side
reaction between electrogenerated H,O, and ozone molecule pro-
duced at the anode (Eq. (39)) (Merényi et al., 2010).

H,0, + 20; » 2HO" + 30, (39)

Combination of three photoelectrochemical processes such as
PEF/PAO/PEC and PEF/PAO/PC could result in the highest amount of
*OH radical generation since the total active sites estimated in this
coupled process is 8 (Mousset and Dionysiou, 2020). In the case of
other hybrid processes such as PEF/PAO, PEF/PEC and PEF/PC, total
*OH radical generation active sites are estimated to be 6 (Mousset
and Dionysiou, 2020). When PEP is coupled to PC, subsequent
side reactions (Eq. (40 — 42)) could contribute to extra *OH radical
generation in addition to the other main reactions at acidic con-
ditions (Li et al., 2020).

e + 03 — 03° (40)
03'+ H* - HO3 (41)
HO3 — HO® + 0, (42)

Similarly, integration of PEP and PAO increases the *OH radical
generation since the radical generating active sites are increased.
Introduction of Fe** ions to the PEP system could result in the
production of extra *OH radical because of the iron catalysed
decomposition of O3 in addition to the Fenton reaction (Eq. (43))
(Bensalah and Bedoui, 2017).

Fe’t + 0; + H* - Fe3* + HO® + H,0 (43)

4. Integrated photoelectrochemical processes

The integrated photochemical, electrochemical and photo-
electrochemical treatment processes that are discussed in this
section include PEF/PC, PAO/PC, PEC/EF, PEC/PEF, PEF/PAO, PEF/
PAO/PC, PEC/PAO/PEF, PEP/PEC and PEP/AO. These combined pro-
cesses were studied for improving the removal efficiencies of
different contaminants from synthetic and real wastewater under
various reactor configurations and experimental conditions.

4.1. Hybrid PEF/PC, SPEF/SPC and PAO/PC processes

The coupling of the photoelectrochemical processes such as PEF
and PAO with the PC process (PEF/PC and PAO/PC) introduces the
additional “OH radical production site sourced through
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photocatalytic reaction. In the integrated treatment system, pho-
tocatalysts are coated on to glass plates covering the walls of the
electrolytic cell or immobilised on the substrate materials such as
glass tube, glass beads, fiberglass, activated carbon, etc. that are
placed within the photoelectrochemical reactor system (Garza-
Campos et al.,, 2014; Iranifam et al., 2011). Many researchers have
reported the combined PEF/PC and SPEF/SPC processes using TiO;
and ZnO photocatalysts coated onto the glass substrate material
through the artificial and natural light source (Garza-Campos et al.,
2014; Iranifam et al., 2011; Khataee et al., 2012). The performance of
PEF/PC to the individual processes was studied for the degradation
of dyes by Khataee et al. (2012) and the performance efficiency of
the processes were given in the following order: PEF/
PC > PEF > EF > UV/TiO; > photolysis. Though the EF process ac-
celerates the oxidation of the contaminants, but complete miner-
alization is difficult to achieve due to the formation of intermediate
products that are hard to oxidise (Garza-Campos et al., 2016). Better
mineralization efficiency was reported for the SPEF/SPC process
than the EF, AO-H,0,, AO—H;0,—SPC since more radicals are pro-
duced during the photolysis and photodecomposition of the Fe(III)
species and Fe(lIll)-carboxylate intermediate complexes and the fast
removal of several intermediates formed during the degradation
(Garza-Campos et al., 2016).

4.2. Hybrid PEC/EF, PEC/PEF and PEF/PAO processes

The integration of cathodic reactions-based EF, PEF, SPEF pro-
cesses with the anodic reactions-based PEC, SPEC, PAO processes
exploits the merits of individual treatments through the combined
*OH radical generation ability and enhancement in the degradation
kinetics due to the-other photochemical and electrochemical side
reactions (Mousset and Dionysiou, 2020). Various photoanode
materials were studied for the radical generation capacity along
with the carbon-based cathodes in undivided and divided elec-
trolysis cells. Xie and Li (2006) demonstrated the integrated PEC/
PEF system containing TiO,—Ti mesh photoanode for photo-
electrocatalytic reactions and air-diffusion reticulated vitreous
carbon cathode for the electrogeneration of H,0, in PEF reactions.
Though PEF process is pH sensitive (optimum pH 2.5—3.0), the
combination of PEC with PEF exhibited less pH sensitive. Only 10%
reduction in removal efficiency was observed from pH 3.0 to pH 9.0
with TiO,—Ti photoanode and graphite felt cathode (Li et al., 2007).
Esquivel and coworkers (Esquivel et al., 2009) studied the perfor-
mance of TiO, modified optical fiber photoanode combined with
the PEF process. The photoanode was prepared through the elec-
trophoretic deposition of TiO, onto the optic fiber support that was
modified by Sn0,:Sb film.

Visible light driven PEC coupled with EF process was demon-
strated using Bi;WOg coated FTO photoanode and Fe@Fe,03 sup-
ported activated carbon fiber cathode by Ding and co-workers
(Ding et al., 2012). TiO, nanotubes/Ti based photoanode assisted
H,0, generation on carbon felt cathode was studied for the
simultaneous oxidation of two different organic contaminants in a
two-chamber electrolytic cell (Ramirez et al., 2015). Photoanode
was fabricated through electrochemical anodisation of Ti substrate
followed by annealing. TiO, nanotubes annealed at 450 and 600 °C
exhibited porous/organised structure with the anatase phase.
Hernandez and co-workers (Herndndez et al., 2018) studied the
performance of UVA driven PEC/PEF process to the sunlight driven
SPEC/SPEF process using Au—TiO, photoanode and air diffusion
cathode. Higher removal efficiency was observed at SPEC/SPEF
process due to the greater generation of *OH radicals which resul-
ted upon the irradiation of high-intensity broad-spectrum sunlight
combined with the lesser recombination effect of charge carriers
due to the additional trapping of some of the photoelectrons by Au
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dopant.

Interestingly, Xu et al. (2020) reported the electrochemically
induced hy;, on FTO/TiO, anode with higher potentials than 2.2 V
referred as dark PEC or anodic-breakdown entailing the generation
of FTO-TiO,(*OH) via oxidation of water. Under the irradiation of UV
light, the enhancement in the dark PEC phenomenon is observed
due to the formation of additional hy;, and *OH in which the dark
PEC is responsible for the two-third mineralization of phenol.
Further enhancement in the mineralization was achieved with the
coupling of PEC-PEF processes. Wang and collaborators (Wang
et al., 2018) examined the performance efficiency of PEF under
the microwave discharge electrodeless lamp (MDEL) irradiation
and compared it to the other process such as AO-H,0, (electro-
generated H,0,), MDEL-AO-H,0,. MDEL-PEF process was found to
be exhibiting better performance than the other coupled processes.
Among the other UVC artificial lamps used in the photochemical
studies, MDEL irradiation offers additional advantages of producing
considerable portion of UVC along with the UVB, UVC, vacuum-
ultraviolet (VUV) and other visible light wavelengths. VUV can
produce additional *OH radicals through the direct photolysis of
water molecules. At the wavelength of 185 nm, the production of
*OH radicals from the homolysis (Eq. (44)) and ionisation (Eq. (45))
reaction exhibited the quantum yields (¢) of 0.33 and 0.045,
respectively.

H,0 + hv(185nm) - HO®*+ H*¢p = 0.33 (44)

H,0 + hv(185nm) » HO® + H* + eg,d = 0.045
(45)

4.3. Hybrid PEF/PAO/PC and PEC/PAO/PEF process

Among all of the other integrated photochemical and electrol-
ysis processes, coupled PEF/PAO/PC and PEF/PAO/PEC processes
exhibit highest *OH radical production sites which is estimated as 8
(Mousset and Dionysiou, 2020). Garza-Campos et al. (2014) studied
the synergistic effects of integrated SPEF/AO/SPC process. BDD
electrodes were used as both anode and cathode for the combined
SPEF and AO processes. Anatase TiO; coated 5 mm diameter glass
spheres were used as the catalyst for the SPC reaction. The sche-
matic representation of the reactions involved in this integrated
treatment process is given in Fig. 1a and b. Mousset et al. (2017)
examined the performance of coupled PEF/PAO/PC process using
carbon felt cathode, FTO anode and TiO, coated on the stirred glass
reactor. FTO anode produced *OH species through AO process. The
potential of FTO was evaluated as 2.1 V vs. SHE for the O, evolution
reaction by linear scan voltammetry, which is high enough to
generate *OH through the electrolysis of water. In comparison to the
PEF/PAO process, an additional increase of 10% in the mineraliza-
tion rate was observed with PEF/PAO/PC process.

4.4. Hybrid PEP/AO and PEP/PEC processes

Coupling of PEP process with AO and PEC can enhance the
treatment efficiency since the additional radical production
mechanisms are introduced. Bensalah and Bedoui (2017) studied
the combined PEP and AO process for increasing the production of
radicals using BDD anode, and carbon felt cathode. Fast minerali-
zation of organic contaminants with improvement on the energy
efficiency was achieved. While Shen et al. (2017) examined the
performance enhancement of the coupled PEP with the Ti/RuO,.
—Ir0, anode mediated chlorine evolution process in which chlorine
species act as the additional oxidising agent. Moreover, UV
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Fig. 1. Schematic representations of the reactions involved in the integrated (a

) SPEF/AQ/SPC Reprinted with permission from Ref (Garza-Campos et al., 2014). Copyright © 2013

Elsevier Ltd., and (b) PEC/PEF/PAO processes, Reprinted with permission from Ref (Mousset and Dionysiou, 2020). Copyright © 2020, Springer Nature Switzerland AG.

irradiation can also produce additional indirect *OH radicals in re-
action to HCIO and CIO™~ species. PEC combined PEP process was
reported by Li et al. (2020). Reduced graphene oxide/bismuth
oxychloride (rGO/BiOCI) was used as photoanode, and the direct
contact of organic contaminants to the electrogenerated holes
could rapidly oxidise the contaminants in addition to radicals
produced through PEP process.

5. Combination of photoelectrochemical reactors

The PEC systems are fundamentally composed of an electrolytic
reactor with the photocatalyst, a light source to illuminate the
photoanode and a power source or potentiostat to provide the
electrical energy. However, a diverse range of PEC systems have
been explained, with different cells and/or reactors such as stirred
tank and flow reactors and positions of light source either inside or
outside the reactor, which can be UV/Vis lamps such as UVA (Amax
from 320 to 400 nm), UVC (300 nm > Apax) OF a quartz window. In
addition, Xe lamp can also be used to simulate the sunlight to allow
the UV/solar irradiations on the anode surface. The reactor
configuration can be differentiated through their shapes and the
number of electrodes and compartments. The most general reactor
is stirred tank reactor, while flow systems are as well utilized. One
can subsequently work with (i) a divided or two-compartment cell,
where a separator is used between anodic and cathodic solution
and (ii) undivided cell or one-compartment cell. The latter
arrangement is generally favored for avoiding the operating cost of
a separator of the former one. Both divided and undivided cells are
made up with two or three electrodes.

The two electrode system consists in the photoanode and
cathode, giving a constant potential through the power source
(Daghrir et al., 2013; Ding et al., 2014; Garcia-Segura et al., 2013;
Garcia-Segura and Brillas, 2017; Hirakawa et al., 2009; Hosseini
et al,, 2020), while the reference electrode in a three-electrode
system allows to control of the working electrode’s potential. For
example, Daghrir et al. (2013) reported the chlortetracycline hy-
drochloride oxidation in aqueous solution using the undivided
two-electrode PEC tank reactor with a thin film Ti/TiO, photo-
anode. This reactor was made by acrylic material and a quartz
window and the surface of the photocatalyst was illuminated with
UVC light of Amax = 254 nm. Apart from the photoanode, a parallel
cathode with the same surface area was placed in the same
chamber. Graphite and amorphous carbon, vitreous carbon, and

stainless steel (SS) are frequently used as cathode materials.
However, a limited number of studies have proposed the usability
of divided reactors in the PEC process. Ding et al. (2014) proposed a
comparative study on the dual performance of divided and undi-
vided two-electrode PEC systems made by semi-circular quartz
glass cylinders for 200 mL of Rhodamine B degradation, as shown
Fig. 2a. The Bi;WOg/FTO film photoanode was prepared by the
deposition of Bi;WOg nanoplates on the surface of FTO glass and
the composite cathode Fe@Fe,03/ACF was prepared by the loading
of Fe@Fe,03 core—shell nanostructures on activated carbon fiber
(ACF) support. A saturated KCl salt bridge was used to connect the
anodic and cathodic chamber of the divided cell and the surface of
photoelectrode was illuminated by 300 W tungsten halogen lamp
with 1 > 420 nm as a visible light source fixed outside the reactor.

An interesting result on undivided three-electrode PEC systems
was reported (Ensaldo-Renteria et al., 2018) to carry out the ex-
periments in a cylindrical quartz cell of three-electrode configu-
ration; Ti/TiO,-NT anode, carbon graphite cathode and saturated
calomel electrode (SCE) as a reference electrode for the acid green
50 degradation. However, some studies reported the undivided
three-electrode PEC system which is consisting of a quartz glass
tank reactor, a potentiostat and a UVC light source (Su et al., 2008;
Fu et al., 2009; Ensaldo-Renteria et al., 2018). It is observed that
higher energetic light in these reactors can directly photocatalysed
the organic pollutants. During this operation, UVC irradiation
crossed the quartz glass wall without intensity loss and placed
perpendicular to the photocatalyst surface. Additionally, some of
the authors used Xe light source in similar electrode configuration
(Zhang et al., 2020a). The Ti/B—TiO,NTs and an inert Ni sheet act as
the photoanode and cathode respectively, while SCE worked as a
reference electrode (Su et al., 2008).

More recently, Yang et al. (2020) proposed a two electrode
single-cell batch experiment for the degradation of per-
fluorooctanoic acid (PFOA) using a cylindrical quartz reactor. The
graphene oxide titanium dioxide (GOP25)/fluorine-doped tin oxide
(FTO) anode and SS cathode with an effective surface area of 6 cm?
were employed at 50 mM NaCl concentration and a constant cell
current density (j) of 16.7 mA cm~2. The photoanode was irradiated
by a 16W UVC lamp with Anax = 254. Garcia-Segura et al. (2013)
reported a modest study for the decolorisation and degradation
of Acid Orange 7 dye by using the solar PEC system schematized in
Fig. 2b. ATiO2 photoanode with carbon-polytetrafluoroethylene
(PTFE) air-diffusion cathode were used as electrodes and oxygen
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reduction produced the continuous H,0,, which can directly oxi-
dised the organic pollutants and produce the more potent reactive
oxidizing species (ROS) like *OH. At the optimum treatment con-
ditions, almost complete color was removed in 120 min, while 40%
mineralization was reached in 240 min.

