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Three-dimensional (3D) electrochemical technology is considered a very effective industrial wastewater
treatment method for its high treatment efficiency, high current efficiency, low energy consumption,
and, especially, ability to completely mineralize nonbiodegradable organic contaminants. Particle
electrodes, which are the fundamental components of 3D electrochemical technology, have multiple
functions in the electrochemical reaction process. Various types of particle electrodes have been created
and applied for wastewater treatment. Herein, we present a thorough analysis of the research and
development of particle electrodes used for electrocatalyzing pollutants. Initially, reactor designs, factors
affecting the removal efficiency of pollutants and degradation mechanisms are introduced. In particular,
a detailed investigation is conducted into the selection of particle electrode materials and the roles they

play in the 3D electrochemical treatment of wastewater. Subsequently, the degradation efficiency and
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investigated. Finally, the directions and outlook for further studies on particle electrodes are discussed.
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1. Introduction

The discharge of various contaminants into water bodies has
led to serious issues concerning both the ecological environ-
ment and human health, and thus, millions of people world-
wide lack access to safe drinking water."? Especially, persistent
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electrodes for wastewater purification.

organic pollutants, including pesticides, antibiotics, pharma-
ceuticals, and personal care products, as well as endocrine
disrupting chemicals, pose a significant challenge as they are
not effectively broken down or eliminated by traditional
wastewater treatment systems.* Therefore, there is a pressing
need for adaptable water platforms and technologies that can
cater to refractory wastewater treatment. Electrocatalytic
processes, which combine redox reactions and adsorption, are
particularly promising owing to their high efficiency in gener-
ating multiple oxidants in situ, minimal space requirements,
and ease of operation and management. Thus, through the
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proper design of reactors and optimization of electrodes, elec-
trocatalytic processes can effectively degrade refractory
pollutants.*

Electrodes used in electrocatalytic oxidation can be classified
as 2D or 3D based on their structural makeup. Conventional
planar 2D electrodes have a smaller effective electrode area and
a smaller reactor with a lower unit processing capacity.
However, the low current efficiency of this type of electrode
prevents it from being widely used in the industry.® In early
1969, Backhurst et al. introduced the concept of a 3D electrode,
incorporating a conductive filler into a 2D-ER to create a third
electrode between the cathode and anode.® The presence of
particle electrodes can address the limitation of a confined
reaction zone by polarizing particle electrodes into charged
entities, enabling the reaction to occur across the entire reactor
and expanding the reaction zone. Additionally, the rough
surface, porous structure, and large specific surface area of
particle electrodes can enhance the unit space-time yield and
current efficiency, thereby improving electrochemical oxidation
efficiency. As a result, there has been a growing interest in
studies focusing on the treatment of different types of waste-
waters using 3D electrodes in recent years.” ™

Several studies have shown that utilizing a 3D-ER with
particle electrodes can significantly enhance pollutant removal
efficiency and reduce EEC compared to a traditional 2D-ER.
Shen et al found that the expanded reaction area and
improved mass transfer in particle electrodes led to a higher
removal efficiency and reduced EEC.” Alighardashi et al
demonstrated that a 3D-ER with particle electrodes operated as
micro-electrolysis cells, resulting in higher efficiency compared
to 2D-ER." Wei et al. showed that combining GAC and PCP as
particle electrodes improved the COD removal efficiency and
reduced the EEC.* Can et al. reported that the removal effi-
ciency of COD in the 3D-ER was about 50%, while it was 20% in
the 2D-ER. Also, the EEC was about 180 kW h kg™' COD, which
was much lower than that in the 2D-ER (300 kW h kg™ COD).®
Cho et al. developed a continuous-flow 3D-ER with GAC elec-
trodes for the removal of IBP. The IBP removal efficiency was
98% in 4 h, which was 2.5-times higher than that in the 2D-ER."*
Shi et al. demonstrated that GAC in the 3D system reduced the
mass transfer resistance, with a total organic carbon (TOC)
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removal efficiency and reaction rate constant of 47.6% and 0.22
h™", which are much higher than that in the 2D system (30.7%
and 0.12 h™"), respectively.® Using PAC as particle electrodes,
the TOC removal efficiency in the 3D-ER was 94.1% after
180 min electrolysis, which was 10-19% higher than that in the
2D-ER.* Overall, using particle electrodes in 3D electrode
systems can enhance the pollutant removal efficiency and
reduce the EEC.

Particle electrodes are regarded as critical in the perfor-
mance of electrocatalytic oxidation in 3D electrochemical
systems. Metals, metal oxides, AC, and other carbon-based
materials are the most commonly used particle electrodes in
current studies. Precious metal-coated electrodes such as
ruthenium (Ru), palladium (Pd), and platinum (Pt) demonstrate
excellent electrocatalytic activity and stability. However, their
high cost, scarcity, and limited durability hinder their practical
application."”*® In contrast, transition metals such as iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), and manganese (Mn) are
relatively inexpensive and more abundant compared to
precious metals.'*?* Nevertheless, their industrial application is
still limited due to their short lifespan, narrow pH range, and
low cost-effectiveness. Additionally, metal or metal oxide elec-
trodes may release metal ions into solution under an electric
field, leading to secondary pollution. In this case, carbonaceous
materials offer advantages such as resistance to acids and
alkalis, absorbability, catalytic activity, and environmental
compatibility, making them promising green materials in
electrocatalytic systems. Various carbon materials, including
graphite,” AC,”> and BC,” have been employed as particle
electrodes in electrochemical reactors. However, the electro-
chemical efficiency of these carbon materials remains unsatis-
factory due to their poor electron transfer capability and
electrical reactivity.

This study highlights the advantages of particle electrodes in
terms of pollutant removal efficiency and EEC. It provides
a detailed review of particle electrodes used in 3D-ER, analyzes
their roles in the electrochemical treatment of pollutants, and
investigates the materials for the fabrication of particle elec-
trodes, factors influencing the electrochemical degradation
process, and degradation mechanisms of pollutants. Future
prospects for the development of particle electrodes are
proposed to enhance their applicability in practical wastewater
treatment.

