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The electro-peroxone technology, a novel type of advanced oxidation technology, is widely used in
wastewater treatment. Herein, this paper reviews the advantages and problems of the electro-peroxone
technology compared with electrochemical oxidation technology, ozonation technology, and traditional
peroxone technology. Due to the high kinetics of pollutant degradation, the electro-peroxone process can
reduce the reaction time and energy consumption of pollutant treatment in wastewater. The electro-
peroxone technology can promote pollutant degradation and mineralization, which shows obvious syn-
ergistic effects of electrochemical oxidation and ozonation for wastewater treatment. Most importantly,
the research mechanism of the electro-peroxone technology is systematically introduced from two as-
pects of cathode reaction and bulk reaction. The influence of experimental parameters on the wastewater
treatment effect is also discussed. Finally, the potential applications and future research directions of the
electro-peroxone technology in the wastewater field are proposed. The electro-peroxone process can of-
fer a highly efficient and energy saving water treatment method to improve the performance of existing
ozonation and electrochemical systems and has therefore become a promising electrochemical advanced

oxidation process for wastewater treatment.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent years, harmful trace organic contaminants such as
drugs, personal care, and endocrine disruptors have been fre-
quently detected in natural water bodies and water treatment sys-
tems [1]. Meanwhile, due to the irrational use and treatment of
water resources, a large amount of highly concentrated and hard-
to-degrade organic wastewater is discharged into people’s daily
life. For wastewater with complex and diverse pollutants, poor
biochemical properties, and large relative molecular masses, the
existing biological treatment methods are often difficult to treat.
It is difficult to completely degrade various organic pollutants in
wastewater [2]. Advanced oxidation technology is considered to
be one of the most effective methods for the removal of organic
pollutants [3]. Advanced oxidation technology has been applied in
dyeing, chemical, pesticide, electroplating, and other fields [4]. The
advanced oxidation processes (AOPs), which are based on the gen-
eration of hydroxyl radicals ("OH) with high redox potential, have
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received much attention [5]. In addition, energy and environment
are the most important issues involved in the sustainable devel-
opment of human society. 80% of the global energy demand comes
from fossil fuels, which will eventually lead to the depletion of fos-
sil fuels, and its use will also lead to serious environmental pollu-
tion. How to make use of water treatment technology capacity or
energy conservation is a problem that needs to be considered in
the process of water treatment. For example, hydrogen is one of
the ideal clean energy sources and also an important chemical raw
material, which has received extensive attention from all countries
in the world. In the process of hydrogen production by electrolysis
of water, it is an important means to realize industrialization and
low-cost hydrogen production. An effective HER electrocatalyst for
alkaline water electrolysis based on Mo-Cogg5SeVSe/NC nanosheet
has been developed, which can open up many meaningful appli-
cations in the electrochemical field, including CO, reduction, NH3
oxidation, and N, reduction reactions [6].

The electro-peroxone technology is a novel technology in
wastewater treatment in recent years, which makes up for the
shortcomings of traditional advanced oxidation technology. The
*OH is a non-selective oxidant with a much higher oxidation ca-
pacity than ozone (03). As a coupling technology between elec-

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Chen, L. Wei, Y. Ru et al.

trochemical technology and ozonation technology, the electro-
peroxone technology generates hydrogen peroxide (H,0,) through
cathodic oxygen (0O,) reduction in situ during conventional ozona-
tion. The generated H,0, can significantly enhance the conver-
sion of O3 to ‘OH. Carbon-based materials (such as carbon fiber
or PTFE electrodes) are often used in the electro-peroxone process.
The electro-peroxone process can drive the peroxone reaction elec-
trochemically to degrade pollutants without adding external H,0,
(Egs. 1 and 2) [7].

0, +2H" +2e~ - H,0, (1)

2H,05 +203 — H,0+ 30, + HO," +°"OH (2)

The generation of H,0, from cathodic oxygen reduction is cru-
cial to the success of the electro-peroxide process [8]. However,
some other reactions may occur, simultaneously or completely,
during the reduction of O, to H,0, on the cathode. This depends
on the reaction conditions, different processes, and water parame-
ters, such as an electrode, current density, and mixture of O, and
03. The reduction of O3 may be limited by the applied current or
the mass transfer to the cathode of the injected mixture gas of O,
and O3 during the electrolysis process.

This review summarizes the reaction mechanism in the electro-
peroxone system from two aspects of bulk reaction and cathodic
reaction by analyzing recent research papers. On this basis, it pro-
poses the mechanism of interaction between O3 and cathodic in
situ generated H,0, in this system and the influencing factors of
‘OH generation. At last, the opportunities and challenges faced by
the electro-peroxone technology and its future development direc-
tion in wastewater treatment are also proposed.