On the other hand, three-electrode cells with flow PEC systems
were also reported to degrade the different organic pollutants.
Vidal et al. (2016) used undivided PEC system consisting of Ti/
TiO,NTs photoanode and Ti/RuOyx cathode connected over a glass
end of UV light channel while Ag/AgCl (3 M KCl) acts as a reference
electrode and connected with electrolyte exit near the photoanode
to degrade 1.0 L of 0.25 x 10~> M Methyl Orange dye solution in the
presence of 0.1 mol L1 NayS04 and the treatment temperature was
controlled with water bath at 15 °C with the help of a centrifugal
pump. In this study, a flow meter was used to regulate the flow rate
between 20 and 100 L h~! (de José Martin de Vidales et al., 2016).
Moreover, Turolla et al. (2018) design a systematic methodology to
optimise the scaled-up tubular PEC reactor (T-PECR). Similarly,
Cardoso et al. (2016) declared the use of sunlight needed to design
an additional competitive PEC system. More recently Jaramillo-
Gutiérrez et al. (2020) proposed a new design of input/output
distributors for T-PECR with external illumination and a concentric
outer (Ti/TiO,) and inner (nickel-plated SS) electrodes were used as
photoanode and cathode, respectively schematized in Fig. 2c. The T-
PECR length, the input/output distributor’s geometry, and the inter-
electrode gap were designed on the basis of convection-diffusion
model and the laminar and turbulent regimes in the transitory
regime and steady state, respectively. Although, two restrictions
i.e., residence time distribution and mass transfer coefficients were
considered for the perfect T-PECR design to reduce the inlet/outlet
effects and therefore attain the completely developed velocity
profiles which results enhance the homogeneous flow pattern in
the T-PECR (Jaramillo-Gutiérrez et al., 2020). Similarly, most of the
PEF studies have been carried out in stirred glass cubic or cylin-
drical divided and undivided tank reactors consisting either two or
three electrodes covered with or without a thermostated jacket for
water recirculation to maintain the solution temperature during
the galvanostatic or potentiostatic mode of operation;
usually,100—200 mL solution volume are employed, while 1.0 and
2.0 L volumes were infrequently used at bench scale in the labo-
ratory (Brillas and Martinez-Huitle, 2015; Brillas, 2020; Brillas and
Garcia-Segura, 2020).

PEF systems are irradiated with UV lamps and can be placed at
different locations against the solution. Photo reactor configuration
have significant effect on the degradation efficiency, particularly
the source of irradiation. In conventional PEC reactors with annular
geometry, the photoanode are immersed in the solution and light
reaches the reactor after passing through the walls of the reactor
and solution. This can reduce the degradation efficiency of organic
compounds as significant radiation power is wasted due to ab-
sorption and uneven distribution of light (Xu et al., 2008). However,
irradiating the system from outside increases the activated catalyst
per unit volume of solution and photon distribution. It also elimi-
nates the possibility of light loss by adsorption and scattering of the
reactor medium (Ray, 1998). When comparing the photo-
electrocatalytic reactors, slurry and packed-bed reactors with
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external light sources are more effective for practical imple-
mentation since it can reduce the energy cost by replacing the UV
irradiation source with solar irradiation (Rajput et al., 2021). Fig. 2d
shows a schematic presentation of undivided PEF reactor for which
UVA lamp is on top of the solution (Banuelos et al., 2016). For
example, Thiam and Salazar (2019) achieved excellent minerali-
zation ability with Pt and BDD during the PEF-UVA process because
UV light-induced the removal mechanisms. Meanwhile, El-
Ghenymy et al. (2015) reported the comparative studies on both
divided and undivided PEF reactors and observed that the higher
concentration of supporting electrolyte need to be employed in the
divided cell due to higher Ecej. The rate of color removal was found
to be higher in the divided cell since higher potential can be simply
achieved by increasing current/potential in the power supply.

This phenomenon is responsible for increase the mass transport
toward the anode, therefore supporting a faster reaction between
M (*OH) and organics. Flores et al. (2017) observed that 80% of TOC
decay of 4-hydroxyphenylacetic acid and real olive oil mill waste-
water was achieved by using BDD/Air-diffusion electrodes (ADE)
reactor like that of Fig. 2d by passing the 6 W UVA light at j of
100 mA cm 2. These outcomes encourage the PEF process perfor-
mance to the treatment of more real wastewater before discharge
to water bodies. In addition, a majority of studies used undivided
cells; however, a simple flow plants with a filter-press cell have also
been used. Da Silva et al. (2014) and Nava et al. (2014) used a filter
press reactor design in a simple reactor via the coupling with a
reservoir and a pump. Later, a transparent quartz cell is suggested
for absorbing most of the UVC photons produced via the lamp.
Fig. 2e shows a cylindrical photoreactor in which external UV
fluorescent is connected with a tank reactor (Khataee et al., 2013).
In addition, some of the flow plants equipped with a tubular
ceramic membrane with imbedded electrodes (Juang et al., 2013), a
concentric annular cell (Peralta-Hernandez et al., 2008) or a plug-
flow cell (Carvalho et al., 2007) were rarely used.

The high operating cost of PEF process owing to UV lamp irra-
diation has been defeated by SPEF due to free and direct renewable
sunlight irradiation. In principle, both processes utilized the same
electrolytic reactor but the main difference is the sources of light
irradiation. Brillas’ group has reported SPEF method with three PEC
systems: (i) a lab scale stirred tank reactor with BDD anode and
ADC cathode under direct sunlight radiation instead of UV lamp
(Moreira et al., 2013; Zhang et al., 2016), (ii) flow systems with BDD/
ADC direct connected with solar radiation for the batch scale
treatment of industrial effluent (Ruiz et al., 2011; Salazar et al.,
2011b; Olvera-Vargas et al., 2015) and (iii) a pilot flow plant con-
nected with Pt/ADE a filter-press and solar compound parabolic
collector (CPC) photoreactor made-up of borosilicate tubes (see the
schematic presentation in Fig. 2e) (Garcia-Segura et al.,, 2011;
Garcia-Segura and Brillas, 2014). The CPC systems have significant
light collecting properties. For example, Isarain-Chavez et al. (2011)
study beta-blockers drug degradation in a solar CPC photoreactor
connected with a series of 12 parallel borosilicate-glass tubes
mounted in an aluminum frame on a tilted angle stand like site
latitude to better collect the direct sunlight radiation, while some of
the less efficient and simplest solar photoreactor were used in some
works. These systems consist of a polycarbonate box made with a

(Ding et al., 2014). Copyright © 2014 Elsevier B.V. (b) Solar stirred tank with TiO, photoanode and air-diffusion cathode (ADC) (Reprinted with permission from Ref (Garcia-Segura
et al., 2013). Copyright © 2012 Elsevier B.V. (c) Tubular PEC reactor (T-PECR) with liquid flow pipeline. (a) Recirculation tank with a mechanical stirrer, (b) centrifugal pump, (c) valve
for flow regulation, (d) rotameter, (e) T-PECR, (f) UV—Vis spectrophotometer, and (g) tracer pulse injection, Reprinted with permission from Ref (Jaramillo-Gutiérrez et al., 2020).
Copyright © 2019 Elsevier B.V. (d) Stirred tank reactor with a BDD/Carbon Felt-air diffusion arrangement (Reprinted with permission from Ref (Banuelos et al., 2016). Copyright ©
2016 Elsevier Ltd. (e) Recirculation flow plant with a stirred tank reactor: (1) oxygen cylinder, (2) power supply, (3) reservoir, (4) diaphragm pump, (5) rotameter, (6) UV-C lamp, (7)
photoreactor, (8) anode, and (9) CNT-PTFE cathode (Reprinted with permission from Ref (Khataee et al., 2013). Copyright © 2012 American Institute of Chemical Engineers. (f) Solar
pre-pilot flow plant with a filter-press electrolytic cell and a compound parabolic collector (CPC) photoreactor, Reprinted with permission from Ref (Garcia-Segura et al., 2011).

Copyright © 2011 Elsevier B.V.
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mirror at the bottom connected to the cell with an inclined angle
similar to the site latitude (Ruiz et al., 2011; Brillas, 2020; Brillas and
Garcia-Segura, 2020).

Some of the studies reported a comparison between the relative
oxidation ability of PEF and SPEF using a stirred tank reactor by
supply irradiation with 6 W UVA and direct sunlight (Antonin et al.,
2015; Brillas, 2020; Brillas and Garcia-Segura, 2020). Although the
decay rate is same for both processes since of the same amount of
*OH radicals generation but a faster mineralization was attained
with SPEF than PEF due to the higher sunlight UV irradiance
(~30—35 W m~2) than ~5 W m~2 of 6 W UVA light, which favours
the quick photolysis by adsorbing the higher quantity photons.
Moreira et al. (2013) designed a scale-up SPEF method from a
100 mL to 10 L undivided cell to filter-press pilot-scale flow plant
and a photoreactor. No doubt the practicability of filter-press
reactor was confirmed; however, the direct comparison between
both PEF and SPEF reactors is not easy due to the different treat-
ment conditions for example electrodes area/solution volume ratio,
absorption of solar radiation, anode nature, irradiated volume/total
volume ratio and anode nature. Pipi et al. (2014) observed that
100 mL pesticide quickly degraded in an undivided cell compared
to 2.5 L flow plant during SPEF process because the ratio of elec-
trode area/solution volume mainly accounted. Garcia-Segura and
Brillas (2014) reported faster mineralization of 100 mL antibiotic
chloramphenicol solution in an undivided stirred tank reactor
(Fig. 2d) instead 10 L pilot-scale flow plant (Fig. 2f) during SPEF
conditions because of less amount of irradiated volume/total vol-
ume ratio. Antonin et al. (2015) also reported a comparative study
of SPEF in an undivided (Fig. 2d) and pilot-scale plant (Fig. 2f)
during the treatment of Evans Blue diazo dye. After 60 and 5 min of
treatment complete color was removed, while ~88% and more than
95% TOC removal were formed after 300 min at the pilot-scale plant
and undivided cell, respectively. The main reason for this difference
was attributed to the solution volume ratio and electrode area of
both reactors.

6. Modified electrodes in photoelectrochemical processes

PEC process performance of pollutant remediation is directly
related to the intrinsic photocatalytical properties of semi-
conductors metal oxides (MOs) with a suitable band gap (Eg) value
selected as photoanodes (PAs) (Brillas and Martinez-Huitle, 2015;
Garcia-Segura and Brillas, 2017; Sun et al., 2020). The photo-
catalytic performance of these metal oxides (MOs) mainly depends
on the oxidation-reduction reactions that take place on the surface
of PAs via the photogenerated electron/hole (e~ cg/h™yg) pairs. The
different semiconductor MOs are used in the PEC process of pol-
lutants remediation for example, TiO is an n-type semiconductor
with three main crystalline phases, namely rutile (E; = 3.02 eV),
anatase (Eg = 3.23 eV) and brookite (Eg = 3.14 eV) (Georgieva et al.,
2012; Brillas and Martinez-Huitle, 2015; Garcia-Segura and Brillas,
2017), the former phase is most thermodynamically stable and
widely used as photoanode for environmental remediation. WO3 is
other n-type semiconductor with Eg values around 2.5-2.7 eV
lower than those of TiO; (Fernandez-Domene et al., 2019), whereas
Zn0 (Eg = 3.4 eV) is cheaper and extensively found in nature than
above two with high PEC stability under natural sunlight irradia-
tion (Hosseini et al., 2020). Other many pure MOs semiconductors
such as hematite a-Fe;O3 (Eg = 2.2 eV) has been chosen as an
alternate of these due to its higher chemical stability, low cost and
high light absorbance in visible light (Qi et al., 2015; Meshram et al.,
2019), whereas MnO with very low Eg = 1.3 eV has interesting PEC
properties due to its interaction with polyaniline (Eg = 2.8 eV) that
decreases the combination reaction of e cg/h™yg (Yu et al., 2010).
Additionally, SnO, semiconductor (Eg = 3.5—-3.8 eV) is chemically
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and thermally stable therefore it is difficult to use as photocatalyst
(PC) but Sb can be simply doped on pure non-conductive SnO, to
significantly enhance its electrical conductivity and PC properties
such as short lifetime and electrochemical stability (Qi et al., 2015;
Subba Rao et al,, 2017). Other semiconductor material like as f-
PbO; (Eg = 1.4 eV) has also been used PC in alkaline medium (Gui
et al.,, 2019; Li et al., 2006); however, it releases Pb*2 ions to the
medium. In contrast, bismuth materials such as BiPO4 (Eg = 3.8 eV)
under UV illumination and Bi;,WOg (Eg = 2.8 eV), (Yao et al., 2019),
BiVOy4 (Eg = 2.5 eV) (Liu et al., 2020) Ag3P04/BiVO4 (Cao et al., 2018)
and C3N4/Ag/AgCl/BiVO4 (Rather and Lo, 2020) under visible illu-
mination have shown superb performance and excellent effec-
tiveness for PEC treatment of organic pollutants.

To improve the PEC performance different modification ap-
proaches have been constructed including: (i) nanotubes (NTs)
(Esbenshade et al, 2010), nanotube arrays (NTAs) (Ensaldo-
Renteria et al., 2018), polyaniline (PANI)-modified nanotubular
TiO, electrodes (NTs) (Mais et al., 2019) and nanorods (NRs) or
nanobelts (NBs) structures (Chen et al., 2013), (ii) doping with
metals such as Cr, Fe, Co, Ni, Cu and Zn (Brillas and Martinez-Huitle,
2015; Garcia-Segura and Brillas, 2017; Sun et al., 2020) or non-
metals such as B, C, and N (Zhu et al., 2010; Chen et al., 2015a),
(iii) composites synthesised with noble metals like Ag, Au, Pt and
Pd (Rezaei et al., 2018; Zhang et al., 2020a), other MOg such as
Fe30g4, SN0, (Qi et al., 2015) Cuy0 (Koiki et al., 2020), and metal
sulfides like Sb,S3 (Bessegato et al., 2014) and CdS (Hou et al., 2020),
and carbonaceous materials such as graphene (Tayebi et al., 2019)
and carbon quantum dots (Su et al., 2020) and (iv) new PAs ma-
terials like cubic double-perovskite CaCu3TigO12 (Kushwaha et al.,
2017) and TiNbOs (Zhang et al., 2012a).

Low Eep or j values were applied to most of the modify PAs, due
to their less stability towards electricity, whereas dimensionally
stable anodes (DSAs) type TiO,—RuO, electrodes shown higher
stability and allowed the usability at higher j values. Substrates like
as Ti and SS metals, fluor doped tin dioxide (FTO) and indium-tin
oxide (ITO), among other have been extensively used in TiO; thin
films preparation by using the several procedures such as sol-gel
method, spray painting and thermal decomposition, magnetron
sputtering, chemical vapour deposition (CVD), atomic layer depo-
sition (ALD) and thermal spray coating technologies (shown in
Table 1(a)). Since 2007, TiO;NTs and TiO,NBs are usually prepared
from electrochemical and sonoelectro-chemical methods. In
contrast, FTO/TiO, NR arrays are synthesised by a hydrothermal
approach for PEC uses. The main advantage and disadvantages of
these highly ordered and three-dimensional (3-D) nanostructures
than thin-films electrodes is owing to their excellent surface
properties, smaller recombination of e /h" pairs and diffusion
length escape recombination that permits higher light absorption
(Table 1(a)).