2. Brief introduction to 3D
electrochemical technology
2.1 Reactor structure of 3D-ER

Based on the polarity of reactors, they can be categorized into
two types, monopolar and bipolar.>* In a monopolar reactor,
a diaphragm separates the main electrode, creating a cathode
zone and an anode zone. When the anode area is filled with
particles (as shown in Fig. 1a), these particles acquire the same
charge distribution as the main electrode, essentially extending
the main electrode and increasing the reaction area. Simulta-
neously, electrochemical reactions occur on both the main
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Fig. 1 Working structure of a 3D-ER: (a) monopolar; (b) bipolar.

electrode and the particle electrodes, with the anode zone
oxidizing organic pollutants and the cathode zone reducing
metal ions. In a bipolar reactor (Fig. 1b), the particle electrodes
are charged through electrostatic induction induced by an
electric field. The charged particles on the surface become
independent 3D electrodes, leading to electrochemical oxida-
tion and reduction reactions at both ends of the particles. Each
charged particle effectively forms a ‘micro electrolysis cell’,
significantly enhancing the area for the electrochemical
reaction.

Current research primarily focuses on bipolar reactors. As is
illustrated in Fig. 2, the bipolar reactor operates through three
types of current, as follows: (1) bypass current, which is gener-
ated by charge movement in the electrolyte without passing
through the particle electrodes; (2) reaction current, which is
created by electric charge entering the particle electrode from
the electrolyte, and then returning to the electrolyte; and (3)
short-circuit current, where electric charge enters the particle
electrodes directly from the main electrode without going
through the electrolyte, moving along the adjacent particle
electrodes. The degradation of compounds primarily depends
on the reaction current, and therefore reducing the short-circuit
current and bypass current can enhance the reaction current,
leading to an improved electrochemical oxidation efficiency.*®

The reactor can be classified into two types based on the
states of the particle electrodes, i.e., fixed bed and fluidized bed.
In a fixed bed reactor, the particle electrodes remain in
a stationary state, known as a 3D fixed bed reactor. Conversely,
in a fluidized bed reactor, the particle electrodes are in a flowing

Bypass current

Reactive current

Short-circuit current

Anode Cathode

Fig. 2 Current model in a 3D-ER.
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state, including a moving bed, eddy current bed, and jet bed
configuration.

2.1.1 Fixed bed reactors. 3D fixed bed reactors are known
for their larger unit space-time yield and higher current effi-
ciency compared to the particle electrodes in a fluidized bed
reactor. The electrodes in a fixed bed reactor are more durable,
with an even distribution of the feed current and potential.
However, the lack of flow in the particle electrodes can lead to
the generation of a short-circuit current and caking of the
particle electrodes. These issues result in a decrease in the
current efficiency, increase in the electrolyte temperature, and
heating of the tank body. Also, agglomeration of the particle
electrodes can also disrupt the electrolyte flow field and cause
blockages. Thus, recent research has focused on addressing
these challenges to enhance the current efficiency and reduce
the EEC. The literature suggests four approaches to solve these
problems. The first involves using particle electrodes with
varying densities (less than water, equal to water, and greater
than water, as shown in Fig. 3) to distribute them evenly in the
electrolytic cell, effectively avoiding the phenomenon of
‘concentration polarization’ and reducing the short circuit
current.”® The second method proposes insulating the particle
electrodes with a coating layer.”” The degradation efficiency can
be improved by preventing a short-circuit current between the
particle electrodes with an insulating layer. The third method
involves arranging the anode and cathode plates alternately in
the electrolytic cell and filling a filler mixed with nonconductive
materials between the electrode plates.>*® In the case of the
fourth method, the particle electrodes can be placed in a fixed
hole through an O-ring, offering a simple structure, easy
replacement of the particle electrodes, and long service life.”
These methods can promote a uniform potential distribution,
enhance the overall electrolytic efficiency of the reactor, reduce
side reactions, and improve the time-space productivity.

2.1.2 Fluidized bed reactors. Fluidized bed reactors allow
the particle electrodes to flow through agitation or aeration,
offering benefits such as improved mass transfer efficiency and
a larger specific surface area.*® This setup enables a high current
intensity at a low current density, while enhancing the unit
space-time yield and current efficiency. Continuous flushing of
the particle electrodes in the fluidization state extends their
service cycle, addressing issues such as short-circuit current
and electrode blockages in fixed bed reactors. The dynamic
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Fig. 3 3D-ER with particle electrodes of different densities.
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collision of the particle electrodes in the reactor generates
a changing electric field, promoting the formation of highly
active oxidants such as hydroxyl radicals (-OH) and Os.
However, although the fluidized state enhances the electro-
chemical efficiency, it may also lead to the loss of the catalyst
coating on the particle electrodes and cause stratification. This
lack of close contact between the particle electrodes in the
fluidized state can result in the uneven distribution of the feed
current and potential, ultimately reducing the degradation
efficiency.

2.2 Influencing factors

In 3D electrode systems, the degradation of pollutants is
influenced by various factors, including the properties of the
pollutants, external environmental factors, and the character-
istics of the particle electrodes.* The external environmental
factors include pH, applied potential, particle electrode dosage,
current density, and treatment time. For instance, Piao et al.
designed a 3D-ER with stainless steel as the cathode and anode
and modified BC as a particle electrode and found that under
neutral condition, an increase in applied potential can accel-
erate the chemical reaction; however, an excessively high value
can hinder the process.***® Increasing the current density
within an appropriate range can enhance the pollutant removal
efficiency because a higher current density boosts the repolar-
ization degree of particle electrodes, thereby increasing the
effective electrode area for electrooxidation reactions.* Time is
a crucial factor, given that an excessively long duration incurs
additional costs, while very short duration results in a poor
degradation efficiency.*>*® The impact of pH varies for different
substances, with some being significantly affected, while others
are not sensitive. The research by Song et al. revealed that the
removal efficiency of NOR using sulfur-zinc-modified kaolin—-
steel slag particle electrodes was 100% under acidic condition,
above 90% under neutral condition, and more than 80% under
alkaline condition.’” In the case of certain pollutants such as
drugs and herbicides, a wide pH range (pH 3-10) can yield
optimal degradation outcomes.>***%°