2. Related advanced oxidation technologies
2.1. Electrochemical oxidation technology

The electrochemical oxidation technology is not only easy to
operate, but also has a high degradation rate. It has attracted
more and more attention in environmental pollution control, es-
pecially in the removal of biodegradable organics from wastewa-
ter (Table 1). The electrochemical oxidation treatment of refractory
wastewater is the direct electrochemical reaction of pollutants on
electrodes or the indirect reaction of pollutants by using strong ox-
idizing active substances generated on the surface of electrodes to
convert pollutants into harmless or less toxic substances through
anodic oxidation. The electrochemical oxidation technology is ef-
fective in treating refractory and highly toxic wastewater. Common
anode materials include Pt, PbO,, SnO,, RuO, electrodes, etc. The
NCNS-CE-PBO, electrodes have denser surfaces, smaller grains, and
many active sites [9]. Furthermore, Xia et al. studied that electro-
chemical oxidation of AO7 by Fe-doped Pb0O, electrode is a promis-
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ing method, and proposed possible degradation pathways by iden-
tifying five kinds of aromatic intermediates for AO7 degradation
during the electrochemical process [10]. It also compounded car-
bon nanotubes into PbO, electrodes by composite electrodeposi-
tion technology and obtained multi-layer CNT-PBO, electrodes. The
PbO, electrode and CNT-PbO, electrode were analyzed by SEM and
XRD. Considering comprehensively the effects of ISN removal ef-
ficiency, COD, and average current efficiency, the ISN degradation
rate reached 99.4%, and the COD degradation rate reached 86.8%
after the electrode was degraded by electrochemical oxidation for
120 min under the best conditions [11]. A new type of graphene
oxide and Yb co-modified PbO, electrode (Yb GO PbO,) prepared
by electrodeposition has good stability, can effectively improve the
degradation ability of lamivudine, and has feasibility and good ap-
plication prospects for the treatment of pharmaceutical wastewater
[12]. The decontamination performance of the filter membrane in
electrochemical treatment technology is closely related to its elec-
trochemical activity. A novel metal-free composite electrochemical
filtration carbon membrane was prepared by deposition of polyani-
line layer on CM surface via the facile electro-polymerization ox-
idation method [13]. At present, the use of three-dimensional
electrode is a new electrochemical oxidation technology. Fe/C gran-
ules were prepared with iron filings as carrier and sodium al-
ginate as hydrothermal carbonizing agent. Rice husk and iron
filings are widely available and inexpensive raw materials for
particle electrodes, which use Fe/C particles suspended between
the cathode and anode to produce a three-dimensional electrode
[14]. The Sn/FCC, Sb/FCC and Sb-SnO,/FCC composites were fab-
ricated via impregnation method [15]. This study provides a new
idea for the preparation of electrodes and has a broad application
prospect in the field of dye degradation. In addition, a new elec-
trochemical switching ion exchange (ESIX) system is proposed for
the treatment of high concentration sodium phenol salt wastew-
ater. A FeHCF coated electrode with large interstitial sites in the
rigid open framework was fabricated for the insertion/extraction
of Na* ions from aqueous sodium phenoxide solution by switch-
ing the redox state of FeHCF [16].

A key direction of future electrochemical oxidation technology
research is to develop the combination of electrochemical oxida-
tion and various water treatment processes, overcome the short-
comings of high energy consumption of electrochemical oxidation
technology, and achieve the efficient treatment of a large amount
of industrial wastewater or dispersed domestic wastewater at a
lower cost and in a shorter time.

2.2. Ozonation technology

Ozonation is favored by researchers because of its strong oxi-
dation capacity, rapid degradation efficiency, simple operation, and
no secondary pollutants. The ozonation technology can be used for
disinfection, improving color in dye wastewater, and solving taste
and odor problems (Table 2). There are still many problems with a

Table 1

Status of electrochemical oxidation treatment of refractory wastewater.
Wastewater type Treatment method Treatment effect Ref.
Organic wastewater Electrochemical oxidation of modified PANI/CM electrode possessed higher electrochemical activity and stability [13]

coal-based carbon film electrode

than CM electrode, and the phenol and COD removal efficiencies of PANI/CM

were up to >99.32% and 84.85%, respectively.

Electrochemical oxidation of the
three-dimensional electrode

Organic wastewater

Treatment with the three-dimensional electrode at optimized conditions [14]
achieved 72.9% removal of COD and 99.9% removal of ammonia nitrogen,

resulting in landfill leachate being clear and transparent.

Electrochemical oxidation of new
Sb-doped SnO, ceramic electrode

Norfloxacin wastewater

The results showed the great oxidizing power of BDD about the ceramic [15]
anode to convert NOR and all the intermediate accumulated into CO,. In the

case of the BDD, 92% of TOC abatement was achieved.

High-salt phenol wastewater Electrochemical oxidation

The phenol removal rate of 79.5%. [16]
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Table 2

Status of treatment of refractory wastewater by ozonation.
Wastewater type Treatment method Treatment effect Ref.
Atrazine wastewater Ordered mesoporous Fe;04/03  The ATZ removal with om-Fe30,4 catalyst could reach 82.0% after 10 min, while the [19]

removal rate was 25.0% with nano-Fe;04 and only 9.1% with ozone alone.