Fig. 3 shows the scanning electron microscopy (SEM) of various
PAs. Fig. 3a—b shows granulate, compact and low porosity structure
of typical TiO, NT synthesised by anodisation of Ti substrates and
composed of uniform size crystalline one-dimensional NTAs (Liao
et al., 2014; Ensaldo-Renteria et al., 2018). Using the similar
approach, Ensaldo-Renteria et al. (2018) found calcinations from
600 to 800 °C increased the crystal size of anatase and rutile crystal
structure, respectively; whereas, Liao et al. (2014) observed Eg
values of crystalline anatase Ti/TiO,NTAs (2.7 eV) much lower
compared to granulate anatase (3.2 eV) (Fig. 3a—b), and that
permitted an increased PEC performance using visible light offered
by a 60 W luminescent lamps. Shang et al. (2011) was found indium
tin oxide (ITO)/TiO,/ITO enhances the PEC performance instead of
an ITO/TiO, photoanode during the Rhodamine B dye degradation
in 1.5 M NaCl at E¢; of 1.5V, since electrons can be quickly removed
via the ITO/TiO; interfaces; as a result oxidant holes increased.
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Table 1 (a)
Various synthesis methods for photo anodes at the optimum treatment conditions with their advantages and disadvantages during PEC process.

Synthesis Electrode Experimental Advantages Disadvantages References

techniques types conditions

UV-PEC

Electrochemical Ti/TiO2-NT Conc.: Photocatalytic reactivity of nanotube was TiO, NTs coating layer passivates the electrode Ensaldo-
anodisation 17 x 108 mol L T; influenced via applied potential and annealing surface. Renteria

pHsor: 1.0; temperature at fixed pH of solution. et al. (2018)
0.05 mol L' Na,SO4;
time: 6 h

Electrochemical F Conc.: 20 mg L'; pH,: Degradation rate of core-shell photoanode was Opposite migration paths can be reduced the Liu et al.

synthesis process —BiVO4@NiFe- 7.0; time: 6 h 6 fold than pristine BiVO4 photoelectrode. recombination of e —h" pairs. (2020)
LDH

Solvothermal TiO,/Bi;WOs/ Conc.: 10 mg L™'; Au NP decorated heterostructure to improve Au and Ag NPs effectively enhance PEC Yao et al.
combined with  Au NRAs 0.5 M NaySOy; time:  the photocatalytic activity. performance but cost issue and practical (2019)
hydrothermal< 7h applicability are serious concern.

Hydrothermal Sn0,-g-C3Ns 0.2 M Na,SOy. time t:  Synergistic effect SnO,-g-C3Ny4 eight times SnO, nanostructures have a relatively low Mohammad
treatment 15h higher than that of SnO, nanostructures PAs. surface area. et al. (2019)

Thermal Ti/TiO, NTs/ ~ Conc.: 30 mg L~!; pHo: MMOs (e.g., SnOs, PbO,, IrO,, TiO, etc.) coatings TiO, NTs is a non-conductive coating and Gui et al.
decomposition  Ta;Os—PbO,  3.0; Vi: 50 mL; 0.2 M conquer the passivation problem. blocks e~ transfer reasoning extreme voltage (2019)
and NaySOy4; time: 25 min in PEC.
electrodeposition

Electro-deposition  Cu,0O/TiO5/ Conc.: 10 mg L~ '; pH,: The p-n heterojunction enhances the charge  Heterojunction mitigate the challenge of UV Koiki et al.
method< NTAs 3.0; Vi: 100 mL; 0.1 M separation, resulting reduced recombination light irradiation of TiO, NTA for activation due (2020)

Na,SOg4; time: 4 h rate and increased pollutant degradation to its wide band gap energy.
percentage.

Electro-deposition ~ AgsP0O4/BiVO, Conc.: 5.0 mgL™'; Effective electrode for PEC systems at BiVO, electrodes have low separation Cao et al.
method< 10 mmol L~ NaClO,4; comparatively low bias potentials. efficiency of photogenerated e"—h™ pairs. (2018)

timet: 2 h
Dip-coating method TiO,/Ni- COD;: 3150 mg L™';  Synergistic effect of free Cl, and atomic state ~ Separation of catalyst and low quantum Fang et al.
MWCNTs 0.5 mol L~! NaCl; pH,: oxygen increased COD and color removal efficiency are two technical limitations. (2013)
3.0; time: 2 h. efficiency.

Electro-deposition Sn0,—Sb,04- Conc.: 50 mg L~'; V;: Rationale behind choosing nano-W03 with Nano-WO0s3 into MMO matrix improved the  Subba Rao
followed by dip WO 50 mL, 0.1 M Na,SO4; MMO modification refines the crystal structure average current efficiency of PEC. etal. (2017)
coating< PHo: 3.0; time: 5 h. and enhances the photoactivity.

Chemical bath C—N co-doped Conc.: 5mgL~';V;: Nonmetal-doped PAs was most effective due to Electron—hole recombination character of Chen et al.
deposition TiO, NTA 50 mL; pHo: 4.0; 0.1 M its p states contribute to narrowing the band semiconductors not only inhibited the (2015)
method Na,SOy; time: 1 h. gap by mixing with O 2p state. quantum efficiency but decreased the

oxidation capability.
Radio-frequency Ni-doped ZnO Conc.: 5mgL™'; V;: ZnO modified with Ni to decrease band gap for Poor oxygen vacancy in ZnO sites and band  Hosseini

sputtering
technique

Hydrothermal and
solvothermal
method

Hydrothermal
method

Solar-PEC
Hydrothermal
method

Hydrothermal
method followed
by
electrophoretic
deposition

Spray pyrolysis
method<

CdTe/CdS/N-
rGO

Sn0,/a-Fe;03

CoOyx modified
Zr**doped
Fe,03
nanorods
TiO,/Pt—C3Ny
NTs

WOs/TiO,

100 mL; pH,: 7.0;
0.75 g L™, NaCl; time:
1.5 h.

Conc.: 50 mg L™ V;:
100 mL; 0.75 g L1,
Nacl; time: 6 h.
Conc.: 50 mg L7 V;:
100 mL; pH,: 6.0;

0.1 M Na,SOy; time:
1h.

Conc.: 10 pM; V;:

70 mL; pHo: 13.6;
0.1 M Na,S0y; time:
7 h.

Conc.: 1.0 mmol L™;
Vi:20 mL; 0.1 M
Na,SQyg4; time: 2 h.

Conc.: 10 mmol L™';
V;i: 500 mL;

0.5 mol L™! Na,SO04;
time: 30 min.

enhanced UVA effect.
Longer lifetime of photon-generated carrier
and stronger intensity of photocurrent.

Generation of photoinduced charge carriers
increased with decreasing in charge transfer

resistance as a result excellent PEC properties.

gap between valence band and conduction
band is higher.

Prominent disadvantage of rGO absence of
band gap limits it in electronic application.

In absence of SnO,, the stability of Fe;03 in
aqueous solutions is very poor.

Synergistic effect between CoOy co-catalyst and Hetero structures undergo surface

tetravalent doping results enhanced the
degradation efficiency.

Pt—C35N,4 modified PAs reduce the band gap

energy and improve its ability of light
absorption in the visible region.

No mixed phase formation, high crystallinity,

recombination matters of the photogenerated
charge carriers.

Pure bulk g—C5N4 has fast recombination of e

“—h pair, low oxidation ability and specific
surface area.

TiO, absorbs only 4% photons as a result

et al. (2020)

Liu et al.
(2018)

Qi et al.
(2015)

Meshram
et al. (2019)

Rezaei et al.
(2018)

Hunge et al.

large surface area, strong optical absorption in decrease the effectiveness of TiO, under solar (2018)

the visible range of solar spectrum.

irradiation.

Multi-walled carbon nano-tubes (MWCNTS).

Additionally, presence of CI~ produced active chlorine species (Cly/

HCIO/CIO™) act as additional oxidising agent by the photocatalytic

reactions (Eqs. (46) and (47)).
TiO,(hig) + CI- - TiO, + CI°

ClI” + HO®* - CI" + OH™

(47)

Doping with noble metals (e.g., Au, Ag, Pd, Pt) onto TiO, and

(46)

other semiconductor MOs had also extremely improved the charge

separation efficiency by trap the e~ CB, and help in electrons
transfer (Rezaei et al, 2018; Zhang et al, 2020b). In addition,

1
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Fig. 3. Typical SEM images of various PAs prepared different methods (a—b), Reprinted with permission from Ref (Liao et al., 2014). Copyright © 2014 Elsevier Ltd. (c) Ru—Pd BQDs/
TiO, NTA Reprinted with permission from Ref (Fan et al., 2018). Copyright © 2018 Elsevier B.V. (d) TiO, NTA/Cu,0 heterojunctions, Reprinted with permission from Ref (Koiki et al.,
2020). Copyright © 2020 Elsevier Ltd., (e) Bi,03/C@TiO, NTAs interface, Reprinted with permission from Ref (Pang et al., 2019). Copyright © 2019 Elsevier B.V., (f) CAB-1 Reprinted
with permission from Ref (Rather and Lo, 2020). Copyright © 2019 Elsevier Ltd., (g) SnO,/Fe,03 Reprinted with permission from Ref (Qi et al., 2015). Copyright © 2015 Elsevier B.V.,
(h) Exfoliated graphite (EG)/TiO, Reprinted with permission from Ref (Ama and Arotiba, 2017). Copyright © 2017 Elsevier B.V., and (i) TiO»/g-C3N4/CQDs nanorod arrays (TCNC

NRAs) Reprinted with permission from Ref (Su et al., 2020). Copyright © 2020 Elsevier Ltd.

Schottky type junctions with n-type TiO, could facilitate the
interfacial transfer of electrons from CB of TiO, to the VB of noble
metals (Fan et al., 2018; Rezaei et al., 2018; Zhang et al., 2020a).
Despite the benefits of noble metals doped semiconductor MOs,
non-noble metals and MOs doped semiconductor MOs comes into
practical application since of the cost issue and practical applica-
bility of the first one. For example, Koiki et al. (2020) synthesised p-
n heterojunction photoanode via the electrodeposition of cubic like
Cuy0 on anodised TiO, NTAs (Table 1(a)). Fig. 3d shows Cuy0
possess high reflectivity and more pronounced morphology;
however, red mark circled on Cu;0 cubes represents the remaining
TiO,. The PEC of TiO, NTA/Cu,0 was examined in ciprofloxacin (CF)
degradation. More than 73% CP was removed after 4 h because
photogenerated holes played major role in CP oxidation than *OH
radicals as shown in Fig. 4a and reactions (Egs. (48)—(50)).

12

TiO,NTA Cuzo+hv—>M (e” +h™) (48)
Cu20

h* +Hy0O—H" + HO™ (49)

e” +0, - 03 (50)

Moreover, different Bi-based novel visible light-driven (VLD)
semiconductors with narrow band gaps to increase the response
range of the solar energy in PEC have been discovered such as BiVO4
(Liu et al., 2020), 3D Bi,S3/TiO, NTAs (Guo et al., 2019), TiO,/Bi,WOg
(Yao et al., 2019), Bi»03/C@TiO, NTAs (Pang et al., 2019) and Bi/
Bi;MoOg co-sensitized TiO, NTAs (Cao et al., 2020). Pang et al.
(2019) reported a novel Z-scheme heterostructure system. Fig. 3e
shows a highly-ordered and uniform tubular structure of BiyOs3/
C@TiO, NTAs which is prepared by introducing the metal oxides
(Bi03) nanocrystals with uniform size (2—3 nm) on the carbon
bridged TiO, NTAs. In this scheme, carbon played both roles i.e.,
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Fig. 4. Schematic presentation of transferring the photogenerated e /h™" in various interfaces (a) TiO;NTA/Cu,0 Reprinted with permission from Ref (Koiki et al., 2020). Copyright ©
2020 Elsevier Ltd., (b) proposed mechanism of TiO; (a), C@TiO, (b), Bi,03/TiO; (c) and Bi,03/C@TiO, (d) NTAs, Reprinted with permission from Ref (Pang et al., 2019). Copyright ©
2019 Elsevier B.V., (c) PEC disinfection ability of CAB-1 PA in fresh sewage and schematic presentation of pollutant degradation, H, evaluation and disinfection, Reprinted with
permission from Ref (Rather and Lo, 2020). Copyright © 2019 Elsevier Ltd., (d) PEC performance for Orange-II degradation over CoOx modified Zr—Fe,03 Reprinted with permission
from Ref (Meshram et al., 2019). Copyright © 2019 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V., (e) e /h* separation and transport at the TCN NRAs and TCNC
NRAs Pas, Reprinted with permission from Ref (Su et al., 2020). Copyright © 2020 Elsevier Ltd. (For interpretation of the references to color in this figure legend, the reader is
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system integration and electron trapping with high efficiency. The
TiO,NTAs possesses different PEC mechanisms such as light ab-
sorption, charge separation and transfer, and surface reactions
during novel Z-scheme heterostructure system. Fig. 4b shows that
photogenerated e~ /h™ pairs are generated under UV illumination
but refraining of e /h™ pairs recombination in the charge transfer
(CT) process cannot be formed with TiO,. For C@TiO,, the carbon
layer helps in electron trapping from CB of TiO, to carbon layer. The
CT of photogenerated e~ /h* pairs occurs due to the difference of
CBs and VBs between Bi;03 and TiO; in BiO3/TiO, NTAs. The p-n
junction formed by the transfer of photo-generated holes and
electrons from VB of Bi;O3 to the TiO, and CB of TiO; to the Bi,0s3,
respectively. Fig. 4b shows the Z-scheme system of Bi;03/TiO2 NTAs
introduced by carbon layer which is more favorable for CT from
Bi»Os3 to TiO, and enhanced the PEC performance.