The properties of electrode materials affect the degradation
efficiency of contaminants, including the loaded active mate-
rial, surface area, porosity, particle size, and even shape. For
example, Gedam and Neti treated recalcitrant chemical industry
wastewater using a GAC particle electrode. According to the
results, the apparent Faradaic efficiency and specific electrical
EEC were estimated to be 3.42% and 6.59 kW h kg~" COD for
the GAC with a higher surface area and 0.78% and 28.65 kW h
kg™ COD for the GAC with a lower surface area, respectively.*
The PAP degradation results showed that the activity of the
particle electrodes (Ti-Cu-Ni-Zn-Sb-Mn@AC) supported by
block honeycomb AC was much better than that of the particle
electrodes supported by granular AC.** Pd supported multi-
walled carbon nanotubes (PA@MWCNTSs) were synthesized for
the removal of 4-CP, and the removal efficiency was significantly
affected by the size of the loaded Pd nanoparticles, following the
order of Pd-6.4 nm (100%) > Pd-9.5 nm (60%) > Pd-13.1 nm
(29%).* Xie et al. designed BC-loaded particle electrodes, and
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the effects of different loaded catalyst on the removal of 4-CP
were studied. The removal efficiencies were found to follow the
order of Mn@BC (99.93%) > Sn@BC (99.0%) > Sb@BC
(91.5%).%

To investigate the impact of particle position on the elec-
trocatalytic reaction rate, a study was conducted using spherical
graphite particles as particle electrodes and MB as the model
pollutant. The results obtained through the COMSOL Multi-
physics software revealed that the degradation efficiency of MB
by the particle electrodes within the electrocatalytic reactor was
not uniform. The closer the particle electrode was to the anode,
the stronger the pollutant degradation ability. When the
particle electrode was positioned near the anode, the potential
difference in the particle electrode increased, thereby facili-
tating the electrocatalytic reaction. Additionally, the proximity
of the particles to the anode reduced the mass transfer distance
for electron convection and pollutant diffusion, which
enhanced the rate of the electrocatalytic reaction. Moreover, the
central position of the particle electrodes can enhance the
electrocatalytic efficiency, primarily due to the lower central
potential of the spherical particle electrodes. This characteristic
increased the potential difference by interacting with the
potential of the external electrolyte, thereby improving the
electrocatalytic efficiency at the central position of the particle
electrodes. A study also noted that an increase in electric field
intensity and particle size led to a reduction in the disparity in
the reaction rates.*

2.3 Electrocatalysis mechanism

The mechanism for the 3D electrolytic treatment of pollutants is
intricate and multifaceted, involving factors such as wastewater
composition, electrode materials, and particle electrodes. Fig. 4
illustrates the key principles of this mechanism, with most
pollutants being degraded through oxidation processes. The
electrochemical oxidation of pollutants can be categorized into
direct oxidation, where pollutants are degraded through elec-
trochemical reactions on the anode, and indirect oxidation,
where intermediate substances with strong oxidizing properties
are produced through electrode reactions. The most common
intermediate is -OH, a potent oxidant with an oxidation
potential of 2.8 V, which can effectively degrade
components.'”** Another method involves the indirect
oxidation of pollutants using the anions present in the water to
generate strong oxidizing substances such as peroxydisulfate
(S,05>7) and active chlorine.*®** Additionally, the reversible
cycle of high- and low-valence metal ions, such as Fe*'/Fe*" >
cu*'/Cu’,® Ni**/Ni**, ¥ Ce**/Ce®* 5 and Co®'/Co>*,72% is utilized
to continuously oxidize and remove pollutants. This cyclic
process involves the oxidation of low-valence cations or metal
oxides to high-valence oxides, and then reduced back to the low-
valence state after pollutant degradation, ensuring effective
pollutant removal.

In addition to active substances, non-active substances can
also degrade contaminants. For example, Xu et al. found that
the indirect electrochemical degradation of TC was dominated
by the non-radical pathway, where singlet oxygen (*0,), rather

RSC Adv, 2024, 14, 27712-27732 | 27715
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Fig. 4 General electrocatalysis mechanism in a 3D-ER.

than free radicals (-OH and superoxide radical (-0, 7)), played
a key function.** Based on trapping experiments and electron
spin resonance (ESR) analyses, Wang et al. determined that
-SO,~, -OH, and 'O, were all involved in the 3D-PMS process,
while 'O, was the dominant ROS for NOR degradation.’
Quenching experiments, probe experiments, and electron
paramagnetic resonance (EPR) analyses suggested that -OH and
'0, were the main ROS during the removal of CBZ by N-
Mn@BC as particle electrodes, and the non-radical oxidation
played a key role.”® The degradation mechanism of CBZ is
shown in Fig. 5. Zhao et al. found that the surface-bound -O,~
radicals and 'O, generated by N-Fe@BC played a crucial role in
the decomplexation and removal of Ni-EDTA, and the contri-
bution of different free radicals to its degradation was
different.”® Ni-Fe@GAC was used as a particle electrode for the
degradation of SMA in a 3D-ER with sulfite hetero activator.
Quenching experiments and EPR demonstrated that the
degradation of SMA was the result of both free and non-free
radicals, with -OH, -SO,~ and 'O, contributing 51%, 12% and
37% to SMA removal, respectively.>®

The removal mechanism of some pollutants not only
involves oxidation but also reduction. For example, CO@AC was
used in a continuous electrochemical reactor to degrade HA.

products : H,0
- OH<
products
Mr+ : - c R Mo+
M products M :

H,0
o, &

R: Organic pollutant

Cathode

M: Metal pollutant
Particle eletrode

The ESR signals indicated that both H- and -OH were catalyti-
cally generated by Co@AC. The degradation of HA was achieved
by both electro-oxidation and electro-reduction.”” During the
degradation of 4-CP, reduction by atomic H- was responsible
for the dechlorination of 4-CP.*

3. Current research direction of 3D
electrochemical technology
3.1 Materials of particle electrodes

Electrode materials are crucial components in 3D-ER. The
primary factors to consider when selecting electrode materials
include cost, durability, electrolysis efficiency, and the physical
and chemical properties of the wastewater being treated. Many
studies have utilized GAC as a particle electrode due to its
excellent chemical stability and biocompatibility. For example,
Zhang et al. incorporated GAC as the third electrode in a 3D-ER
setup to degrade SMX and TC, achieving impressive removal
efficiencies of 88.9-93.5% and 89.3-95.6% for SMX and TC,
respectively.®® Cho et al. developed a continuous 3D-ER with
GAC as the third electrode for the removal of IBP."* Further-
more, researchers have modified GAC-based 3D-ER to enhance
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Fig.5 Degradation mechanism of CBZ by non-radical active substances and radical active substances. Reproduced from ref. 20 with permission

from [Elsevier], copyright [2023].
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their performance. For instance, Bu et al. enhanced the current
efficiency of a 3D-ER for the degradation of SA by utilizing Co-
Mn@GAC.* Li et al. treated SMA wastewater in a 3D-ER using
Ni-Fe-loaded GAC as a particle electrode, which improved the
oxygen evolution potential (OEP) and suppressed side reactions,
facilitating the electrochemical oxidation of SMA.*® Although
some studies have shown the use of alternative materials such
as pyrolusite,** mud,** carbon nanotubes,* clay,"”*** gra-
phene,* aerogels,®* and steel slag® as particle electrodes for
3D-ER, GAC remains a popular choice due to its efficiency and
cost-effectiveness.”>77*