Coal chemical wastewater Mn-Cu-Ce/Al,03/03

The catalytic ozonation process with Mn-Cu-Ce/Al,03 increased the removal rate of TOC  [20]

by 31.6% compared with ozonation alone.

Diclofenac wastewater
Acetylsalicylic acid wastewater

Fe-MCM-48/05
Fe30,@Si0,@Ce0, /03

The addition of Fe-MCM-48 improved TOC removal, and approximately 49.9% TOC. [21]
The ASA removal with Fe30,@Si0,@CeO, catalyst at 60 min could reach 81.0%, while [22]

67.3% with Fe;0,@Si0,, 66.1% with Fe304 and only 64.1% with ozonation alone.

single ozonation system. On the one hand, the solubility and mass
transfer efficiency of ozone in an aqueous solution is very poor,
resulting in low practical utilization. On the other hand, the lim-
ited oxidation capacity (Eg=2.07V) and the selective oxidation of
molecular ozone lead to the degradation and mineralization are
not ideal. Due to the selective oxidation of ozone and the low
utilization efficiency of ozone alone, it is difficult to apply single
ozonation technology to the actual high-concentration wastewater
treatment project. If the treatment efficiency of ozone can be im-
proved, its application in actual wastewater treatment will be sig-
nificantly improved.

At present, the research focus in the field of ozonation wa-
ter treatment is to develop efficient multiphase ozonation cata-
lysts. A variety of metals (including Fe, Cu, Pt, Ce, Ru, Mn, etc.)
and metal oxides (including Fe,03, MnO,, MgO, TiO,, Al,03, CeO,,
etc.) coated on porous supports (including activated carbon, alu-
mina, titanium dioxide, silicon dioxide, etc.) have been proposed
and studied for ozonation. Song et al. synthesized a magnetic
Fe30,4@Si0O,@La, 05 nano-catalyst with a core-shell structure to im-
prove the catalytic ozonation efficiency of cinnamyl alcohol. With
the help of the catalyst, the degradation rate of cinnamyl alcohol
could reach 99.8% at 30min, and the COD could be removed at
28.5% at 60min [17]. Its role in development has received more
attention due to the inefficiency in the ozonation process and the
generation of toxic by-products that limit it. When studying the
removal of oxalic acid from water by MnO,/O3, Andreozzi et al.
found that increasing the amount of MnO, /03 catalyst could signif-
icantly improve the degradation rate of oxalic acid [18]. Zhu et al.
prepared an ordered mesoporous Fe3O4 catalyst by nano casting
method for catalytic ozonation degradation of atrazine. The results
show that the mesoporous Fe;04 catalyst has good catalytic ac-
tivity for the ozonation degradation of atrazine [19]. A composite
Mn-Cu-Ce tri-metal oxide supported on y-Al,03 (Mn-Cu-Ce/Al,03)
catalyst was prepared by an impregnation calcination method and
the synergistic effect of Mn, Cu and Ce oxides greatly enriched the
catalytic active center and improved the ozonation performance
[20]. Fe-MCM-48 catalyst with three-dimensional cubic pore struc-
ture was directly synthesized by hydrothermal method. Compared
with single ozonation process, it was found that the mineraliza-
tion efficiency of the catalyst for diclofenac (DCF) during ozonation
was higher [21]. The magnetic Fe30,@Si0,@Ce0, catalyst, which
can be easily separated by magnetic force, was used to catalyze
the degradation of ASA in an aqueous solution by ozone. In ad-
dition, the Fe304@SiO,@CeO, catalyst has magnetic recyclability
and low metal leaching [22]. The catalytic materials of MnOx/y -
Al,03, CeO,/y-Al;03, and MnyCe;40,/y-Al,03 were synthesized
and used in heterogeneous catalytic ozonation of the wastewater
containing NFZ. Wherein, MnxCe;_,0,/y-Al,03 has excellent cat-
alytic stability, is conducive to recycling, and maintains high activ-
ity [23].

2.3. Peroxone technology

As an environmentally friendly, powerful, and common oxidant,
H,0, does not produce toxic residues during decomposition [24].

Therefore, it is commonly used in wastewater treatment. With the
addition of H,0, as the core, a common advanced oxidation pro-
cess was formed by introducing Oz, UV, Fe?*, and other reagents
to activate the decomposition process of H,O, to produce ‘OH [25].
The peroxone technology involves a series of chain reactions be-
tween O3 and H,0, to generate ‘OH with strong oxidizing proper-
ties. In Os-related advanced oxidation water treatment technology,
the consumption and conversion of O3 molecules is a key step in
the generation of *OH. The peroxone technology is considered to be
a friendly and efficient advanced oxidation technology for wastew-
ater treatment because H,0, and O3 are green oxidants that can
be decomposed into H,0 and O, without producing any secondary
by-products [26].