Recently, Ag-based semiconductor PAs, particularly silver
phosphate (AgsP0O4) and silver chloride couple with BiVOy4, reduced
grapheme oxide (rGO); carbon nitride (g-C3N4) have attained
specific attention (Cao et al., 2018; Rather and Lo, 2020). For
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example, Cao et al. (2018) used Ag3P04/BiVO,4 on FTO for 5 mg L~}
norfloxacin degradation and apparent rate constant was estimated
about 2.83 x 107 min~! and 7.94 x 10~* min~! for BiVO4 and
Ag3P04/BiVOy, respectively, within 90 min; whereas, Rather and Lo
(2020) discovered flower shaped g-C3N4/Ag/AgCl/BiVO4 (CAB-1)
microstructures (size range between 3 and 5 pm) (Fig. 3f) 3-D
electrode configuration for emerging pollutant removal. Fig. 4c
shows CAB-1 follows a Z-schematic approach during PEC. The small
Eg of BiVO4 (2.40 eV) and g-C3N4 (2.50 eV) enable to activate under
the solar- PEC, while CT ability of CAB-1 increased due to the
generation of e”/h™ pairs as charge carriers. The electrons excited
from CB of g-C3Ny4 than BiVO,4 and these electrons were transferred
towards Pt cathode. At the same time, h™ in the VB of BiVO4 has
enough potential to oxidise the pollutant. The Ag/AgCl helps to
make the CAB-1 an active Z-schematic heterojunction by the
annihilation of e~ and h* from CB of BiVO,4 and g-C3Ny, respectively.

In comparison of TiO,, ZnO also appeared as a promising PAs
since to its lower cost and higher absorption efficiency. For
example, Hosseini and collaborators (2020) tested Ni-doped ZnO in
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ciprofloxacin (CIP) degradation (Table 1(a)). In addition, strong
optical properties of stratified WO3/TiO, under sunlight illumina-
tion were tested for 94% Reactive Red 152 and 98% Rhodamine B
dyes degradation within 40 and 30 min, respectively (Hunge et al.,
2018); whereas Oliveira et al. (2015) tested the excellent perfor-
mance of this anode during the 10 mg L~ 17-a-ethinylestradiol
irradiation under 4 h solar illumination.

More interestingly, among semiconductors MOs, hematite (-
Fe,03) nanostructured has emerged as an effective catalyst for
persistent pollutant degradation since of its high chemical stability,
suitable band gap energy and excellent environmental compati-
bility. Moreover, a-Fe,03 suffers with several disadvantages such as
low carrier mobility, low absorption coefficient (<1 cm 2V ~1s 1),
shorter excited state lifetime (~10 ps) and short hole diffusion
length (2—4 nm) (Meshram et al., 2019). Therefore, many doping
approaches have been recently proposed to overcome the limita-
tions of a-Fe,03 (Qi et al., 2015; Meshram et al., 2019). Meshram
et al. (2019) proposed the CoOy surface modification and tetrava-
lent ions dopants (Ti**, Si**, Sn**, and Zr**) on hematite nanorod
array (HNRAs) during PEC of Orange- Il dye degradation. Amongst
four tetravalent Zr** doped HNRAs (Zr—HNRAs) can considerably
improve the performance, while Zr—Fe;03 PAs further modified
with CoOyx to enhance the photo-activity, higher than 93% dye
removal was formed under sun illumination within 270 min due to
the effective CT leads to *OH radicals formation (Fig. 4d).

The integral treatment system including photoelectro catalytic
oxidation and electro catalytic oxidation has been reported for
SnO, modified Fe;03 (SnO2/Fe;03) (Qi et al., 2015), TiO, (TiOy/
Fe,03) (Hu et al, 2011) and SnO,—Sb,0, mixed metal oxides
(MMOs) modified nano-WO3 (SnO,—Sb204-WO03) composites by
assembling of Sb—SnO, film on TiO,NTs (Subba Rao et al., 2017) for
enhancing the photoactivity of bicomposites owing to strong
hetero-junction between Fe;03, TiO,, WO3 and other n-type MOs
semiconductors. For example, Qi et al. (2015) developed a rod-like
shape with a hexagonal snow flake structure of SnO, modified
Fe,03 composite SnO;/Fe;03 electrodes (Fig. 3g) for removing the
84.87% Methylene Blue (MB) during PEC than 76% of MB by EO due
to increased additional vacancies in VB of Fe;O3 and SnO; which
could oxidise the HO and OH™ to strong oxidant *OH in aqueous
medium. Subba Rao et al. (2017) prepared SnO,—Sb,04 a mixed
metal oxides (MMOs) and nano-WO3; modify Sn0O,—Sb;04-WO3
(MMO-WO0s3) PA with excellent oxygen evolution potential (OEP)
and accelerated service life about 2.21 V and 1.7 times, respectively.

In sight of remarkable electronic mobility and chemical stability,
larger surface area, strong m-7 interaction, as well as hydrophobic
and hydrophilic interaction, and other weak interaction, graphene
with heterojunction construction and Eg of 2.1-4.3 eV has been
highly applicable in PEC of pollutant remediation. In this regard, n-
type semiconductors decorating graphene-based materials have
been synthesised which mainly profited from their electrons
shuttling ability or the formation of heterojunction and exceptional
storing (Ama and Arotiba, 2017; Tayebi et al., 2019; Carreno-Lizcano
et al., 2020). Fig. 4h shows the image of exfoliated graphite (EG)/
TiO,NPs composite electrode for 0.1 x 10~4 M MB dye degradation
in 0.1 M NapSO4 under visible light irradiation (Ama and Arotiba,
2017). About 85% of MB dye was removed within 240 min. More-
over, g-C3Ny4 (Rezaei et al.,, 2018; Mohammad et al., 2019) with low
Eg of ~2.7 eV and higher delocalised conjugated p structures, it acts
as an excellent photocatalyst by utilizing sunlight within the visible
region, however high e~ /h* pairs recombination rate of pure g-
C3N4 diminishes its PEC properties. Recently, Su et al. (2020)
developed zero-dimensional carbon quantum dots (CQDs) nano-
structures for the decoration of TiO,/g-C3N4 (TCN) film electrode.
Fig. 3i shows the morphology of TiO,/g-C3N4/CQDs nanorod arrays
(TCNC NRAs). The narrower Eg of ~2.47 eV and longer lifetime of
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photogenerated e /h™ pairs recombination of TCNCNRAs recom-
mended excellent PEC performance in visible light irradiation of
1,4-dioxane (1,4-D) at j of 0.16 mA cm 2, the removal rate is 1.5
times of TCN NRAs electrode. Fig. 4e shows the excellent photo-
catalytic activity of TCNC NRAs could be attributed to the increase
of CT mechanism and charge separation from classical hetero-
junction to Z-scheme, which may change the main reactive species
from O~ to *OH and enhance the active species generation.

7. Application in real field wastewater treatment
7.1. Landfill leachate

Leachates of a landfill are generated through the physico-
chemical and biological decomposition of the solid wastes, as well
as through the precipitation and percolation through the wastes
(Panizza et al., 2010). The possibility of these leachates to percolate
and contaminate the groundwater is a serious issue associated with
landfill management. The landfill leachate characteristics depend
on factors like the age of the landfill, seasonal factors, and the origin
of waste (Ye et al,, 2016). In general, landfill leachates possess a
large concentration of organic pollutants, inorganic salts, heavy
metals, ammonia nitrogen etc. (Pellenz et al., 2020). Specifically,
young landfills (<5 years old) liberates leachates of majorly
biodegradable  organics BOD/COD ratio (>0.3) and
COD>10,000 mg L~'; whereas old landfills (>10 years) liberate
leachates of majorly refractory organics like humic acid, fulvic acid
with BOD/COD ratio (<0.1), alkaline pH, and low COD
(<4000 mg L~1) (Renou et al., 2008; Tauchert et al., 2006). Thus, the
conventional treatment techniques such as biological oxidation
processes fail to deal with leachates, especially which are from the
old landfills (Ye et al., 2016).

Tauchert et al. (2006) considered aged landfill leachates of
highly recalcitrant nature (BOD/COD ratio of 0.004, pH 8, and low
COD of 5500 mg L) for the photoelectrochemical study. They
compared photolysis, heterogeneous photocatalysis, electrolysis,
and photoelectrolysis using a photoelectrochemical reactor having
DSA and 125 W UV mercury lamp. The degradation efficiency is due
to the indirect electrochemical oxidation aided by *OH, H,0, and
chlorine species, which were further photochemically transformed
into more active radical forms. They found that the dark coloration
of landfill leachate was the restraining factor in photo-
electrochemical process, which urges the need of some coagulative
techniques before electrochemical advanced oxidation processes
(EAOPs) for achieving recommendable removal efficiency.

Electrocoagulation (EC) can be adopted as a suitable pre-
treatment to EAOPs, whereby the color and some extend of COD
removal is possible. A series of EC, electrooxidation (EO) and UV
based CuFe,04 AOP removed 95.6% of COD, 91.6% of BOD, 90.5% of
TOC, and 99.8% of ammonia (NH4—N), respectively. Table S1 shows
the quality of the effluent after each process. Biodegradation test
and phytotoxicity analysis confirmed the practicality of the treat-
ment procedure (Ghanbari et al., 2020).

PEF was also found to be effective for landfill leachate treatment
(Pellenz et al., 2020). A statistical experimental design methodol-
ogy was adopted by Zhang et al. (2012b) for studying the PEF
treatment of landfill leachate. Primary characteristics of landfill
leachate such as pH, COD, ammonia-nitrogen, and chloride were
found as 8.10, 2747 mg L™, 3348 mg L™, 3583 mg L, respectively.
Nearly 90% of color and 75% of COD removals were obtained in
90 min when using UV light of Anax = 254 nm, the parallel
arrangement of Ti/RuO,—IrO, anode and stainless-steel cathode,
H,0;: 153.2 mM and Fe?*: 39 mM.

Although photo-EAOPs are giving exceptional degradation effi-
ciency, adopting a single technique cannot be a complete solution,



G. Divyapriya, S. Singh, CA. Martinez-Huitle et al.

especially for lowering acute toxicity, and cytotoxicity caused by
the by-products of treatment (Klauck et al., 2017). These individual
photo-EAOPs are suitable tools to enhance the biodegradability of
the landfill leachates; thus can be followed by biodegradation for
further detoxification. Pellenz et al. (2020) employed PEF as a pre-
treatment to biological oxidation in landfill leachate treatment.
Combined effects of electro Fenton and photo-Fenton achieved in a
PEF reactor composed of boron-doped diamond (BDD) soft iron
anodes under 0.9 A current intensity, 300 mg L~! H,0,, and system
flow rate of 0.6 L min~ .. A 15 min PEF followed by a 72 h activated
sludge process removed 77.9% of COD, as well as a significant
lowering of genotoxicity (Allium cepa). The combination of PEF and
biological oxidation was also investigated by Seibert et al. (2019).
They found the lesser amount of by-products formation in the
sequential 45 min PEF followed by 24 h bio oxidation.

Meanwhile, the suitability of photo assisted electrolysis as a
post-treatment to biological treatment was evaluated by Ye et al.
(2016). In their study, the leachate after a two-stage anaerobic-
aerobic sequencing batch reactor was tested for COD and NH3—N
removal in a DSA based electrolysis reactor equipped with a 10 W
UV lamp. The indirect oxidation based on in situ electrogenerated
active chlorine and radical species mediated the degradation pro-
cess. At a pH 5.0, j of 60 mA cm ™2, nearly 87% of NH3—N and 77% of
COD were removed without the addition of electrolyte. The total
energy consumption and current efficiency for 8 h treatment were
216.5 (kW h/kg COD) and 17.5%, respectively. During the process,
most of the NH3—N was converted into Ny as well as a little NO3,
NO3 and chloramines remained in the solution. Effective Cl=/Cl;
recycling enables the lowered concentration of both active chlorine
and chloride ions in the system. Zhao et al. (2010) studied a bio-
logically pre-treated landfill leachate under similar photo-
electrochemical reaction conditions in a pilot scale continuous flow
reactor of 6.5 L capacity. After 2.5 h, 41.6% of TOC, 74.1% of COD, and
94.5% of ammonium removal were observed by applying
67.1 mA cm~2. The UV lamp influenced the effective mineralization
of the organic contaminants into small molecular acids, while
reduction of pollutants such as metal ions was primarily due to
indirect oxidation.

7.2. 0Oil mill wastewater

Vegetable oil industry effluents are usually dark colored acidic
effluents possessing broad spectrum of organics and inorganics in
their suspended and dissolved forms and turbidity causes poor
light penetration and under-oxygenation; and thus highly toxic to
the aquatic system in case released into water bodies without
proper treatment (Flores et al., 2018; Verla et al., 2014). Based on
the type of oil processed and the operating conditions, the amount
and characteristics of organic load vary, and the COD values lie in
the range 2000 mg L~! — 30,000 mg L' (Pandey et al., 2003;
Sharma and Simsek, 2019; Verla et al., 2014).

PEF showed exceptional performance among BDD anode/air-
diffusion cathode based EAOPs for the overall treatment and the
removal of 4- hydroxyphenylacetic acid from olive oil mill waste-
water (Flores et al., 2017). About 80% of TOC reductions (in 540 min)
and better biodegradability were achieved for the PEF treatment of
real oil mill wastewater, and the treatment efficiency follows the
order; PEF > EF > AO-H,0,. The quick mineralization of photoactive
by-products in PEF towards UV-A might be the reason behind the
effectiveness of the system towards real wastewater treatment
(Flores et al., 2017). A further improvement in removal was ach-
ieved by adopting EC pre-treatment to PEF. A 20 min Fe EC at
3 mA cm 2 reduced 40% of TOC, followed by PEF at pH 3.0, 0.5 mM
Fe?*, 25 mA cm~2 resulted in 97.1% of TOC removal after 600 min
(Flores et al., 2018).
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7.3. Pharmaceutical wastewater

The pharmaceutical effluents are composed of large varieties of
compounds such as synthetic or natural organics, inorganics, cat-
alysts, and solvents (Panizza, 2018). The high concentration of xe-
nobiotics, solids, and active antibiotics residues makes the
pharmaceutical wastewater become highly toxic and possess high
COD and BOD values as well as very low biodegradability ratio
(Lalwani et al., 2020). So the conventional treatments techniques
are not suitable in order to avoid the negative impacts on human
and other animals, which is clear from the emergence of antibiotics
resistant bacteria and genes (Xu et al., 2019b). Thus, some highly
advanced treatment processes are necessary to deal with phar-
maceutical effluents.

The removal of trimethoprim (TMP) from municipal wastewater
was evaluated using various AOPs and EAOPs like UVC, AO, Hy0/
UVC, AO- H,0,/UVC, AO with electrogenerated H,0, (AO-H,05),
PEF-UVA, and PEF-UVC. Among the processes, the TMP removal
efficiency was highest in PEF-UVA, and the UVC was inefficient to
cause H,0, photolysis (Moreira et al., 2016). The improvement on
the COD reduction in pharmaceutical industry wastewater through
UVA irradiation in PEF than simple EF process was also proved by
Behfar and Davarnejad (2019).

A single reactor based electrochemical photocatalysis was
employed by Fang et al. (2013) for the discoloration and organic
matter removal, in terms of COD, of a pharmaceutical effluent. The
photoreactor system composed of nano-TiO, coated Ni photo-
anode, and multi-walled carbon nanotubes (MWCNTS) air cathode
under 250W high-pressure mercury lamp irradiation. The raw
effluent having 3150 mg L~! COD upon 2 h treatment removed
93.5% of COD and 78.5% of color. The CI~ depletion was found to be a
major factor behind the removal. Thus an increase in NaCl con-
centration and applied bias voltage resulted in an increase in COD
and color removal due to the active chlorine species produced. In
another study, a synergistic effect, as well as cost effective combi-
nation of UV photolysis and conductive diamond electrochemical
oxidation, was found suitable for the treatment of pharmaceutical
industry effluents (Martin de Vidales et al., 2017).