In recent decades, there has been increasing focus on
synthesizing component particle electrodes using various
materials to enhance their properties.*> The commonly used
loading elements include precious metals, rare metals, and
transition metals. Precious metals and rare metals are known
for their high activity, wide applicability, and long lifespan, but
their high cost limits their widespread industrial use.”*”®
Transition metals also exhibit strong catalytic activity, but they
are prone to loss as the active components and have a relatively
short service life. Previous studies have shown that precious
metals (such as Ru, iridium, Pt, and lead) and rare metals (such
as tungsten and tantalum) are less commonly used compared to
transition metals.”® Transition metal oxides, including Co,”
Cu,® Fe,”® Mn,”” Ni,* titanium (Ti),** and tin (Sn),** are
frequently utilized. Among them, Fe-containing materials are
often chosen due to their dual role as a carrier for active
materials and as active materials, releasing Fe®* to generate
highly oxidized -OH for electrocatalytic reactions.***® Addi-
tionally, Fe and aluminum (Al) have electrocoagulation effects,
which are crucial for pollutant removal.**® SnO, is a semi-
conductor composite metal oxide with high OEP and good
conductivity.* When SnO, is doped with metal-based cations, it
forms a semiconductor solid solution with crystal defects,
creating a surface with numerous holes and active sites, which
produce crystal oxygen with stronger oxidation potential than
undoped SnQO,.>*#%°

In addition to metal elements, graphene can also be used to
improve the catalytic properties of the base material. BC was
decorated by graphene to synthesize a carbon composite (gra-
phene@BC) as a particle electrode. The graphene@BC electrode
had a higher OEP (1.76 V) and lower Tafel slope (0.013 V dec™ ")
than that of the bare BC. Coating graphene improved the elec-
trical conductivity and electron aggregation on surface of BC,
resulting in the greater generation of ROS.** In addition, some
scholars used organic catalysts for electrocatalytic oxidation.
The conductive polyurethane-polypyrrole@graphene was
prepared via an in situ oxidative polymerization method and
used it as a particle electrode to degrade LEV in a 3D-ER. The
results showed that more than 90% of LEV was degraded and
the EEC was 20.12 kW h ¢! LEV under the condition of pH of 7,
voltage of 6 V, aeration volume of 2.0 L min~?, initial LEV
concentration of 20 mg L', and Na,SO, of 7 mM. The toxicity
evaluation using luminescent bacteria showed that the toxic-
ities of some intermediates were higher than the parent
compounds, but the toxicity of the degradation process for LEV
was decreased effectively.” An Niz(HITP),@graphene-based
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composite aerogel particle electrode was developed for the
oxidation removal of phenol by 3D electrode technology. The
graphene layer converted H,O, into -OH using the le™ excita-
tion of Niz(HITP), and the microelectrode action of the particle
electrodes. Furthermore, the simultaneous generation of -OH
and -O, in the system greatly reduced the dependence on an
acidic environment and broadened the scope of utilization.**

3.2 The roles of particle electrodes

To accurately understand the mechanism of the 3D electro-
chemical process and develop particle electrodes with excellent
performances, it is essential to thoroughly investigate the roles
played by these electrodes in the 3D-ER. A schematic diagram of
the roles played by particle electrodes in the 3D-ER is shown in
Fig. 6.

3.2.1 Adsorption. Given the common characteristics of
particle electrodes such as large specific surface area and
porous structure, it is essential to recognize adsorption as
a fundamental and universal function. Numerous studies have
demonstrated that the adsorption of pollutants on particle
electrodes can lead to enhanced ability for the degradation of
pollutants. For instance, Chen et al. fabricated N-doped gra-
phene aerogel particle electrodes and conducted electrocatalytic
oxidation experiments on BPA wastewater. The efficiency of
pollutant removal was directly correlated with the specific
surface area of the particle electrode, with larger surfaces
resulting in a better adsorption performance.” In a separate
study, Yuan et al. utilized a-Fe,O;@GAC particle electrodes in
a 3D-ER to treat ammonia nitrogen (NH,'-N) wastewater. They
observed that the adsorption of NH, -N onto AC facilitated the
oxidation of pollutants, with adsorption playing a crucial role in
improving the degradation efficiency by enhancing the
concentration of the pollutant substrate at the particle electrode
interface.”* GSC particle electrodes were fabricated by pyro-
lyzing a mixture of waste sludge, polymethyl methacrylate
(PMMA), and copper tailings. The results indicated that a hier-
archical-pore structure comprised of macro-, meso-, and
micropores was developed by doping 10 g of PMMA and 5 g of
copper tailings in 100 g of waste sludge. PMMA constructed
macropores, which were essential for the mass transfer of RhB
into the GSC particle electrodes. The copper tailings promoted
the formation of meso- and micro-pores in GSC, as well as
improved the electrochemical properties.®® The removal of
malachite green utilizing agricultural biomass Eucalyptus glob-
ulus seeds as particle electrodes was examined. The acid-
modified biosorbent developed a microporous structure. The
higher removal of malachite green (99.8%) was ascribed to the
synergistic effect of electrolytic and adsorption systems.** Co-
Fe@LDH was proposed to treat trace N-nitrosopyrrolidine
(NPYR) in a 3D aeration electrocatalysis reactor. Initially,
NPYR was adsorbed on Co-Fe@LDH particle electrodes, and
then degraded by combining -OH, ‘O, and direct oxidation.*®

Electrosorption is a phenomenon that occurs on the surface
of particle electrodes during electrolysis. It involves the
adsorption of dissolved chemical species on an electrode
through surface binding induced by an electric field.
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Fig. 6 Roles played by particle electrodes in a 3D-ER.