The peroxone technology is a typical advanced oxidation tech-
nology, in which additional H,0, is added on top of ozonation,
relying on the reaction of O3 with H,O, to generate highly reac-
tive radicals *OH with high oxidation capacity. Although the per-
oxone process can provide a feasible way to treat wastewater, it
requires the addition of external H,0,, which is an expensive
chemical. Due to the nature of highly concentrated H,0, solu-
tions, their transportation, storage, and handling are hazardous.
These problems greatly limit the practical application of the per-
oxide process in water treatment [27,28].

3. Characteristics of electro-peroxone technology
3.1. Instrumentation for electro-peroxone technology

The electro-peroxone technology is a novel advanced oxidation
process that outperforms ozonation or peroxone technology due to
its superiority [27]. This technology, combining ozone and hydro-
gen peroxide generated electrochemically leads to the production
of *OH, which is the strongest oxidizing agent [27,29]. The electro-
peroxone technology overcomes the limitation of the conventional
peroxone process [30]. The conventional peroxone process requires
the addition of H,O, in the O3 oxidation process. In the electro-
peroxone process, H,O, can be generated on the cathode by O, in
the O3 oxidation process.

A pair of electrodes are installed in the O3 reactor and con-
verted to electro-peroxone equipment. In the electro-peroxone sys-
tem, the O; produced by the O3 generator passes through the
pipeline to the bottom of the electrochemical device, and the mi-
crobubbles are emitted by the aeration head, and the bubbles dis-
solve the O3 and O, mixture in the water during the rising pro-
cess. The O3 system is used to provide a mixture of O, and O;
to enhance the mass transfer of gaseous O3 to the liquid and the
H,0, aqueous solution generated at the cathode during the reac-
tion, thus synergistically generating stronger *OH.

At present, there is also research on emitting penetrat-
ing electro-peroxone ozonation device system. The experimental
device is made of plexiglas, mainly composed of an electrochemi-
cal workstation, magnetic mixer, calomel reference electrode, pen-
etrating porous membrane electrode as anode, cathode, proton
exchange membrane, and so on. In this kind of dual-function
system, the cathode as the transmission of the porous composite
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Fig. 2. Schematic of the electro-peroxone experimental setup.

electrode, effectively breaks traditional electrochemical oxidation
fluid mass transfer limit operation system, wastewater in the inside
of the membrane pore structure in streaming operation, effectively
overcomes the problem of limited mass transfer by streaming op-
eration. The degradation and even mineralization of pollutants can
be realized in a very short hydraulic retention time, and a large
amount of H,0, can be produced on the cathode. The constructed
dual-function electrolytic system achieves high efficiency in both
wastewater oxidation and hydrogen production. This hybrid elec-
trolytic system combines the cathode and anode co-production of
H,0,, which has the advantages of wastewater treatment and high
value-added chemicals production at the same time (Fig. 1) [31].

A DC power supply is used to apply an electric field to gener-
ate H,0, in situ in electro-peroxone experiments. The generation
of H,0, and ‘OH is monitored for cathodes, including electrolytic
peroxone and electrolysis processes, with oxygen lines connected
directly to the bottom of the reaction vessel and ejected for in situ
generations of H,0,. The aeration device is introduced from the
bottom to produce H,0, efficiently on the cathode surface, which
is carried into the water by a large number of bubbles generated,
thus greatly improving the efficiency of *‘OH production. The O, in
the O3 line is used as input for O; generation (Fig. 2) [32].

The plexiglas reactor is used for electrochemical ozonation pro-
cesses and other electrochemical processes and has a size diameter
of about 15cm and a height of about 15cm. The aeration device
consists of an aerator head and a pipe extending into the bottom
of the tank, which is a further improvement on the ozonation de-
vice and combines electrochemical techniques (Fig. 3) [33].

The reactor size of the electro-peroxone process is larger than
conventional advanced oxidation technology. There will be a higher
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03 dose which can reduce the reaction time required to effectively
degrade Os-refractory pollutants. In an electro-peroxone system,
03 is generated from O, using an O3 generator. A gas mixture of
0, and O3 from the O3 generator is injected into a reactor. The
H,0, in situ reacts with the sprayed O3 to form a very powerful
oxidant ‘OH, thus achieving the synergistic effect of O3 and H,0,
on the degradation of organic pollutants (Eqs. 3-5) (Fig. 4).

0, +2H* +2e~— H,0, (3)
2H,0, +203 — H,0+30, + HO,* +"OH (4)
03 +H;0+e~—"OH+ 0, +OH- (5)

3.2. Advantages of electro-peroxone technology

Given the limitations of currently used oxidation technologies,
the development of new advanced oxidation technologies has be-
come a hot research topic in recent years. The advantages of
the electro-peroxone technology can be shown through theoretical
analysis of the degree of pollutant mineralization, kinetic analysis,
and degradation efficiency (Table 3). The electro-peroxone tech-
nology can remove most refractory pollutants and typical emerg-
ing pollutants [34]. The use of 03/H,0, and electro-peroxone pro-
cesses (by adding an external H,0, reserve or in situ generations of
H,0, through cathodic O, reduction during ozonation) improved
by about 5%-12% and 5%-7%, respectively, compared with conven-
tional ozonation [35]. The electro-peroxone process may provide
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Table 3
Status of treatment of refractory wastewater by ozonation.