The adoption of a single technique sometimes is not adequate to
remove the resistant organic compounds from water. Basaran
Dindas et al. (2020) evaluated the various combinations of EC, EF
and photocatalysis for treating pharmaceutical wastewater. Among
the combinations, 1 h EF using 5 mA cm 2 followed by 4 h photo-
catalysis using 1.5 g L~ of TiO, found to be preferable as 64.0% of
TOC, 70.2% of COD, and 97.8% of BODs removed during the process.
During EF, organic compounds were degraded to small but resistant
molecules, which on undergoing photocatalytic treatment got
degraded (Basaran Dindas et al., 2020).

7.4. Textile wastewater

The textile wastewater has complex characteristics as it contains
different kinds of dyes, salts, pesticides, surfactants, fabric soft-
eners, polishing and coating agents, and coupling agents and
possess varied composition from one batch to another (Alves et al.,
2014; GilPavas and Correa-Sanchez, 2019). Consequently, the con-
ventional treatment techniques are not feasible.

In EAOPs, the presence of chloride ions can result in the for-
mation of toxic organochlorine degradation by-products. Alves
et al. found a lowering of chlorine containing by-products by 65% in
photoassisted EAOP compared to the simple electrochemical
method (Alves et al., 2014). In another study, when UV incorporated
into the electrochemical reaction system possessing Ti/Rug3Tig70>
anode, the simultaneous formation and destruction of organo-
chlorine products resulted in an enhancement on the TOC and COD
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removals by 13% and 30%, respectively, within 90 min (de Mello
Florencio et al., 2016). Similarly, Moraes et al. (2007) designed an
18 L pilot-scale tubular flow reactor with TiO2/RuO, electrode for
the electrochemical and photoelectrochemical treatment of textile
effluent. One order of magnitude improvement in TOC and COD
removal is found using photo-irradiation.

A solar based photoreactor having monopolar arrangement of
BDD/Ti electrodes was developed by GilPavas et al. (2018) for
treating dyeing wastewater. They found that a real indigo dyeing
effluent on undergoing 15 min of treatment, reduced 83% of COD
together with enhanced biodegradability index (BODs/COD) to
more than 0.4 under the optimum condition (pH 4,
j =40 mA cm 2, and Fe?* = 0.3 mM). The presence of Cu®>* along
with Fe?* in solar PEF using BDD anode and air-diffusion cathode
can be helpful to achieve a fast and complete decolorization and
mineralization by promoting the photolysis of the Fe(Ill) complexes
under solar irradiation and/or aiding in mineralization through
easy oxidation of Cu(Il)-intermediates complexes (Salazar et al.,
2012).

As electrochemically stable cellulose in real textile effluents can
hinder the activity of EAOPs, adoption of biological removal of
cellulose is effective. Photo assisted indirect electrochemical
oxidation carried out in a biologically treated textile effluent by
using Ti/lrO,—Ru0,—TiO, and Ti electrodes by applying
20 mA cm 2 and UV—visible light of 280—800 nm, removed 98% of
color and 68% of COD. In the absence of photo-irradiation, no COD
removal is observed, which indicates the importance of oxychloride
(*OCl) radicals in photoassisted electro-oxidation (Aravind et al.,
2016). Manenti et al. (2014) adopted sequential EC, PF, and acti-
vated sludge process for the treatment of real effluent (COD:
1200 mg L") from a textile industry in Portugal. The iron-organic
complex formation and associated low radical formation in PF
treatment of textile effluent can be overcome by EC pre-treatment.
When EC followed by PF, nearly 65% of COD removal and significant
biodegradability improvement is achieved, which on undergoing
activated sludge process makes the COD level below the permis-
sible level in Portuguese (150 mg L™1). A hybrid approach including
EC, adsorption, followed by PF oxidation was developed by Berner
et al. (Bener et al., 2020) for textile effluent to meet irrigation water
standard. The treatment consists of Al EC, activated carbon
adsorption and BiNiOs-activated carbon catalysts based PF process.
After treatment, 49% of COD (18—20% by EC, 8—10% by adsorption
and 24% by PF), 87% of TOC (nearly 35% by EC, 40—45% by
adsorption and 8% by PF), and around 90% of color (50—55% by EC,
35—40% by adsorption and nearly 2% PF) were synergistically
removed.

7.5. Tannery wastewater

The tanning industry, as a wholly wet process, consumes a
tremendous amount of water and liberates nearly 30—35 L of
wastewater per kg of skin/hide processed (Bharagava and Mishra,
2018). The effluents released during the transformation of raw or
semi-pickled skins to commercial materials, composed of acids/
bases, chromium salts, solvents, tannins, dyes, sulphides, and many
others (Lofrano et al., 2013). This complex mixture contains a high
concentration of both organic and inorganic compounds in the
range of COD: 1-58 g L1, Cr%+: 0.01—4.24 mg L=}, Cr>*: 0—4.1g L™},
total dissolved solids: 22—67 g L), sulphides: 0.025—3.3 g L}
(Bharagava and Mishra, 2018; Borba et al., 2018).

The oxidative degradation of tannery effluents through photo
assisted EAOPs were studied by many researchers. The importance
of photo-irradiation in electrolytic treatment of tannery effluent
was determined by Selvaraj et al. (2020) using an electrochemical
cell of titanium cathode and Ti/IrO,—RuO,—TiO; anode. Under UV
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illumination of Amax: 254 nm, they found 100% sulfide, 92% of COD
and 70% TOC elimination, whereas in the absence of UV irradiation,
the treatment is found not effective. Isarain-Chavez et al. (2014)
investigated the treatment of tannery wastewater by a BDD based
PEF process. During the process, oxidation ability of BDD, *OH as
well as the UVA light in PEF contributed to the effective minerali-
zation of organic pollutants in the tannery wastewater. Photo per-
oxi electrocoagulation conducted in batch mode in a reactor
equipped with iron plates electrodes, with solar irradiation found
that due to electrochemical and Fenton associated phenomena, 80%
of COD, 95% of color, 98% of turbidity, 88% of total suspended solids,
96% of total fixed solids and 83% of total volatile solids were
removed within 120 min (Borba et al., 2018). Although, excellent
efficiency is obtainable in organic matter elimination, the authors
suggesting the necessity of adopting some integrated techniques
for attaining effluent discharging quality.

Thus, along with COD removal, Cr®* reduction, as well as sul-
phide oxidation are important criteria for choosing the proper
treatment technique for tannery effluent. Moradi and Moussavi
(2019) adopted photolysis under vacuum UV (VUV) as a suitable
technique for achieving it. They overcome the major rate limiting
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factor of photo asssisted mechanisms, i.e., the hindrance due to
high turbidity and suspended solids by following Al EC prior to
photolysis. Thus the combined effect of 20 min EC followed by
40 min photolysis EC and photolysis removed 99% COD and 100%
chromium from the tannery effluent having 20,600 mg L~! COD,
and 30.11 mg L~! total chromium (Moradi and Moussavi, 2019). As
from Fig. 5a, UVC/VUV process involves a multilateral system of
advanced oxidation-reduction mechanism involving the direct
photolysis of organic pollutants as well as the indirect oxidation-
reduction through reactive oxygen species, and photo-generated
electron. The Cr®* reduction in the photoreactor was followed by
total chromium removal by co-precipitation with the EC originated
Al(OH)s. In a similar study, the coupling of EC with PF was inves-
tigated by Modenes et al. (2012) where PF was chosen as a pre-
treatment to EC, to lower sludge production along with COD
reduction. After 540 min of PF process using 15 g L~! H,0, and
0.4 g L1 Fe?*, followed by 15 min EC applying 68 mA cm 2, pH 8.3
was found as optimal condition with almost complete removal of
COD and chromium as well as lower cost requirement than the
traditional treatment techniques prevailing in tannery industries.

7.6. Other wastewater

Pulp and paper effluent was treated by EC followed by UV/sul-
fate radical based AOP (Jaafarzadeh et al., 2016). Although sole EC
process removed about 61% of COD, it failed to achieve the effluent
discharge quality due to the lack of biodegradability. The authors
found that when EC combined with UV/sulfate radical based AOP, a
shift obtained from partial oxidation to total oxidation. This was
reflected in the biodegradability enhancement (Jaafarzadeh et al.,
2016).

A sequential implementation of up-flow anaerobic sludge
blanket (UASB) followed by SPEF process removed more than 91%
of total COD from slaughterhouse wastewater (Vidal et al., 2019).
The limitations found in UASB systems regarding turbidity removal
and mineralization were overcome to a great extend through the
solar PEF system (Vidal et al., 2019). The effectiveness of solar PEF in
achieving fast mineralization than other EAOPs such as EO and EF
was proven by another study (Vidal et al., 2016). They adopteda3 h
solar PEF as a post-treatment to the UASB treatment of slaughter-
house effluent and obtained 99% of COD removal.

Polyaniline wastewater was treated using the PEF coupled with
heterogeneous photocatalysis (Ou et al., 2019). In a photoreactor
having inner wall lined by black TiO5, visible light irradiation using
Xe lamp, and having IrO,/Ti (anode), graphite felt (cathode),
removed about 85% of TOC and 96.4% of COD of polyaniline
wastewater within 360 min. Under the same reaction time, the
efficiency of various electrochemical process found to be in the
following order: PEF/black TiO, > PEF > EF > visible light/black
TiO,/AO- H,0, > AO-H,0; > visible light/TiO,, which reveals the
superiority of coupled PEF/visible light TiO, photocatalysis in fast
mineralization through more radical generation (Ou et al., 2019).

Wang et al. (2017) developed a photoelectrochemical cell (PEC)
having a Pt cathode and a photoanode (by depositing a layer of
polymer capped TiO; on ITO glass) for the recovery and removal of
the metal ions, as well as for the production of electricity from lead-
acid battery industry wastewater. The effluent having SOF~ of
260 mg L~! and Pb 25 mg L~!, when undergone treatment for
90 min, complete removal of both SO~ and Pb?* along with a pH
increase to 6.4 from 2.3 was achieved, suggesting the potential use
for the treatment of wastewater. The better performance, even after
the ninth cycle and the satisfactory performance in the presence of
suspended solids, suggested the industrial applicability of this
technology.

The importance of UV in electro-oxidation was evaluated for the
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treatment of dairy wastewater based on removal and cost effec-
tiveness. They found that post-treated effluent possesses all the
examined environmental parameters values lies below effluent
discharge standards, together with energy per order (EEO) values
lower by 0.33 kWh m~> order~" than simple electro-oxidation. The
experimental conditions include Ti/Rug 3Tig70> mesh, UV lamp of
Amax = 254 nm, provided better removal efficiency and biode-
gradability to the dairy wastewater (Fig. 5b) (Pereira De Sousa et al.,
2019).

A wastewater treatment plant (WWTP) effluent spiked with
synthetic food azo dyes treated by solar PEF (SPEF) treatment in a
2.5 L plant having BDD/air-diffusion cell coupled with solar irra-
diation. The SPEF process helped the photodegradation of Fe(III)-
oxalate complexes and other byproducts. Significant degradation,
in terms of dissolved organic carbon (DOC) removal, was found in a
complex effluent matrix containing sulfate, perchlorate, and nitrate
ions. The formation of chloroderivatives as degradation byproducts
found to decelerate the removal process; thus sulfate medium is
preferred than chloride ones. Lower specific energy consumption
and greater current efficiency make the sulfate medium more
attractive (Thiam et al., 2015).

The photo-irradiated electrolytic degradation of atrazine
manufacturing effluent was carried out using DSA and Ti cathode in
a 20 L tubular flow reactor. During the process, both direct elec-
trochemical process and indirect anodic oxidation pathways
assisted for removing both atrazine and its by-products (simazine,
hydroxy-triazine and propazine) at high degradation rate (Aquino
et al,, 2017). Table 1(b) summarizes the different studies available
for photoelectrochemical treatment of real wastewaters.

8. Application of photoelectrochemical process for hydrogen
production from wastewater

The worldwide demand for sustainable energy is on the
continuous rise as the global warming caused by the misuse of
fossil fuels has caused severe problems to living organisms, setting
off a considerable exertion toward inexhaustible and sustainable
energy sources (Ma et al., 2018). To satisfy the increasing energy
demands, an economical and sustainable source of production is
required to meet the limited resources available for energy pro-
duction. Hydrogen is the most intensively studied clean energy
carrier for the future due to its higher efficiency and clean burning
with water vapour as the only byproduct (Lu et al., 2014). It pos-
sesses a higher specific energy density than other conventional
fuels and has a potentially low environmental impact with high
recycling capability (Ishihara et al., 2010). Several methods are
available for the production of H, such as the burning of fossil fuels,
high-temperature water dissociation, electrolysis, thermochemical
water splitting photolysis etc. (Dincer and Acar, 2015). However,
hydrogen production by burning fossil fuel derivatives is energy-
intensive and releases CO, into the atmosphere while thermo-
chemical water splitting and electrolysis processes are expensive.
Also, it is necessary to reduce the dependence on fossil fuels for Hy
production and use renewable sources such as biomass derivatives,
photovoltaic, wind, etc. to achieve clean reactions without any CO;
emission (Ganiyu et al., 2020; Ganiyu and Martinez-Huitle, 2020;
Lu et al., 2014; Sathre et al., 2014). Photoelectrochemical (PEC)
water splitting process is successfully used for the generation of H,
and is a promising technology to produce renewable energy with
oxygen as a byproduct (Chehade et al., 2020; Chen et al., 2010).
Besides, the sustainable photoelectrochemical processes rely on
cheaper external energy sources provided by solar irradiation, wind
energy, biomass etc.