Electrosorption occurs when the electrode is polarized by an
applied voltage.”® In a 3D-ER system, positive and negative
charges accumulate on both sides of the particle electrodes due
to the external voltage. This leads to the charged ions in the
electrolyte solution moving towards the oppositely charged side
of the particle electrodes under the influence of Coulomb force,
resulting in electrosorption.”®®” The combination of electro-
sorption and electrooxidation effectively enhances the degra-
dation of pollutants. When the voltage applied to the reactor is
low, the removal efficiency of pollutants is primarily influenced
by the adsorption and electrosorption.”® Andrés Garcia et al.
constructed a 3D-ER for treating greywater, and demonstrated
that the synergistic effect of electrosorption and electro-
oxidation using GAC particle electrodes significantly improved
the removal efficiency of COD and TOC in the wastewater.”®
3.2.2 Oxidation/reduction. In a 2D-ER, pollutants undergo
direct or indirect oxidation on the anode, while reduction
reactions, such as the deposition of heavy metals, take place on
the cathode. The anodes and cathodes also serve as the primary
electrodes in the 3D-ER. Additionally, oxidation and reduction
reactions of contaminants occur on the particle electrodes. By
applying a suitable voltage between the main electrodes of the
3D-ER, the particle electrodes filled between them can be
polarized by an external electric field, generating numerous
charged bipolar microelectrodes. Essentially, one side of the
particle electrode acts as the anode and the other side as the
cathode, allowing each electrode particle to function as an
independent electrolytic cell. This indicates that electro-
chemical oxidation and reduction reactions occur not only on
the main electrodes but also on the surface of the particle
electrodes. When an appropriate current density or voltage is
applied, the pollutants adsorbed on the surface of the polarized
particle electrodes can be degraded through direct oxidation on
the surface of the particles or indirectly oxidized by active
radicals or inactive substances. A polypyrrole@reduced gra-
phene oxide (P@rGO) aerogel was developed as a particle elec-
trode and applied in a 3D electrode system for the oxidation of
BPA. The result showed the superb removal efficiency of 98.00%
=+ 1.17% for BPA within 30 min under the optimal conditions.
After 20 cycles of experiments, the removal efficiencies of BPA
and TOC were still high, which showed the excellent ability of
P@rGO to be reutilized.®® Zhao et al. explored the utilization
of N and Fe co-doped biochar (N-Fe@BC) as catalytic particle
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or reduction
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products m+ Metal pollutant

Particle eletrode

electrodes in a 3D electro-Fenton (3D-EF) system for the
decomplexation and removal of Ni-EDTA. The 3D-EF process
demonstrated the rapid removal of Ni-EDTA within the initial
minutes, with a maximum H,0, utilization of 99.1% after
30 min. Multiple processes, such as anode oxidation, particle
electrode polarization, catalysis, and adsorption, together with
cathode electro-deposition, worked together to remove Ni-
EDTA. The O,  radicals and 'O, produced by N-Fe@BC were
essential in decomplexing and removing Ni-EDTA.>

Particle electrodes exhibit the capability to remove contam-
inants such as heavy metals and nitrate nitrogen through
reductive processes. The research conducted by Zhang et al.
demonstrated a significant decrease in wastewater toxicity when
Cr(vi) was reduced to Cr(m) using the high electrocatalytic
reduction ability of P@rGO particle electrodes.®® Ye et al
investigated the electro-reduction of nitrate utilizing particle
electrodes with Co as a catalyst. Their findings indicated that
nitrate in the wastewater was either directly reduced by Co at the
cathode side of the electrode, or indirectly through reaction
with the H- radical catalytically produced by Co. Furthermore,
the utilization of particle electrodes extended the oxidation-
reduction reactions of contaminants, leading to a reduction in
the mass transfer distance between the reactants and elec-
trodes, thereby significantly increasing the effective surface area
for the reactions. Consequently, this enhancement resulted in
an improved electrolysis efficiency and current efficiency and
reduced the EEC in the reaction system.'*

3.3 Coupling of 3D-ER with other methods

In combination with other methods, such as biodegradation,
photocatalysis, ultrasonic, and ozone, the degradation effi-
ciency can be further improved and the EEC be reduced.**-'*
One common method, 3D-BER, involves combining biological
processes with electricity.'®'% The synergy between electricity
and microbes in 3D-BER is primarily due to the fact that
appropriate electrical stimulation can enhance microbial
degradation because electrochemical processes can help to
transform refractory organic pollutants into intermediate
products that can be utilized by microorganisms.'**'*” Addi-
tionally, more CO, is generated in 3D-BER, providing an inor-
ganic carbon source for autotrophic microorganisms and
serving as a pH buffer for the reaction process. Li et al. designed
a 3D-BER with GAC as a particle electrode, which promoted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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biofilm formation due to its high specific surface area and good
conductivity. They achieved over 95% removal of TBBPA in
120 min at 5 V. The synergy of electricity and the biofilm in
TBBPA degradation was significant, given that electrical stim-
ulation enhanced the microbial activity, accelerating debromi-
nation and the decomposition of TBBPA.'*® Guo et al. designed
polyaniline-loaded AC as a 3D particle electrode in a 3D-BER for
removing DEX from micro-polluted oligotrophic groundwater.
This system achieved a DEX removal efficiency of 95.7%, which
was 14.1% higher than that in the 2D bio-electrochemical
system. This improvement was attributed to the abundance of
functional microbes with electron transfer ability and reductive
dehalogenating genera in the 3D system, leading to a higher
copy number of functional genes.'® Sun and Zhu demonstrated
that the MNZ removal kinetics in a 3D-BER system followed the
pseudo-first-order model, with a maximum rate constant of
0.853 h™". This value was significantly higher compared to that
of pure microorganisms and pure electrochemical reactors by
4.1 and 2.8 times, respectively.''® They further developed a 3D
biofilm electrode magnetism reactor (3D-BEMR) for the removal
of NPX. The results showed that the average removal efficiency
of NPX in 3D-BEMR was 88.36%, marking a substantial
improvement over the 3D-biofilm reactor, 3D biofilm magne-
tism reactor, and 3D-BER by 75.24%, 65.03%, and 12.36%,
respectively. This enhancement was attributed to the effects of
electro-magnetic adsorption, electro-oxidation catalysis, and
electro-magnetic biodegradation, as well as the presence of
high-abundance genera in 3D-BEMR."" The possible degrada-
tion mechanism of coking water by GAC in the 3D-BER is shown
in Fig. 7.