System Pollutants Reaction conditions Degradation efficiency (%) Ref.

Conventional ozonation/ By-product formation during  pH 8.0, O; flow rate: Conventional ozonation abated the DOC and UV [17]
Electro-peroxone subsequent chlorination 240 mL/min, 0.5 mg/L p-CBA absorbance of the synthetic water by 4%-8% and

68%-84%. The electro-peroxone process abated DOC
and UV254 by 17%-39% and 41%-77%.

Electro-peroxone/Electrochemical/ Acid Orange 7 [Dye]=500mg/L, pH 7.7, Dye is removed completely after 90 min and COD and [29]
Ozonation applied current=0.5 A, O3 TOC removal is 99% and 90%.

rate =1 mL/min,
[Na;S04]=0.1 mol/L

Electro-peroxone/Electrochemical/ Antidepressant venlafaxine pH 7.9, 0.05 mol/L Na,SO4 The apparent degradation rate constant of venlafaxine [37]
Ozonation (kapp =22.5 x 10~3 s~1). The individual treatment

process of ozonation (kapp =8.1 x 10-3 s71) and
electrolysis (kapp =0.48 x 103 s71).

Electro-peroxone/Electrochemical/ Micropollutant O3 flow rate: 150 mL/min, Micropollutants were abated by 10%-65% after 15 min. [38]
Ozonation current: 20-80 mA, pH 8 Ozonation abated all selected micropollutants in

15 min, with the only exception of chloramphenicol
(~90% abatement at 15 min).

Electro-peroxone/Conventional ECS pH 7.88, Current=0.4 A, The addition or electro-generation of H,0, [39]
ozonation/ozonation/peroxone H;0, =1.96 mg/L, 15+ 1 °C remarkably accelerated the kinetics of O3 depletion

by a factor of 33 and 13 during the O3/H,0, and
electro-peroxone processes.

A flow-through electro-peroxone Tetracycline [Na;S04]=0.05mol/L, pH 7, The removal rates of TOC and COD were 44% and 65% [40]
process was compared with aeration rate 50 mL/min, respectively. The parameters such as BOD5, bacteria,
ozonation current 50 mA and pH in the effluent could meet the water quality

standards of the recreational landscape.

Electro-peroxone/Electrochemical/ Escherichia coli [E. coli]=0.6 x 104 CFU/mL, For BW1, the inactivation efficiency log(c/co) reached [41]

Ozonation

flow rate 17.5 mL/min, current
50mA, pH 7

—5.5 and the inactivation lasted for 5 d without
notable decline. For BW2, the effluent could meet the
D-2 standard proposed by IMO.

a simple and effective way to improve the existing ozonation sys-
tem for pharmaceutical removal from secondary effluents [36]. The
degradation of venlafaxine and the removal of total organic carbon
(TOC) were greatly enhanced by electro-peroxone treatment due to
significant ‘OH production compared with ozonation and electrol-
ysis alone [37]. The H,0, generated at the cathode can also ef-
fectively quench hypochlorite produced by the oxidation of chlo-
ride ions in surface water at the anode. Compared with conven-
tional ozonation, the electro-peroxone process significantly accel-
erated the removal of refractory micropollutants from surface wa-
ter [38]. The addition of MnO, and H,0, or the H,0, produced by
electrochemistry can promote the conversion of O3 to *OH to vary-
ing degrees [39]. The energy consumption in the electro-peroxone
water treatment technology can be reduced by the use of circula-
tion system, which can enhance the mass transfer of gasses and
pollutants and improve the current efficiency due to the improve-
ment of convection [40]. A flow-through electro-peroxone system
consisting of electrolysis and ozonation was also developed for the
disinfection of wastewater[41].

No chemicals and catalysts are required in the reaction process,
and no pH adjustment is needed. It will readily decompose into
H,0, alone, resulting in rapid mineralization of refractory organic
pollutants. In general, the reaction in the electro-peroxone system
does not leave unwanted by-products (e.g., NH; and bromate) and
catalysts that may require further treatment, separation, and re-
generation. In addition, the whole process is electrically driven and
therefore easy to automate and control. The H,0, generated by
the cathodic reduction in synergy with ozone can effectively gener-
ate "OH, a much more powerful oxidant than O3 and H,0O, alone,
resulting in rapid mineralization of refractory organic pollutants,
while the process utilizes O, that would otherwise be wasted to
generate H,0, in situ, thus significantly improving TOC removal ef-
ficiency.

4. Mechanism of electro-peroxone technology

In an electro-peroxone system, O, is passed through a genera-
tor to produce O3, and a gas mixture of O, and Os is sprayed onto

a cathode in an electrochemical reactor that effectively converts O,
to H,0,, for example, a carbon-tetrafluoroethylene (CTPF) cathode,
which effectively converts O, to H,0,. The H,0, in situ generated
subsequently reacts with the injected O3 to produce ‘OH, an oxi-
dizing agent with high oxidizing power, thus achieving a synergis-
tic effect of O3 and H,0, on the degradation of organic pollutants.
The "OH is a non-selective oxidant that can rapidly oxidize most
organic compounds at a diffusion-controlled limited rate.