PEC process is also efficient in removing organic pollutants
present in wastewater (Goulart et al., 2019; Xie et al., 2016). The
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Table 1(b)
Studies on the photoelectrochemical treatment of real wastewater.
Wastewater Treatment process Electrode materials Optimized experimental Efficiency Highlights of the study References
type conditions
Landfill PEF Ti/RuO,—Ir0O; anode UV light of Aynax 254 nm, H,0, =90% of color and 75% of COD e Developed response surface Zhang
leachate and stainless steel 153.2 mmol L' and removal in 90 min methodology models etal.
cathode 39 mmol L' Fe** (2012)
Landfill PEF boron-doped diamond 0.9 A current intensity, 15 min PEF followed by 72 h e PEF as a pre-treatment to Pellenz
leachate (BDD) anode 300 mg L~! H,0,, and system activated sludge biological biological oxidation et al.
flow rate of 0.6 L min~! oxidation removed 77.9% of (2020)

COD, 71.5% of total carbon and
76.3% of color

Landfill Photo assisted DSA anode 10 W UV lamp, pH 5.0, ~87% of NH3—N, and 77% of e A post-treatment to biolog- Ye et al.
leachate electrolysis j=60mA cm? COD removal in 8 h. ical treatment (2016)
e The total energy

consumption was
216.5 kW hkg~! COD and
current efficiency was 17.5%

Landfill photo- DSA anode 67.1 mA cm—? 41.6% of TOC, 74.1% of COD, and e A post-treatment to biolog- Zhao et al.
leachate electrochemical 94.5% of ammonium removal in  ical treatment (2010)
reaction 25h
Olive oil mill PFE BDD anode/air- A 5 W m~2 fluorescent black  About 80% of TOC reduction in e The superiority of was due Flores
wastewater diffusion cathode light blue tube of Ayax 360 nm, 540 min to the photolytic action of et al.
initial pH: 3, j = 16.7 mA cm 2 UVA radiation on (2017)
photosensitive by-products.
Trimethoprim  PEF BDD anode PEF-UVC, j = 30 mA cm 2, pH 100% TMP removal in 15 min e A high participation of Moreira
(TMP) spiked 2.8 BDD(*OH) on TMP et al.
in municipal degradation (2016)
wastewater
Pharmaceutical PEC nano-TiO; coated Ni 250 W high-pressure mercury 93.5% of COD and 78.5% of color ¢ UV light and power have a Fang et al.
effluent photoanode, and lamp irradiation applied bias removal in 2 h synergistic effect in (2013)
multi-walled carbon  voltage 10.0V, NaCl electrolyte photoelectrocatalytic
nanotubes (MWCNTSs) concentration 0.5 mol L~!, pH degradation
air cathode 3.0 e The CI™ ion depletion during

photoelectrocatalytic
oxidation enhances the

removal
Pharmaceutical EF + photocatalysis Iron electrodes PH 3,j = 5 mA cm 2, Fe:H,0, 64.0% of TOC, 70.2% of COD, and e Energy consumptions was Basaran
wastewater molar ratio as 1:10 97.8% of BODs removed by 1 h 1051.21 kW hkg~! TOC Dindas
electroFenton followed by 4 h e Sequential processes with et al.
photocatalysis advanced oxidation (2020)

processes proved efficient
degradation

Textile effluent Photo-assisted Ti/Rug3Tip 702 anode  Current 1.5 A and NaCl 86% COD and 92% TOC in e photolysis of  reactive de Mello
electrochemical 0.3 mol dm™3 300 min chlorine species to produce Floréncio
degradation HO* etal.

(2016)

Textile effluent Photo- TiO,/RuO, electrode  j = 80 mA cm 2, UV-C =85% of color, 42% of TOC and e Energy consumption was Moraes
electrochemical 4.6 mW cm2, initial pH 7.4  58% of COD removal in 90 min 1.388KWhm > et al.
treatment (2007)

Indigo dyeing  SPEF BDD/Ti electrodes solar based, pH 4, Elimination of 83% of COD, 70% e SPEF as an efficient and GilPavas

effluent j =40 mA cm~2, and Fe?* TOC mineralization BODs/COD economical alternative, as et al.
0.3 mmol L™! to more than 0.4 in 15 min of the operational costs were (2018)
treatment estimated as 1.56 USD m 3

Textile effluents Photo assisted Ti/IrO,—Ru0,—TiO, j=20mA cm2 UV—visible Removed 98% of color and 68% e Post treatment to Aravind
indirect and Ti electrodes light of 280—800 nm of COD in 30 min biologically treated effluent et al.
electrochemical o oxy-chloride radicals (2016)
oxidation involved

Tannery photo assisted Titanium cathode and j = 25 mA cm~2, UV lamp of Removal of 100% sulfide, 92% of e A green technology for the Selvaraj

wastewater EAOPs Ti/IrO;—Ru0,—TiO, Amax: 254 nm COD and 70% TOC elimination in  large-scale process for the et al.
anode 3h efficient removal of sulfide (2020)
and COD from tannery lime
wastewater
Tannery Photo peroxi iron plates electrodes Solar irradiation, 6 g H,0, L™, 80% of COD, 95% of color, 98% of e The final characteristics are Borba
wastewater< electrocoagulation pH 4, j = 34.2 mA cm 2 turbidity were removed within  unsuitable for final et al.
120 min discharge in terms of (2018)
toxicity effect

Tannery Solar photo Fenton Aluminum electrodes Solar irradiation, 0.4 g L~} Nearly 100% COD removal in e PhotoFenton was as a pre- Moddenes

effluent followed by for EC [Fe?*], 15 g L~! of [H,0,], 540 min treatment to EC etal
electrocoagulation initial pH of 3 e Least amount of sludge (2012)
(EC) generation after 540 min of
irradiation
Dairy UV assisted electro- Ti/Rug3Tig70> mesh  Current 533.42 mA, UV lamp of 97.80% COD, 94.62% TOC in o Efficiency enhancement by Pereira De
wastewater oxidation Amax 254 nm 120 min the electrochemical Sousa
production of free chlorine et al.
species. (2019)

18



G. Divyapriya, S. Singh, CA. Martinez-Huitle et al.

Chemosphere 276 (2021) 130188

Table 1(b) (continued )
Wastewater Treatment process Electrode materials Optimized experimental Efficiency Highlights of the study References
type conditions
e Energy per Order (EEO)

values of 0.89 kWh m-3

order-1
Polyaniline PEF coupled with  IrO,/Ti anode, graphite pH 3.0, j = 16 mA cm 2, =85% of TOC and 96.4% of COD e The black TiO, nanotubes Ou et al.

wastewater heterogeneous felt cathode 0.2 mmol L' [Fe?*], O, flow  within 360 min exhibited good stability (2019)

photocatalysis

rate 200 mL min~!, T 25 'C

and photocatalytic
performance

mineralization of organic compounds by PEC process results in the
formation of CO, and protons. During PEC degradation process, the
molecular oxygen produced by electrochemical process acted as an
electron acceptor for the electrons produced from photocatalysis.
They generated an increased amount of active species resulting in
significant  pollutant degradation (Ama et al, 2018;
Peerakiatkhajohn et al., 2021). To overcome the energy crisis and to
achieve sustainable treatment, researchers studied simultaneous
pollutant degradation and H; generation from wastewater. Organic
rich wastewater is less abundant than water itself; however, it is an
increasing concern worldwide. The organic pollutants in the
wastewater contain a high level of chemical energy that can act as
electron donors and promote the hydrogen production at cathodes
(Baltrusaitis et al., 2014; Wu et al., 2017; Zhou et al., 2017). PEC cell
consists of a photoactive semiconductor anode material where

Table 1(c)
Studies on H; production from wastewater using photoelectrochemical method.

oxidation occurs, a counter cathode material (usually platinum),
electrolyte and a membrane. Photoanode with a higher photo-
catalytic activity initiates the pollutant degradation whereas a
photocathode with more negative than E° of H"/H; of 0.0 V for
hydrogen production.

Further, the efficiency of hydrogen production and pollutant
degradation strongly depends upon the photoanode properties.
TiO2, W03, and a-Fe;03 are commonly used as photoanodes for PEC
process due to their easy availability, lower cost and environmental
friendliness. Additionally, the efficiency of photoanode depends
upon the bandgap of the material, smaller bandgap materials are
easily activated, and faster charge transport takes place. Table 1(c)
summarizes the different studies available for simultaneous
pollutant removal and H; production. The ability of organic com-
pounds or waste to act as sacrificial agents in water can improve the

Wastewater Electrode material

Conditions

Optimized Experimental Highlights of the study

References

Dye wastewater Ti/TiO2/WO5 electrodes
Ag/AgCl - reference electrode
Pt mesh - counter electrode
mercury lamp
Oilfield- produced wastewater  TiO, films on AISI/SAE 304 SS-
expanded meshes- anode
Nickeled AISI/SAE 304 SS
expanded meshes -cathode
Tungsten doped TiO, nanotube
arrays- anode
Platinum plate- cathode
TiO, NRs/FTO nanorods - anode
Carbon-coated Cu,0 nanowires -
cathode

2 h experiment

Dye wastewater 300 W Xe lamp
electrolyte
Wastewater containing phenols

and alkylbenzenes electrodes

120 min experiments
Applied voltage 1V
125 W high-pressure

Cell current of 32.44 mA

Na,SO4 - supporting
3 cm~2 working area of TOC removal 63.5%—93.6% with highest H, production

No external potential

Guaraldo et al.
(2016)

100% discoloration, 85% TOC removal and 45% H;
generation efficiency

Lower charge consumption observed for bicomponent
anode with improved H, production

H, production rate of 12.36 umol h~!

80% conversion of wastewater

(Gutierrez and
Revero, 2016)

97% degradation of pollutant observed with
24.97 pmol h~! H, production after 90 min

Gong et al. (2013)

Wu et al. (2017)
of 81.52%
H, production amount using phenol was maximum

Constant light intensity
of 100 mW cm 2

Wastewater containing a
mixture of dyes and phenol

g-C3N4 loaded on reduced GO
loaded over Ni foams- anode
Platinum sheet - cathode
WOs3 NFs - anode

C—Cu,0 nanowire arrays -
cathode

300W Xe lamp

Wastewater containing phenol

electrodes
Hematite anode with Mn?* ions
Platinum - cathode

Dye wastewater
(100 mW cm~2)

Current - 0.2 mA pH 2.5
Applied voltage —1.23 V
1.5 a.m. solar simulator

Sewage containing emerging
contaminants from 3 locations

Anode- modified g-C3N4/Ag/
AgCl/BiVO,4 heterojunction

Cathode- Pt wire and thin films of 150 W
of MoS,
Spent acids from galvanizing TiO, coated SS — anode Sunlight

industry 3 SS mesh stacked and rotated Applied AC voltage
30° - cathode between 1 mV and
10 mV
Humic acid TiO,- 1 wt% Au@TiO,/Al,05/ 150 W Xe lamp

Cu,0- anode ((100 mW cm ™2

Pt plate - cathode

AC voltage - 4 mV
300 W Xe lamp (intensity TOC removal of 82.12%
of 100 mW cm?),

2 cm? working area of

Simulated sunlight

Synergistic effect of pollutant degradation and H,
production
Highest H, production at 5.8 pmol h™! cm™2 rate

Zhao et al. (2019)

Zhou et al. (2017)

H, production rate of 93.08 mmol cm 2

Complete degradation of dye

Three-fold higher photocurrent generated at the
cathode confirms the production of H; in the system
Simultaneous H; production and pollutant degradation
118 pmol cm~2 of H, produced corresponding to a
Faradic efficiency of 69.38%

Wang et al. (2019)

Rather and Lo
(2020)

Chehade et al.
(2020)

Higher surface area of cathodes minimized the
polarization effect

H, at a rate of 3 mL min~! under an applied voltage of
1.8V

87% degradation of pollutant

Humic acid acted as hole scavenger and promoted H,
production

Peerakiatkhajohn
et al. (2021)
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catalysts’ photocatalytic performance by inhibiting charge recom-
bination. In a study conducted by Raptis and coworkers (Raptis
et al,, 2017), the organic waste in water improved the perfor-
mance of photoelectrochemical cell by acting as a sacrificial agent
and enhanced the photocurrent produced by W03 photoanodes. H;
production was only observed under visible light illumination and
forward bias of 0.8V and 1.6V were applied with an average output
of 0.36 mmol h™'. Ethanol as fuel gave maximum H, production
compared to glycerol and sorbitol as ethanol molecules were more
extensive and produce a higher number of hydrogen ions per car-
bon atom.

In an ideal condition, the organic pollutant removal occurs at the
anode by oxidation whereas the reduction of heavy metals and
other inorganic species occurs at the cathode (Rather and Lo, 2020).
In this regard, the selection of cathode materials with an active
metal surface is also important as its potential for reduction of
protons to spontaneous Hj evolution is a critical parameter. Further
the selection of cathodic materials depends upon the cost, chemical
stability, environmental sustainability, H, conversion efficiency etc.
(Saraswat et al., 2018). The most commonly used cathodic materials
for PEC application are platinum, platinized glass, stainless steel,
graphite, Cuy0 etc. (Baltrusaitis et al., 2014; Demir et al., 2019;
Gutierrez and Revero, 2016; Ma et al., 2018; Wang et al., 2015).
Moreover, several modifications of the cathode materials were
studied to improve the performance of PEC system by improving
the charge separation and alleviating photocorrosion.

A synergistic effect was observed for the photoelectrochemical
processes using C—N co-doped TiO, nanotube arrays in which un-
der the externally applied potential the pollutants are removed by
electrochemical oxidation and H, generated simultaneously (Chen
etal., 2015b). The photocatalysis process is promoted by the applied
potential, which enhanced the charge separation and furthered the
electrons gets transferred to the cathode. Zhao and co-workers
(Zhao et al., 2019) studied the photoelectrocatalytic technique for
simultaneous wastewater treatment and H, production using a
hybrid porous graphitic carbon nitride (g-C3N4) loaded on reduced
graphene oxide (rGO) (CNG) which is further loaded on Ni foams as
photoanode. They have reported that the organic pollutants acted
as the sacrificial agent and the photogenerated holes react with
them, leaving behind the electrons to produce H; at the platinum
cathode. Under visible light irradiation, 21.6% of Rhodamine dye
was degraded corresponding to the highest Hy production of
5.8 umol h~! cm~2 after 1 h of treatment. Further, the performance
of the electrode remained stable for three cycles of experiment
with constant H; evolution.

Various structural modifications including metal doping,
sensitization with lower bandgap semiconductors, modification
using catalyst etc. have been developed to improve the properties
of photoanode materials (Guaraldo et al., 2016; lervolino et al.,
2017). For instance, A dye-sensitized photoelectrochemical cell
with novel nanostructured plasmonic Ag/AgCl@chiral TiO, nano-
fibers as photoanode and urban wastewater containing an estrogen
(17-B-ethynylestradiol) and heavy metal (Cu®*) as the electrolyte
was used for Hy production (Wang et al., 2015). They have observed
complete mineralization of pollutant with relatively higher solar
energy conversion achieving 98% of electricity converted to H,. The
enhanced performance was attributed to the synergetic relation-
ship between the TiO, chiral nanofibers and Ag nanoparticles in the
photoanode which hindered the recombination enabling faster
degradation of pollutants and subsequent H; production at the
cathode. In another study, simultaneous pollutants degradation
and H, production were achieved using an electrochromic titania
nanotube arrays (Blue TNTs) as photoanode (Koo et al., 2017). The
cathodic polarization of TNTs positively enhanced the electrical
conductivity and the photocurrent was utilized by the
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photocathode to produce H,. The surface modification of TNTs by
electrochemical process improved the photoanode’s overall prop-
erties and enhanced the visible light absorption and doubled the H;
generation compared to that of intact TNTs. Another critical factor
to be considered for the PEC process is the light source. The use of
high power and renewable sources of energy is preferred as they
can easily initiate the formation of electron-hole pairs at the pho-
toanode. Sunlight as the potential source of irradiation for the PEC
process can overcome the limitations of photocatalyst materials
with continuous light energy input (Zhou et al., 2017).