The study conducted by An et al. demonstrated that a pho-
toelectrochemical process utilizing MnO,@GAC as particle
electrodes and TiO, as the photocatalyst outperformed elec-
trochemical oxidation alone in terms of MB degradation.

Power supply

View Article Online
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Specifically, the photoelectrochemical process achieved
a decolorization efficiency of 95% and COD reduction of 87%,
whereas the single electrochemical process only achieved
a decolorization efficiency of 78% and COD reduction of 68%.""
This team also studied the photoelectrocatalytic degradation of
oxalic acid. Their findings indicated that oxalic acid could be
degraded more effectively through the photoelectrocatalytic
process compared to degradation through photocatalytic or
electrochemical oxidation individually.'** BiFe@Bent particle
electrodes were utilized in a 3D-EF system to degrade EX under
visible light. This study revealed that EX was degraded into CO,,
H,0, and SO, through photoelectrocatalytic degradation. The
exceptional oxidative capacity of BiFe@Bent was attributed to
its efficient generation of H,0,, multiple sources of active
species, and involvement of all active species (-OH, h* and
‘0,7). The possible mechanism is shown in Fig. 8.'*

particle electrode

Fig. 8 Possible mechanism for the photoelectrocatalytic degradation
of EX by BiFe/Bent particle electrodes. Reproduced from ref. 114 with
permission from [Elsevier], copyright [2021].
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Fig. 7 Possible degradation mechanism of coking water by GAC in the 3D-BER. Reproduced from ref. 104 with permission from [Elsevier],

copyright [2023].
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CuFe,0,@RM was synthesized and utilized for the photo-
electrochemical activation of persulfate in the degradation of
CIP. The highest removal efficiency of CIP (71.39%) was
observed after 60 min under the optimized conditions of
CuFe,0,@RM dosage of 1.0 g L', persulfate concentration of
9 mM, pH of 7, and applied current of 640 mA. Additionally, the
maximum removal efficiencies of COD and TOC in the CIP
solution were approximately 49.21% and 35.7% after 60 min,
respectively. This study revealed the synergistic effects of visible
light, electric field, and persulfate in the photoelectrochemical-
persulfate system.''>''¢

A significant synergistic effect was also observed when elec-
trolysis, ozone, and GAC were combined in the treatment of NB,
resulting in the remarkable removal of TOC (95.58%) within
120 min due to the abundant production of -OH radicals. This
combined process also demonstrated a higher energy efficiency
ratio for -OH production compared to individual electro-
chemical processes. The results indicated that -OH electro-
chemical oxidation, peroxone reaction, GAC-catalyzed ozone
reaction, and electro-reduction of ozone reactions contributed
to 12.50%, 37.50%, 8.75%, and 31.25% of -OH generation,
respectively. The possible degradation mechanism of NB by
GAC in the 3D-ER/O; is shown in Fig. 9. The treatment of
pharmaceutical production wastewater using electrolysis with
3D electrodes, ozonation, and their combined process (3D-ER/
0;) was investigated by Zhan et al.**® The wastewater had a high
organic concentration (TOC of 13 475 mg L™ ') and high acute
toxicity (100% inhibition of luminescent bacterial Vibrio
fischeri). After 6 h of treatment, individual ozonation and 3D-ER
with GAC as particle electrodes removed approximately 23%
and 43% of TOC, respectively. However, the acute toxicity of the
wastewater was minimally reduced by these individual
processes. In contrast, the 3D-ER/O; process increased the TOC
abatement to around 71% and reduced the luminescent

View Article Online

Review

bacterial inhibition to less than 70%. These improvements were
primarily due to the enhanced -OH production in the 3D-ER/O;
process through various reaction mechanisms, such as the
reaction of sparged O; with in situ-generated H,0O,, electro-
chemical reduction of Oz, and GAC-catalyzed O; decomposi-
tion. Consequently, this enhanced the oxidation of organics in
the bulk and that adsorbed on the GAC particle electrodes.

4. Applications for typical pollutants
4.1 3D-ER used for medicine treatment

Antibiotics are one of the most commonly used and successful
drugs in human and animal medicine. Nevertheless, the
extensive use of antibiotics has led to the spread of antibiotic-
resistant bacteria, presenting a great threat to the human
body and environment. As can be seen in Table 1, many
medicines can be treated by 3D electrochemical systems. Ti-Sn—-
Sb@v-Al, O3 particle electrodes were prepared and utilized for
the degradation of OTC. The removal efficiencies of OTC and
TOC achieved were approximately 92.0% and 41.0%, respec-
tively, under the optimal operating conditions. Furthermore, it
was observed that the main role played by the Ti-Sn-Sb@v-
Al,O; particle electrodes in the 3D electrode electrolysis process
was the potent oxidizing capability of -OH.” CuFe,O, magnetic
nanoparticles were utilized in a 3D electrochemical process for
the degradation of ATZ. The highest efficiency in ATZ degra-
dation (>99%) and removal of TOC (22.1%) were observed after
35 min with a CuFe,O, dosage of 3.0 g L, Na,S,04 concen-
tration of 4.0 mM, current density of 4 mA cm ™2, and initial pH
of 6.3. The CuFe,0, electrodes demonstrated good stability over
five runs under the optimal conditions. The primary reactive
radicals involved in the ATZ degradation process were sulfate
radicals (-SO,>7).* Song et al. discovered that volcanic rocks
could efficiently degrade NOR at a low voltage (4 V) within