The electro-peroxone technology is a coupled technology of
electrochemical and ozonation technology, during the cathodic re-
action, using a carbon cathode and injecting a mixture of O, with
03 from the O3 generation unit, the main reaction is the reduction
of O, to produce H,0,.

Some reactions may occur during the reduction of O, to H,0,
on the cathode during the reaction, such as the generation of H,,
further reduction of the electrically generated H,0,, and reduction
of O5. The table lists the cathodic reactions and the standard re-
duction potential under alkaline conditions (Table 4). These side
reactions affect the generation of H,0, and the performance of the
electro-peroxone process [42]. When the concentration of O3 is too
high, the removal rate does not increase. At this point, the mass
transfer of O3 is no longer a limiting factor. The current loading

Table 4
Possible cathodic reactions that may occur during the electro-peroxone process and
their standard electrode potentials (Eg).2

Cathodic reactions Eo Ref.
0, +2H,0+4e~ — 40H~ nfa® [42]
0, +H,0+ 2e~ — HO,~ +OH~ -0.1 [42]
HO,~ +H,0 +2e~ — 30H- —0.1 [42]
2H,0 + 2~ — H, +20H- ~12 [42]
03 +Hy0+2e~ — 0, + 20H- 0.9 [42]
O3+e — 03~ 0.9 [42]

2 The table lists the cathodic reactions and standard reduction potentials under
alkaline conditions, which simulate the high local pH in the cathode diffuse layers.

b Cathodic O, reduction at carbon electrodes proceeds predominantly via the
two-electron pathway to HO,~, while the four-electron pathway to OH- is negli-
gible.
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capacity reaches saturation, and the reduction generates relatively
insufficient H,O, and inhibits the generation of more "OH. The ex-
cess O3 reacts slowly with pollutants and may be reduced to O,
at the cathode, competing with oxygen reduction and further re-
ducing the production of H,0,, so that *OH production decreases
and degradation efficiency is affected. When the cathodic O3 re-
duction current is limited, O3 can be reduced preferentially than
0, at the carbon cathode due to the high potential, which prevents
the cathodic O, reduction to H,0, and subsequent reactions in the
electrochemical-driven peroxone process H,0, and O3 become *OH
[42]. TOC removal in the electro-peroxone process is not limited by
the rate of H,0, generation but is more likely to be limited by the
rate of O3 transfer from the gas phase to the liquid phase. How-
ever, due to the poor solubility of O3 in water, the rate of transfer
of O3 from the gas phase to the liquid phase may eventually limit
the rate of ‘OH generation as the current gradually increases. Side
reactions are undesirable in the electro-peroxone process because
they impair the production of H,0, and thus hurt water treatment
[43].

4.1. Selection of electrode materials

In the electro-peroxone process, the generation of H,0, in situ
is essential to achieve the synergistic effect of peroxide on the
degradation of pollutants. Therefore, the selection of cathode ma-
terials that can efficiently produce H,0, from oxygen is crucial
for the success of the electro-peroxone process. Many carbon elec-
trodes are available for H,O, production, such as graphite, carbon
PTFE, carbon felt, RVC, carbon nanotubes, and graphene electrodes.
It showed that pulsed electrochemical oxidation using PTFE-Fe-
PbO, electrodes may be a promising alternative for improving the
practicality of electrochemical treatment of dye wastewater [44].
Among the three carbon-based cathodes (carbon-PTFE, carbon felt,
and RVC), the carbon-PTFE cathode achieved the highest TOC re-
moval yield, which can mainly be attributed to its highest elec-
trocatalytic activity for H,O0, generation from O, reduction [45].
The performance of many other carbon-based cathodes (such as
plain metal foam electrodes, carbon-coated metal foam electrodes,
and sponge electrodes) is still unexplored for the application of
electro-peroxone [46]. The Carbon-PTFE electrode has higher H,0,
yield and current efficiency than the general electrode, and the
hydroxyl radical yield and current efficiency under alkaline con-
ditions are better than that under acidic conditions. A vast number
of studies have demonstrated that although many different carbon-
based electrodes can be used to generate H,0, from O, reduction,
carbon-PTFE is usually the most effective electrode and can pro-
duce H,0, with current efficiency approaching 100%.

Nickel foam usually has good structural characteristics, such as
a three-dimensional porous structure, high specific surface area,
good electrical conductivity, and low cost. The porous structure
and high surface area lead to better mass transfer and active sites
for oxygen reduction reactions (Eqs. 6 and 7)

H,0, — 2H* + 0, + 2e- (6)

2H,0, — 2H,0+ 0, (7)

The dissolved oxygen in the pollutant solution is reduced in situ
at the cathode to generate H,0,, which is effectively decomposed
by O3 in the cathode catalyst layer. The "OH is produced to achieve
efficient degradation of pollutants, and the penetration of cathode
materials can effectively improve the mass transfer efficiency of
pollutant molecules [47].