9. Cost and energy consumption

Cost and energy consumption are one of the most challenging
issues for all photoelectrolysis processes, including PEC and PEF,
which needs higher energy consumption than the photocatalytic
process alone. There are several factors which govern the overall
cost of PEC during the degradation of organic compounds. For
example, Daghrir et al. (2013) reported that the PEC technique for
the decomposition of chlortetracycline (CTC) solutions is highly
effective in terms of the estimated cost of chemicals plus energy
consumption at the optimum conditions of 1 L of 0.025 mg L~! CTC
solution in 0.050 M Na;SOy4 at pH ~6 under 69 mW cm~2 UVC
irradiation and I of 0.39 A using a vitreous carbon (VC) cathode than
amorphous carbon, graphite and SS. Under these optimum condi-
tions, CTC was diminished up to 98% with high mineralization of
67.3% TOC and 69% of TN removal. An estimated cost of 4.52 US$
m 3 was tested with the same value of concentration for chemicals
plus energy consumption because VC cathode has the superiority
ability to produce the H,0,, which can be photolyzed sufficient *OH
radicals with UVC light, and enhanced the CTC removal from the
*OH generated.

The selection of efficient electrode materials for the PEC process
improves the degradation efficiency of pollutants and reduces en-
ergy consumption (Olvera-Rodriguez et al.,, 2019). Aquino et al.
(2017) studied the mineralization of actual atrazine effluents on
the Ti/Tip7Rug 30, electrode. It was reported that UVC was found to
increase the energy needed for the complete destruction of about
90% of atrazine effluents. During the PEC treatment, the energy
consumption was found 20 kWwhm~2 at 9.0 mAcm~2 and flow rate
of 300 Lh™! because at laminar flow rate treatment conditions, the
atrazine efficiently removed with an almost complete reduction for
the higher current densities. Further, modifying the electrode ma-
terials or using an electrode with inexpensive materials can reduce
the overall treatment cost by reducing energy consumption (Rajput
et al., 2021). The use of visible light active electrode materials and
the inexhaustible solar irradiation as the light source for the PEC
degradation process also reduces the overall cost of treatment. The
low cost and durable heterojunction BiVO4/TiO, nanotubes/FTO
photoanode used for simultaneous wastewater treatment and
electricity generation possess excellent visible light activity and
higher photoconversion efficiency under solar irradiation (Bai et al.,
2016). These electrode materials remain highly active under
different wastewater conditions, making it more economical for
organic pollutant removal.

The use of solar-driven PEC systems can overcome the energy
crisis and are highly efficient and economical. Olya et al. (2013)
worked on the feasibility of employing solar cells to generate the
direct current to provide electrical energy for the PEC process. By
optimizing the treatment conditions, the degradation rate of the
dye could achieve ~95% in 30 min. The cost analysis was done for
this experiment. For this reason, the overall costs of external elec-
trical energy, synthesis of photocatalyst, additional electrolyte and
UV lamp were taken into account as major cost items by using the
following expression (Eq. (51)), given below (Sun et al., 2014).
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Operating COSt(USD m73) = AChnotocatalyst + bCelectrolyte (51)
+ CCenergy

where Cphotocatalyst iS the amount of photocatalyst consumed (kg
m3), Celectrolyte is the amount of electrolyte consumed (kg m3),
and Cepergy is the amount of energy consumed for electrode oper-
ation and UV irradiation (kWh m~>), where the letters a, b and c are
the price of each unit. The overall operating cost of Acid Red 88
effluents degradation is about 9.42 USD m~> and associates to
saving 17% of the whole cost for the electrode energy supplied via
the solar cells (Olya and Pirkarami, 2013). Similarly, Sun et al. (2014)
reported a new approach by coating the graphene oxide on the
solar cell to convert the infrared light to produce the electricity and
this energy utilized during the PEC process with same results.
Current combinations of PEC and photoelectric process for the
decontamination of organics pollutant, the modern design creates
the highest usability of solar energy and likewise conforms to the
idea of green chemistry.

However, more fundamental research is needed to develop an
efficient PEC system with lower energy consumption, higher
degradation efficiency and effluent quality meeting the regulatory
standards. Also, the detrimental mass transfer of the reactor
configuration and the weak solar light response of the photo-
catalysts are the obstacles for the technique’s industrialization. For
the PEC system, the operational stability and the cost concern still
want to be evaluated and studied in the near future. Overall, the
PEC systems designs occur the cost-effective target and demon-
strate a promising potential in the growth of PEC industrialization.

10. Photocatalytic fuel cells driven electrochemical
technologies

Photoelectrochemical approaches, as photocatalytic fuel cells,
can also be used to produce electricity (photogenerated electrons in
photocatalysis via an external circuit to be of use in electrical en-
ergy) which will be employed for in-situ driving of electrochemical
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technologies (Ganiyu et al, 2020; Ganiyu and Martinez-Huitle,
2020; Liu et al,, 2011a; Nordin et al., 2017), reducing the energy
requirements and costs (section 9) as well as promoting the use of
renewable energies sources. Photoelectrochemical cells (PECs)
having UV or visible solar light have been specially investigated to
split water as a potential alternative for energy conversion and/or
wastewater treatment (Liu et al., 2011a; Potter, 1911). The excited
holes in the PECs interact with HoO/OH™ producing ROS (mainly
*OH) which promotes the complete oxidation of the organic mol-
ecules to CO,, producing electricity by an external flow of electrons
from the photoanodic half-cell to the cathode (Liu et al., 2011a,
2012). This wastewater treatment applicability is frequently
denominated as photocatalytic fuel cells (PFCs) (Liu et al, 2011b,
2012). A typical PFC system consisted of a working electrode and a
photocathode placed at opposite sides and connected through an
external circuit is illustrated in Fig. 6 (Bai et al., 2016; Li et al,,
2014a). An external light source was provided for illumination
and oxygen/air purging was continuously pumped into the reactor.
In 2006, first investigations in PFC cells were reported by Kaneko
and co-workers (Kaneko et al., 2006) where a photoanode with
TiO; as nanoporous film and O-reducing cathode was used. Since
then, several studies have been performed to produce electricity
efficiently by integrating wastewater treatment with PFC technol-
ogies with diverse TiO,-materials or new photoanodes (Li et al,
2014b, 2015b; Liu et al.,, 2016; Sui et al., 2015; Wu et al., 2015).
The use of TiO, photoanodes along with other innovative ma-
terials such as n-type Si, GaAs, BiVO4, W03, CdSe, Fe;03, ZnS/Zn0O
and Cuy0/Cu improves the performance of PFC in organic matter
elimination from water and simultaneous electricity generation
due to the enhancements on the adsorption of the light, separation
of the electron-hole pairs or surface area (Bai et al., 2016; Zhao
et al., 2017). In particular case, BiOCl, BiOBr and BiVO4 photo-
anodes (Bai et al., 2016) have been demonstrated to have a rela-
tively small bandgap which allows higher efficiency for solar
energy conversion. Meanwhile, the reduction of electron-hole
combination has also been investigated by using BiVOg4/TiOo,
BiVO4/WO03 and WO3/TiO,, as dual absorber photoanodes where
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Fig. 6. PFC concept illustrating the mechanisms during electricity production. Reprinted with permission from Ref (Ganiyu et al., 2020). Copyright © 2020 Elsevier B.V.
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solid junctions are used to connect two semiconductors (Zhao et al.,
2017). The electron-hole recombination is inhibited as well as solar
adsorption and interface reactions are improved when bi-absorber
with different band gaps and valence/conductive band positions
are combined.

The viability of the use of PFCs, which generates electricity in-
situ, has been investigated to power the electrooxidation pro-
cesses, frequently by using the EF approach. However, an important
limitation of PFCs in water treatment is that this process is
diffusion-controlled because the holes (oxidant) are produced and
localized at photoanode/photocathode surface, limiting the radical
reactions up to the anode surface vicinity (Zhao et al., 2017).
Nevertheless, it could be easily overcome by increasing the pho-
toanode/photocathode surface area or by improving the radical
production (i.e. *OH) efficiency and the efficacy of the reactions in
bulk. In-situ H,0, production in the effluent with air/O, breathing
cathode before iron source dosage, favors the production of strong
oxidizing species, mainly *OH via Fenton’s reaction (Eq. (6)), so
called EF-photocatalytic fuel cells (EF-PFCs). The charge transfer
process occurring at the cathode by O, reduction and the H" ions
produced through photooxidation generates electricity in the sys-
tem by electron consumption.

Zhao et al. (2017) investigated the applicability of an EF-PFC
system by using a TiO»-nanotube array photoanode and by add-
ing ferrous ions for degrading an effluent containing with dyestuffs
and pharmaceuticals (Zhao et al., 2017). Higher degradation effi-
ciencies were achieved by efficient participation of in-situ gener-
ated oxidants by photoexcitation at the photoanode surface and by
EF process in the bulk of the solutions. For organic pollutants such
as MO, MB, Congo red and tetracycline, the degradation rate was
considerably improved by EF-PFC when compared to conventional
PFC, producing 2.47 mA cm ™2 at EF-PFC, being 1.2—2.4 times higher
than the current densities produced at PFC. Meanwhile, Nordin
et al. (2017) examined the practicability of connecting PFC system
driven by EF process during the degradation of Reactive Black 5 as a
model pollutant by using ZnO/Zn and carbon plates as photoanode
and cathode, respectively. This system generated 11.39 and
15.37 mW cm™2, respectively, and obtaining more than 80% of
Reactive Black 5 degradation efficiency by Fenton’s reactor when
compared to the lower efficacy (<30%) of the hybrid system-PFC
reactor.

11. Coupling of soil remediation and photoelectrochemical
processes

Soil, an important human resource, is under continuous dete-
rioration because of the several anthropological activities (indus-
trial modernization and agricultural mechanization) (Trellu et al.,
2019). Therefore, decontamination approaches have received
great attention in the last years, mainly coupled with soil remedi-
ation technologies. Then, simultaneous or sequential techniques
have been proposed as potential alternatives to eliminate organic/
inorganic pollutants from soil. These approaches intensify the
removal efficiency or reduce the pollution of wastes produced. In
this frame, the integration of photoelectrochemical processes and
soil remediation has been considered an interesting challenge.
Firstly, the contaminants are eliminated from the soil by using soil
decontamination technologies, and subsequently, the PECs are used
to treat the effluents generated in the former stage (Carboneras
et al., 2019; Nidheesh et al.,, 2019). This innovative approach and
its efficacy depend on the configuration of combined processes,
electrodes used and reactor arrangements. Soil remediation tech-
niques predominantly used are soil washing (SW), soil flushing (SF)
and electrokinetic and these can be certainly combined with
advanced oxidation processes (AOPs) (Rodrigo et al., 2014; Trellu
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et al., 2016a). Extracting agents (acids, surfactants and chelating
agents) are frequently employed in the solutions of SW method,
which are denominated, washing solutions (Mao et al., 2015;
Rodrigo et al., 2014). With low solubility and strong adhesion to-
wards the soil, pollutants are solubilized in the washing solution via
the action of the extracting agents, allowing to mechanically
remove these contaminants (Mao et al., 2015). Meanwhile, when SF
is used as remediation technology, the extracting agents are
directly added to the polluted soil in order to improve the mobility
of the contaminants, which is limited by the interfacial pollutants-
groundwater tension (Mulligan et al., 2001; Rodrigo et al., 2014;
Trellu et al., 2016a). Light-weight polycyclic aromatic hydrocarbons
(PAHs), like naphthalene, are preferentially removed from soil by
SF, then, contaminant nature, soil heterogeneity, naphthalene
saturation and other operating parameters must be evaluated
because these can strongly influence the SF efficiency (Atteia et al.,
2013).

Comparing SW and SF, the former procedure, an ex-situ process,
is more efficient than SF because the washing solution improves the
contact between the extracting agents and the soil pollutants
(Mousset et al., 2014; Yang et al., 2006). However, in both, signifi-
cant volumes of contaminated effluents are produced. For this
reason, based-hydroxyl radical (*OH) technologies such as AOPs and
electrochemical AOPs have been recently proposed to treat the
effluents generated after SW or SF treatments, and photocatalytic
or photoelectrocatalytic approaches are innovative options (Cheng
et al, 2016; Huang et al., 2017; Martinez-Huitle et al., 2015;
Martinez-Huitle and Panizza, 2018; Munoz-Morales et al., 2019;
Nidheesh et al., 2019; Rodrigo et al., 2014; Trellu et al., 2016b, 2017,
2019). Among the electrochemical AOPs, PECs has main advantages
because it does not require chemical or in a minimal amount for
generating strong oxidizing species (reactive species) which are
required for degrading organic pollutants (Martinez-Huitle and
Panizza, 2018).

dos Santos and co-workers (dos Santos et al., 2017; Vieira Dos
Santos et al., 2017) extended their initial research on the manage-
ment of 100 mg L~ of oxyfluorfen in a soil-washing effluent with
sodium dodecyl sulfate (SDS) as surfactant by AO to the photo-
electrolysis process with a 15 W UVC irradiation and the sonoe-
lectrolysis one with an US of 24 kHz and 200 W. In the first case,
1000 mL of 100 mg L~! herbicide spiked in a soil washing effluent
with SDS surfactant (dosage from 100 to 5000 mg L) were treated
by using a filter press cell upon a 15 W UVC light (with a BDD and SS
electrodes, as anode and cathode, respectively). After 20 Ah L™ at
200 Lh~!, oxyfluorfen and SDS were completely removed, releasing
1200 mg L! SO?{ in solution. Meanwhile, in the second case when
sonoelectrolysis was applied, utilizing a flow electrochemical plant
equipped with a BDD and SS as anode and cathode, respectively,
and an ultrasounds of 24 kHz and 200 W to treat 1000 mL of
90 mg L~! oxyfluorfen herbicide spiked in a soil washing effluent
with SDS surfactant (dosage 400 mg L™ 1); after consuming a 30—40
Ah L1 in sonoelectrolysis by applying 2.1 A and 200 L h™', 100% of
COD and TOC removal were found and 900 mg L~! SO~ were
released, also making in evidence the potentiality of this technique
for soil remediation.