+ DC power N

05

i
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=
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whd/ \A 1. 7, :
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Fig.9 Possible degradation mechanism of NB by GAC in 3D-ER/O=. Reproduced from ref. 45 with permission from [Elsevier], copyright [2020].
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40 min across a wide pH range (3-11). In acidic environments,
the removal of NOR exceeded 85%. After six cycles, the weight
loss rate of the volcanic rocks was measured to be 3.87%. The
volcanic rock 3D system generated -OH and O, .*** The surface
of the volcanic rock was identified as the primary site for NOR
degradation.” Rahmani et al. investigated the electrocatalytic
performance of porous carbon felt/PbO, and planar Ti/PbO,
anodes in a 3D-ER system with GAC particles for the synergistic
degradation of DIU herbicide. Under the optimal conditions
(pH = 4.7, current density = 13.5 mA cm™?, Na,SO, concen-
tration = 0.04 M, and DIU concentration = 40 mg L), the 3D-
ER system with carbon felt/PbO, and Ti/PbO, anodes achieved
TOC mineralization efficiencies of 100% and 63.8% after
50 min, respectively. In the absence of GAC particles, the elec-
trocatalytic efficiencies of the carbon felt/PbO, and Ti/PbO,
anodes for TOC removal were 85.5% and 42.7%, respectively.
Furthermore, the COD removal efficiencies after 300 min in the
3D-ER system with carbon felt/PbO, and Ti/PbO, electrodes
were 95% and 62.5%, respectively.” Zhou et al. investigated the
degradation of BH using Fe;0,-SnO,@GO particle electrodes.
The Fe;0,~-Sn0O,@GO system exhibited superior electrocatalytic
activity and impressive stability compared to 2D systems,
achieving a BH removal efficiency of 94.8% within 90 min.
Notably, even after five cycles, the ternary composite retained its
strong pollutant oxidation capability. Quenching experiments
indicated that -OH served as the primary active species in the
3D-EF system, leading to the oxidation of BH into CO,, H,O, or
other byproducts.*** Chen et al. investigated the electrochemical
degradation of DOX in combination with PMS activation using
VER powder as particle electrodes in a 3D-ER. The results
demonstrated that the introduction of VER particles enhanced
the electrochemical conversion efficiency of the 3D-ER by
boosting the OEP and preventing oxygen evolution side reac-
tions. Quenching experiments revealed that -SO,°>~ was the
primary reactive oxygen species in the system."*

4.2 3D-ER used for dye treatment

Dyes, particularly azo dyes with chromophores, are significant
components in wastewater. Ren et al. utilized the combination
of a 3D-ER system and y-Fe,O3-CNT particle electrodes for the
treatment of RhB dye wastewater. The results demonstrated an
impressive COD removal efficiency of over 99.61% within just
7 min. The enhanced catalytic activity of the system was
primarily attributed to the charge transfer pathway within the y-
Fe,0;-CNT structure, which facilitated electron mass transfer.
The degradation of RhB was observed to progress through five
stages including deethylation, chromophore cracking, deben-
zylation and deamination, ring opening, and mineralization,
with -OH playing a crucial role in the process. Following the
reaction, the majority of RhB was converted into CO, and H,O.
Furthermore, this study highlighted that the Fe**/Fe*" circu-
lating system established between the anode and cathode
significantly contributed to the high degradation efficiency of
RhB. Remarkably, even after five cycles of experiments,
a degradation efficiency of 92.55% was maintained.*® Zhou et al.
developed a CuFeO@kaolin particle electrode for the efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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removal of Orange G, achieving a high electrochemical degra-
dation efficiency of 99.48% with an EEC of 0.88 kW h m ™ and
CE of 11.91% after 60 min under neutral condition. The inter-
action between CuFeO and kaolin resulted in the formation of
a stable Fe-O-Al bond. Radical scavenging experiments
confirmed the generation of both -OH and -O, , with -OH
being the predominant species responsible for the efficient
degradation of Orange G through various mechanisms such as
desulfonation, decolorization, naphthalene opening, and
benzene opening. The CuFeO@kaolin catalysts exhibited high
stability, maintaining the Orange G removal efficiency of
92.18% after 8 cycles with minimal ion leaching.*® The use of
Fe;O,@carbon black for MO removal resulted in the removal
efficiency of 93.75% of MO and 75.02% of COD. Even after 5
cycles, the MO degradation efficiency remained at 83.83%,
demonstrating the good reusability of Fe;O,@carbon black.*
Table 2 provides a comprehensive list of the dyes treated in
a 3D-ER by different particle electrodes.

4.3 3D-ER used for nitrogen treatment

3D electrodes have been demonstrated for the effective treatment
of NH,'-N and TN pollution. Li et al. conducted a study utilizing
a 3D electrode for NH,'-N removal in water, achieving a removal
efficiency of over 99%. Furthermore, it was observed that
increasing the salt content in the reaction system could enhance
the overall reaction efficiency.”®® A composite particle electrode
was developed utilizing Co as the catalyst, AC as the carrier, and
acetylene black as the conductor. The electrode contained three
valence states of Co including Co°, Co®", and Co®". The experi-
mental results indicated that 95% of TN removal was achieved at
a current of 0.4 A, pH of 7, HRT of 60 min, and initial TN
concentration of 20 mg L~ ". The presence of Cl~ was found to
enhance the removal of TN, while HCO,;~, PO,*~, CO5*", and
dissolved organic matter were identified as inhibitors. Cyclic
voltammetry and ESR analysis revealed that nitrate was directly
reduced by Co” and indirectly reduced by H-.1*

4.4 3D-ER used for EDC treatment

3D electrolysis has been effectively utilized in the treatment of
various wastewater. However, most studies have primarily
focused on treating highly concentrated organic wastewater,
with only a limited number of investigations exploring the
removal of trace-level pollutants. Shen et al. discovered that
when treating estriol with granular graphite as particle elec-
trodes, the reaction rate per unit area in batch mode was 3.23-
5.75 times higher than that in the conventional 2D-ER, while
the EEC was only 1/7-1/5 of the latter. Progesterone and 3a-
hydroxy-5a-androstane-17-one were identified as degradation
intermediates of estriol. The mechanism analysis revealed that
indirect oxidation was the primary contributor to estriol
degradation, with the repolarization of particle electrodes
playing a role in the degradation process.” Chen et al. investi-
gated the use of an N-GH aerogel as particle electrodes in a 3D-
ER for treating BPA. Under the optimal condition, the degra-
dation efficiency of 15 mg L' BPA solution surpassed 90% after
only 30 min of treatment. Additionally, the COD removal
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DEc;(vr) = 98.52% =+ 1.48%, DEgpy

98.00% + 1.17%

pH =3.0,¢t =30 min, U=25V

80 mg L', BPA

20 mg L*

Cr(vi)

Polypyrrole@rGO

A: DSA, C: SS
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efficiency was measured to be 85%. Furthermore, after over 50
cycles of reuse, the degradation efficiency of BPA remained
above 85%, while the COD removal efficiency stabilized at
approximately 73%. The mechanisms involved the continuous
attack of -OH generated by water electrolysis on the aromatic
ring, leading to the formation of various intermediates such as
hydroxylated-BPA, isopropylphenol, hydroquinone, phenol,
butantetraol, maleic acid, and oxalic acid. Ultimately, these
compounds were mineralized into CO, and H,0.®” Zn-Fe-rich
GSC was proven to be a typical macroporous material with
a large specific surface area and superior electrochemical
properties. It showed good electrocatalytic activity in degrading
BPA, with 89.56% of BPA being degraded in a continuous-flow
3D-ER. This degradation was attributed to the collaboration
between the iron oxide and zinc oxide components.***