Based on anodic oxidation and cathodic reduction, the cathode-
anode collaboration technology can also be developed, that is, the
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Fig. 5. TiO,-GAC is used as particle electrodes in diuron’s 3D/electro-peroxone
treatment.

double-electrode reaction method can be adopted to further im-
prove the current utilization rate, enhance the cathodic reaction,
and improve the degradation rate of refractory organic pollutants.
The most selected cathode materials are mainly graphite, mesh
porous electrode, and Carbon-PTFE gas diffusion electrode. Stud-
ies have shown that the Carbon-PTFE gas diffusion electrode has
higher H,0, yield and current efficiency than the graphite elec-
trode [43].

In the research and development of electro-peroxone technol-
ogy, it is found that changing the carbon-PTFE gas diffusion cath-
ode to a titanium sheet, boron-doped diamond film electrode, and
stainless steel cathode in electro-peroxone technology formed an-
other type of ozonation structure treatment technology, which is
better than traditional ozonation and electrochemical oxidation
technology. Also, the results show that the H,0, concentration
generated in the electrolysis system is notably increased in the
presence of TiO,-GAC (Fig. 5) [48]. And the actual current effi-
ciency of cathodic generation of H,0, is expected to be higher due
to the higher hydrogen precipitation overpotential and lower H,0,
decomposition catalytic activity of carbon-based electrodes or au-
tolytic decomposition in the native solution.

The "OH is generated by cathodic O, reduction using carbon-
based electrodes due to their higher hydrogen precipitation over-
potential and lower H,0, decomposition catalytic activity (Eq. 6)
or autolytic decomposition in the native solution (Eq. 7) [44,49].

4.2. Effect of current density

The generation of H,0, is an important factor affecting the
treatment effect of the electro-peroxone technology [20]. The cur-
rent efficiency of H,0, is different under different currents. The
concentration of H,0, increases with the current, and there is a
linear relationship between the concentration of H,O, and the re-
action time [43]. However, the mass transfer process of H,0, is
limited after some time, and the further upgrade of the current
has little influence on H,0,. Due to the poor solubility of O3 in
water, the rate of transfer of O; from the gas phase to the lig-
uid phase may eventually limit the rate of *OH production as the
current gradually increases [50]. The efficiency of H,0, generation
at the electrode can be verified by Eq. 8 under different current
conditions, thus investigating the effect of current density on the
reaction in the electro-peroxone system [45]. The rate of H,0, an-
odic decomposition increases with the concentration of H,0, in
the solution, and the apparent current efficiency for H,O, genera-
tion decreased slightly as the process proceeds. Compared with the
carbon-PTFE cathode, the carbon felt and RVC cathodes generated
H,0, at much lower apparent current efficiencies [51].

nFCHZOZV

CE(%) =
S5 1dt

x 100% (8)
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Table 5
Reaction during the electro-peroxone process.

Reaction equation Instructions

0, +2H* +2e" — Hy0, The gas O, ejected from the O3 generator
electrically generates H,0,

H,0, corresponding conjugate base is HO,~
The conjugate base is HO,~ and reacts with
the injected O3

HOs~ cleaved to two free radicals

HOs~ decomposition

Efficient generation of "OH

H,0, < H" +HO;"
HO;" + 03 — HOs5"

HOs™ — HO," + 05~
HOs™ — 20, + OH"
H,0, + 203 — 2°0H + 30,

The generation of H,0, in situ from a Carbon-PTFE gas diffusion
electrode is a current-limited process. High current density does
not significantly improve the removal efficiency, probably because
of the increased side reaction and ohmic heat loss at higher cur-
rent density. Therefore, it is necessary to select the best current
density for the experiment.

4.3. Synergistic effects of O, and O3 gas mixtures

The content of O3 is one of the important factors of the electro-
peroxone process. Different O3 levels have different effects on the
degradation of the target pollutants in wastewater. O3 usually ac-
counts for only a small fraction of the ozone generator gas effluent,
since the ozone generator can only convert a small fraction of the
feed O,. In conventional ozonation treatment, O, (which is the ma-
jor part of the injected gas) is wasted. The electro-peroxone tech-
nology, when the electrochemical oxidation and ozonation technol-
ogy are simply combined to drive the electro-peroxone reaction to
generate a large number of *OH.

In energy, only a small fraction of O, is converted to O3, and a
large fraction of O, and O3 in the ozone generator is unconverted
0,. The gas mixture leaving the ozone generator still contains a
large amount of O,. When using pure O, as the feed gas, the vol-
ume ratio of the 0,/03 mixture is usually greater than 90% [52].
After the injection of O3 into the reactor, a little O, is used to re-
move contaminants. This wastes large amounts of oxygen feed gas
and energy. In the electro-peroxone process, the H,0O, generated
by the cathodic reduction in synergy with O3 effectively produces
*OH, which are much more powerful oxidant than O3 and H,0,
alone, resulting in rapid mineralization of refractory organic pollu-
tants (Table 5) [40].