Photoelectrolysis or sonoelectrolysis are efficient treatments of
soil-washing effluents with SDS surfactant contaminated with the
dinitroaniline pendimethalin (Almazan-Sanchez et al., 2017) and
atrazine (dos Santos et al., 2018) with a flow plant with a filter-press
BDD/SS cell with a quartz cover for illumination with a 4 W and
15 W UV, respectively, and an US of 24 kHz and 200 W, compared
to sonolysis, photolysis and AO. The oxidation power of treatments
increased as: sonolysis < photolysis <« AO < SE < PE, indicating a
greater enhancement of the destruction rate of organics by UVC
photolysis and oxidation with photogenerated oxidants in PE. In the
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case of atrazine, 700 mL of 100 mg L~! herbicide spiked in a soil
washing effluent with SDS surfactant (dosage 100 mg L~!) were
treated by applying 2.34 A at 160 L h—!, obtaining 100% degradation
at 420 min for AO or sonoelectrolysis, at 300 min for photo-
electrolysis while 100% of TOC removal for AO after 360 min, for
photo after 300 min sonoelectrolysis and for photoelectrolysis after
180 min. When the SDS dosages was compared, the change of
atrazine concentration, TOC and COD with time for 100 and
5000 mg L' of SDS contents by applying 30 mA cm 2 is different.
While the herbicide decayed more rapidly with the higher SDS
content, the opposite behavior was observed for TOC and COD
removal due to the presence of higher amounts of organic dissolved
matter.

The applicability of SW to remediate Cu and phenanthrene
(PHE) contaminated soil was investigated (Tao et al., 2020) where
Cu (73.5%) and PHE (68.1%) were simultaneously removed from soil
(20 mL g~ ! of liquid to soil ratio) by using an extraction agent
containing 10 g L~! TW80 and 1 mM EDTA. EDTA chelated Cu while
a PHE desorption from soil was favored by TW80 micelles. After
that, photoelectro-persulfate (PE/PS) process was applied to SW
effluent to recover the extracting agent by applying 4 mA cm™2 at
pH 3.5 with 10 mM PS during 150 min treatment. The results
indicated that 36.8% of EDTA and 94.0% of TW80 were recovered
while 99.6% of PHE was eliminated and 83.6% of Cu reduced to
elemental copper. Thus, SW approach followed by PE/PS treatment
can be considered as a cost-effective soil decontamination tech-
nology for removing heavy metal and organic pollutants. Quench-
ing experiments allowed to oxidise PHE preferentially by sulfate
radical approach and reuse (three washing cycles) could be done
with the recovered extracting agent.

A novel photoelectrochemical cell was proposed by Cotillas et al.
(2020) for treating SW effluents polluted with 100 mg kg~' of
clofibric acid (CA). Direct irradiation to the BDD surface was applied
by UV lamp at the bottom of the tank (2 dm?®) which allowed easy
scale-up of the photoelectrochemical reactor by multiplication of
the electrodes (Fig. 7). The electrodes configuration (two BDD
plates and two SS plates as anodes and cathodes, respectively) was
determined by the set parallel between them and perpendicular to
the UV lamp in order to improve the treatment.

The values obtained after electrolysis and photoelectrolysis
treatments of SW effluents polluted with CA (50 mg dm~>) using
the new electrochemical cell were 99.35% of CA removal and 96.78%
of TOC removal and 99.88% of CA removal and 94.58% of TOC
removal, respectively, by applying 10 mA cm 2. The energy re-
quirements were 44.65 and 131.85 kW h m~> for electrolysis and
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photoelectrolysis, respectively. Although the energy consumption
is higher for the photoelectrolysis approach, it was lower than the
results obtained by using a conventional electrochemical cell (85.32
and 31126 kW h m~3 for electrolysis and photoelectrolysis,
respectively). However, the photoelectrolysis process with con-
ventional electrochemical cell was performed with a lower initial
concentration of the pollutant (—90%), resulting in higher energy
requirements than those consumed by photoelectrolysis treatment
using the new electrochemical cell (311.26 vs. 131.85 kW h m~3).
These findings are directly related to the reactor used, confirming
that the proposed photoelectrochemical reactor is more efficient
compared to other commercial cells, in terms of, CA removal effi-
ciencies from SW effluents and energy requirements.

A clopyralid concentration of 180 mg dm~3 was treated by using
a set-sup consisted on a single compartment electrochemical flow
cell (0.6 dm~3 of SW effluent polluted with clopyralid) with carbon
felt (CF) anode (Sigracell® GFAGEA) with 100 cm? and an AISI 316
steel cathode by applying 5 mA cm~2 and by using a UV lamp
(254 nm (UV—C)) with a power of 4 W irradiating directly to the
reservoir tank (Carboneras et al., 2019). Photoelectrolysis process
was also compared with photolysis, sonolysis, electrolysis, sonoe-
lectrolysis and photosonoelectrolysis in which were achieved
different removals efficiencies in terms of clopyralid and mineral-
ization (TOC removal). Photoelectrolysis achieved 38% of clopyralid
removal and 39% of mineralization, while only 5%, 5%, 31%, 34% and
28% of clopyralid removals and 3%, 3%, 32%, 21% and 0% of TOC
removals were accomplished for photolysis, sonolysis, electrolysis,
sonoelectrolysis and photosonoelectrolysis, respectively. These re-
sults evidenced that, a synergistic effect was achieved in degrada-
tion and mineralization of clopyralid photoelectrolysis, improving
the kinetic parameters in both cases. For photosonoelectrolysis, an
antagonistic effect related to an excessive generation of radicals as
well as an improvement on the mass transfer promoted faster
radical recombination, affecting the oxidant action and stability of
oxidizing species to react with the target pollutant or that the ox-
idants can be decomposed to oxygen. This implied in an influence
on the organic pollutant removal efficiencies. On the other hand, a
semi-pilot scale investigation was performed for removing clo-
pyralid (3.87 mg dm~3) from SW wastes with a DiaCell® type 1001,
equipped with ten BDD electrodes (0.070 m?) and five SS (2 faces)
electrodes as anodes and cathodes, respectively (Martin de Vidales
et al., 2019). Coupling an ultrasound source or an ultraviolet lamp
into an auxiliary tank in the irradiated experiments was improved
the treatment. Meanwhile, the scale-up of the process using a
single cell (1 anode, 70 cm?) and a stack of cells (10 anodes,
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Fig. 7. Photoelectrochemical reactor scheme: (a) Concept; (b) prototype. (c) kinetic constants calculated for the removal of clofibric acid and TOC during the treatment of soil
washing effluents polluted with 100 mg kg~' CA. (M) pollutant; ((1) TOC; j: 10 mA cm~2; UV254 nm: 15 W. Reprinted with permission from Ref (Cotillas et al., 2020). Copyright ©

2019 Elsevier B.V.
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700 cm?) showed that the ratio electrochemical energy/photo-
electrochemical energy is more favorable in small devices,
achieving higher removal efficiencies. The major part of hybrid
processes is focused on the enhancement of the AO treatment of
soil-washing effluents by photoelectrochemical with UVC light and
surfactant. These methods are more powerful than individual AO
and photolysis, where photoelectrolysis treatment yields faster
degradation and mineralization of the pollutants and SDS. In
chloride medium, the photoelectrolysis process with DSA anodes
yields greater mineralization of synthetic clopyralid and glyphosate
solutions than using BDD, respectively, due to the high oxidation
ability of photogenerated Cl* and Cl,.

12. Remarks and future perspectives

The mechanisms of the oxidizing species produced at single
photochemical, electrochemical and photoelectrochemical pro-
cesses are relatively well-known and well-investigated, however, it
is not the same for the combined approaches. Synergistic effects of
integrated  photochemical, electrochemical and photo-
electrochemical processes:

(i) Increase the hydroxyl radical production site,

(ii) Enhance the mineralization ability through various side re-
actions such as the production of additional oxidizing species
and photodecomposition of complex intermediates such as
metal-ligand complexes and carboxylic acid intermediates,
and,

(iii) Intensify the advantages and minimizes the disadvantages of
the individual processes.

Nevertheless, all of these favorable parameters are dependent
on critical operating conditions, such as materials (which are used
as anode or cathode, by using single material or by combining both
materials to improve the oxidation power of the process), electro-
chemical systems, wastewater or water matrices characteristics,
irradiation intensity and its origin, homogenous and heterogeneous
nature of reactive species, the influence of each oxidant on others,
the effect of precursors on the reactive species generated, their
reactivity and lifetime which are not completely explored yet as
well as the fundamental reaction mechanisms. In this frame, more
studies are necessary to completely understand the synergic or
antagonist effects that can be promoted by using photo-
electrochemical methods. In fact, among the integrated photo-
electrochemical processes, PEF/PAO/PEC and PEF/PAO/PC could
result in the highest amount of *OH radical generation theoretically.
However, studies on the integration of triple AOP processes are less
and it must be also studied. Meanwhile, thanks to the advances on
the analytical and spectroscopic techniques to identify reactive
species, the lacks on the mechanisms of formation and their reac-
tivity during oxidation of organic pollutants can be unraveled. At
the same time, computational and theoretical chemistry are
emerging as interesting tools to comprehend electronic structure of
the electrodes, conformational dynamic interactions (which can be
attained between the pollutant and oxidizing species, the multi-
point interactions between the material and the pollutants as
well as the irradiation and the photoanodes), the degradation re-
actions and the factors that influence them.

The translation of the photoelectrochemical technologies from
laboratory to commercial application is necessary to consider a
great variety of achievements obtained by employing different
photoelectrochemical reactors. Agitated or stirred tanks and flow
reactors in divided or undivided setups have been widely adopted
in several studies. However, the selection of the electrochemical
systems depends on the applicability, irradiation used, geometry of
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the electrodes, effluent properties and volume treated. Preferen-
tially, undivided electrochemical systems are used (in tank or flow
modes), which avoid the use of a membrane or separator that
provokes an increase on the potential cell, affecting the production
of oxidants, energy requirements and electric costs. This cell option
is very common in the laboratories and has many benefits but the
use of undivided agitated beaker or undivided stirred tank reactors
could offer superficial investigational conditions that are not
reproducible and not defined (not completely fixed) and conse-
quently, the reaction environment is difficult to be scaled. For this
reason, the most appropriate is to stimulate/motivate to the sci-
entific community to change strategy by using flow photo-
electrochemical cells or electrochemical cells exposed to high
irradiation sources in discontinuous or continuous modes, allowing
the scaling-up of the process. Conversely the batch cells must be
used to accurately and quantitatively understand the reaction
environment (mathematical descriptions, computational model,
theoretical chemistry use and simulations), and to control the
surface area/volume ratio to promote an efficient prototype eval-
uation of the photoelectrochemical method; not more than that.

In undivided photoelectrochemical cells, the electrode material
form, size and structure, operation mode as well as the irradiation
type, direction, intensity, penetration cover and transparent ma-
terials, are factors that must be considered to assemble the internal
cell compartment. Therefore, cell compartments are frequently
placed in vertical or horizontal positions in order to allow that the
effluent flows, favouring well-defined hydrodynamics and rates of
mass transfer to/from electrodes together with ease of irradiation
supply and penetration. Also, undivided flow cells allow several
variants in the electrode arrangements, multi-electrode systems,
assembling numerous cell units, as well as by reduced-gaps re-
actors irradiating the effluent after electrochemical reaction
chamber, or by using mass transfer promoters modified/impreg-
nated with photoactive materials. All of these advances have
allowed to commercialize few photoelectrochemical applications,
but more studies are necessary regarding the reactors used to
effectively translate from lab to real applications.

The enhancements on the electrode materials, it has allowed a
more efficient degradation of pollutants and production of
oxidizing species, which in combination with the hydraulic resi-
dence time favored a more effective interaction between the oxi-
dants and the contaminants in the water. Various novel
photoanode materials are being studied for the PEC process,
especially for the visible light irradiation. However, photoanodes
for combining PAO/PEC effects are still being explored. Awide range
of electrode sizes and connections are also found, and the operating
currents ranging from the mA to the A scale, and these operating
conditions vary when scale-up process is attained, then, more in-
vestigations must be performed.

Typically, transparent supporting materials are used for pre-
paring photoanodes where TiO; was frequently used, but currently,
important advances have been done in the elaboration of visible
light TiO,-responsive photoanodes which are modified with other
photoactive components. Special attention must be given to the
bismuth, quantum dots, graphene, niobium, perovskite and carbon-
based nanomaterials, which have shown superb performance and
excellent effectiveness for PEC treatment of organic pollutants
when are used to modify TiO»-based materials, or not. The devel-
opment of micro- and nanostructured materials to provide new
substrates and catalysts is also an exciting trend that must be
approached.

Higher mineralization of POPs is observed for real wastewater in
the coupled processes. However, most of the studies were con-
ducted in lab-scale and the potential for the pilot-scale studies
should be explored in real conditions. It is important to indicate
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that, no large scales are necessary to achieve efficient commercial
application because there are uses where the effluent volume to be
treated is reduced and consequently, the design, elaboration and
construction of small photoelectrochemical devices is only
required. No specific preoccupation with the pollutants concen-
tration should be attained because when the photoelectrochemical
methods are capable to treat high concentrate solution/effluents in
short time, lower energy requirements and reusable material cy-
cles; the wastewaters with lower contaminant concentrations can
be improved from the initial results and technological designs.
Therefore, the operational feasibility for the large-scale imple-
mentation and the cost/energy consumption of the coupled pho-
toelectrochemical processes are needed to be evaluated and
studied in the near future. As a final point, the applicability of
photoelectrochemical devices should be tested to drinking water
disinfection and water purification in more intense performances
in order to expand the horizons of the electrochemistry to other
fields. Finally, the use of photoelectrochemical divided reactors to
produce hydrogen is a clear challenge to be approached because the
utilization of oxidizing species produced at anodic compartment to
degrade efficiently organic compounds to obtain an electron flow to
be profited in generation of hydrogen is not easy method. Also, the
purification of hydrogen is not clear because other gases could be
collected reducing the applicability of this technology.

For integrating photocatalysis and electrochemical technologies
for soil washing remediation, the treatment depends on the oper-
ating conditions; however, the results reported in the existing
literature demonstrated that, photoelectrochemical methods can
be efficient to treat washing liquids generated from soil remedia-
tion treatment. Of course, each effluent contaminated is a particular
case because it can contain a specific pollutant or a mixture of
pollutants. Therefore, the composition of electrolytes added or
other additives can play a essential role in the ex-situ depollution
steps for removing organic pollutants from soil, and after that, to
promote an efficient decontamination of the washing effluent.
Chemical/electrochemical or photochemical phenomena can be
attained by pH conditions, dissolved cationic or anionic species,
irradiation profiles or modes, temperature, organic concentrations,
viscosity, flow directions, and so on. Problems or challenges asso-
ciated with each one of these factors should be also carefully
considered during optimization and scale-up of the association of
these technologies.

The photoelectrochemical processes’ future is bright. Future
developments will rely upon the close collaboration of analytical
chemists, engineers and electrochemists to ensure effective appli-
cation and exploitation of these methods. Nevertheless, great ef-
forts are mandatory. To do this, more real effluents should be
treated, more design and construction of optimized photo-
electrochemical systems should be done by using stable, cheap and
longer service-life electrodes at industrial scale and techno-
economic studies must be performed to prove the viability of
them respect to commercial technologies.
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