5. Application of electro-peroxone technology

The electrochemical oxidation technology is widely used in wa-
ter treatment. The mild processing conditions, under the atmo-
spheric pressure, but it is controlled by many factors, such as the
electrode material, electrolyte concentration, voltage, etc., in a rela-
tively high current, easy to produce side effects, in addition, in the
process of oxidation of organic compounds produced by free radi-
cal polymerization deposition on the electrode surface, which can
lead to current efficiency drops, high-performance anode prices
more expensive. In order to reduce the problem of electrochem-
ical oxidation degradation process and the problem of ozonation
technology, the electro-peroxone technology is currently applied to
wastewater. The electro-peroxone technology is a novel advanced
oxidation technology.

The higher removal efficiency of NB by electro-peroxone-ACF
can be attributed to the synchronous adsorption of NB and O3 on
ACF and the remarkable generation of "OH from sparged O3 and
electro-catalytic production of H,0, on ACF (Fig. 6) [53].

It has been shown that in the ozonation of bromine-containing
water, the electro-generation of H,0, can effectively inhibit the
formation of bromate and improve the removal of NOM [38]. This
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Fig. 7. Degradation process of EDTA in the electro-peroxone process.

result is similar to the process of peroxone, in which H,0, is added
externally. However, H,0, in situ can successfully overcome the
main drawbacks of the conventional peroxide oxidation process.
The high chemical cost and the risk associated with the use of an
outbound H,0, solution severely limit its application in practical
water treatment. In the study, we used an ACF electrode and driven
electro-peroxone process to achieve efficient removal of Cr(IIl) or-
ganic complex, while simultaneously recovering Cr from wastew-
ater and enhancing the reduction of intermediate Cr(VI) (Fig. 7)
[54].

In addition, H,0, can react with many species that may be
present in water and wastewater [55]. These reactions can have
complex effects on the performance of electro-peroxone technol-
ogy for water and wastewater treatment. This technology com-
bines the nature of carbon electrode and ozone technology, which
can transform the oxygen in the 0,/03 mixture into H,0, in situ,
and then use the Related advanced oxidation techniques combin-
ing ozonation technology and electrochemical oxidation technology
to produce *OH, so as to degrade the pollutants. Due to the com-
plex role of the water matrix and the interaction between the na-
tive and electrode reactions, more research is needed to better un-
derstand the reaction mechanisms involved in the electro-peroxone
process.

6. Conclusions and perspectives
6.1. Conclusions

The electro-peroxone technology has made some progress in
the wastewater treatment process with the advantages of high
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degradation efficiency, TOC mineralization, the short reaction time
required for water treatment, and low energy consumption. Mean-
while, the research mechanism and result of the electro-peroxone
technology are introduced from two aspects: cathodic reaction and
bulk reaction. The influence of experimental parameters on the
wastewater treatment effect is also discussed.

The electro-peroxone technology overcomes some disadvan-
tages and inherent limitations of traditional advanced oxidation
technology in sewage treatment, energy saving, and emission re-
duction. It has improved the performance of wastewater treatment
in many aspects and achieved more satisfactory results. In gen-
eral, the following advantages of the electro-peroxone technology
make it a feasible new option for advanced oxidation technology
wastewater treatment applications: (1) Simple modifications and
upgrades of existing oxidation system equipment. (2) High O3 uti-
lization and low energy consumption. (3) High degradation effi-
ciency mean that ‘OH is efficiently generated under the synergistic
action of O3 and H,0,. (4) Less by-product generation means less
secondary pollution, thus protecting the environment. (5) Low risk,
that is, it solves the safety problem of transporting H,0, outward.
(6) High pollutant degradation kinetics and energy efficiency.

6.2. Perspectives

So far, although the electro-peroxone technology has shown ex-
cellent performance in advanced oxidation technologies, there are
still some aspects that need more attention in future research. Fu-
ture research will focus on the following aspects.

(1) At present, many experimental studies on the wastewater
treatment of refractory organic compounds have been car-
ried out and achieved success, providing important informa-
tion on reaction kinetics and mechanisms, water matrix ef-
fects, energy efficiency, etc., but most of them are still in the
pilot stage and have not been put into practical application.
Due to the different structures of the reaction equipment,
the electro-peroxone technology needs to focus on the com-
plex effects in water and the formation mechanisms and
control strategies of reactions in the process, and conduct
more detailed pilot evaluations so that it can be put into
practical wastewater treatment.

(3) The decomposition of O3 and H,0, on the cathode into “OH
in the electro-peroxone system, which may lead to the dis-
infection of the process that O3 is both an oxidant and disin-
fectant in wastewater treatment, improves the oxidation ca-
pacity of the process compared to the conventional O3 oxi-
dation system, but the disinfection performance needs to be
optimized and evaluated in future studies.

(4) The electro-peroxone technology can generate more “OH and
shows an obvious synergistic effect of electrochemical oxida-
tion and ozonation for wastewater treatment, which can be
potentially widely used in wastewater treatment.
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