4.5 3D-ER used for the treatment of other pollutants

In addition to the above-mentioned four common pollutants, 3D-
ER has also been successfully used to treat phenol, pesticides,
and other organic pollutants. Table 3 demonstrates the effec-
tiveness of treating various organic pollutants. The CB-PTFE
material showed enhanced and longer-lasting activity. Treat-
ment of a 100 mg L~ " phenol solution resulted in the removal of
100% of phenol and 80% of COD after 120 min, with a low EEC of
0.08 kW h g~" COD. In the CB-PTFE-based 3D system, a current
density of 10 mA cm > was sufficient for all the CB-PTFE particles
to reach a cathodic potential of —0.67 V/SCE, promoting the
production of H,0, and -OH in the presence of Fe**. The
degradation of phenol was mainly attributed to the -OH-
mediated indirect oxidation process.’** Column granular elec-
trodes were fabricated using Co-loaded PAC, and subsequently
utilized in a continuous 3D-ER for the removal of HA. This
process resulted in a significant removal efficiency of 95.3% for
COD under the specific operating conditions of current of 0.3 A,
HRT of 8 min, pH of 7.0, electrolyte concentration of 100 mM
Na,SO,, and initial HA concentration of 200 mg L% The pres-
ence of a substantial amount of H" in the electrochemical reac-
tions was confirmed through ESR spectroscopy. Moreover, the 3D
electrochemical system effectively decomposed HA into smaller
molecular fragments.>” Chen et al. focused on the degradation of
salicylic acid using Mn-loaded Cu-Fe particle electrodes. The
efficiency of salicylic acid degradation reached 76.9% under the
optimal conditions. Salicylic acid underwent decarboxylation and
substitution reactions before being mineralized through a ring-
opening reaction facilitated by the presence of -OH.*** A bime-
tallic aerogel-like carbon material composed of Cu, Fe, and
sodium alginate was synthesized and utilized as catalytic particle
electrodes for the removal of FA. The removal efficiency for FA
ranged from 74.4% to 82.9% across a wide pH range of 3 to 7
under an applied voltage of 2.5 V. The comparative experimental
data revealed that the 3D-EF system exhibited higher efficiency in
both FA degradation and mineralization compared to the 2D-EF
system. Trapping experiments indicated that the primary
contributor to FA degradation and mineralization was the -OH
radical generated through a heterogeneous Fenton-like reaction.
The proposed mechanism likely involved processes such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption, anode oxidation, and heterogeneous/homogeneous
Fenton-like reactions.” BFD particle electrodes were specifi-
cally designed as particle electrodes for the treatment of saline
PVA wastewater. The degradation efficiency of PVA reached
89.33% within 120 min under the specific conditions of a current
density of 30 mA em 2, electrode distance of 30 mm, pH of 7.0,
and particle electrode filling degree of 50%. The degradation of
PVA was achieved through direct catalytic oxidation. The scav-
enger experiments indicated that free radicals, specifically -OH
and HCIO, played significant roles in the degradation of PVA
wastewater.”® In a continuous-flow 3D-EF system packed with
Fe-Cu@carbon black particles, an average p-NP removal effi-
ciency of 88% and an average COD removal efficiency of over 76%
were achieved after 6 h. This system exhibited minimal sensitivity
to solution pH in the range of 4.0 to 10.0, with a specific EEC of
approximately 0.089 kW h g~ ' COD.***

4.6 3D-ER used for real wastewater treatment

Some studies have investigated the practical industrial applica-
tions of particle electrodes in various wastewater, such as cyanide
wastewater, coal chemical water, coking wastewater, and espe-
cially for landfill leachate, as shown in Table 4. Yu and Pei
examined the efficiency of a 3D electrode dynamic reactor with
iron carbon granules in removing pollutants from landfill
leachate. Their study found that increasing the current density or
decreasing the flow rate improved the pollutant removal effi-
ciency. The optimal process parameters were determined to be
a current density of 16 mA cm > and flow rate of 0.75 L h™*,
resulting in the removal of 60.02% of TOC, 96.50% of chroma,
64.98% of COD, and 99.46% of NH,'-N. Additionally, the char-
acteristic peaks of refractory organic pollutants were reduced by
97.95%, and the BOD/COD increased from 0.24 to 0.32 after the
reaction. Notably, 85.90% of IBU, an emerging trace organic in
landfill leachate, was successfully removed.*** Song et al
demonstrated that a 3D-ER exhibited a higher efficiency in
removing NH, -N compared to COD in landfill leachate. Specif-
ically, the 3D electrode composed of Fe@BC achieved a removal
efficiency of 98.6% for NH,'-N and 95.5% for COD.'™ Li et al.
utilized Al particles as granular electrodes within a 3D electrode
system, resulting in a significant mineralization efficiency for
landfill leachate. At a current density of 5.5 A m >, the EEC was
measured to be 42.46 kW h kg~' COD, indicating that the 3D
electrode required a lower energy input, while effectively treating
landfill leachate.®® Hu et al. investigated the efficiency of a 3D
electrode system utilizing Fe-Cu@needle coke particle electrodes
for the removal of COD, NH,'-N, TN, and chromaticity in landfill
leachate. The results showed that 94.2% of COD, 93.8% of NH, "~
N, 90.3% of TN, and 99% of chromaticity were successfully
eliminated.® In a separate study on recalcitrant chemical
industry wastewater treatment using GAC as particle electrodes,
49% of COD was removed at an EEC of 6.59 kW h kg™". However,
it was observed that GAC experienced slow attrition during
electrolysis, indicating a potential challenge for scaling up
operations. This issue can lead to a gradual decrease in the liquid
holding capacity of the carbon bed due to stratification and the
accumulation of carbon fine dust.*
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5. Future scope
5.1 Appropriate selection of particle electrodes

Electrode materials are crucial for 3D-ER, particularly particle
electrodes, which play significant roles in pollutant degrada-
tion. Ideally, particle electrode materials should exhibit good
conductivity, high corrosion resistance, non-toxicity, and good
biocompatibility. Currently, GAC is a widely used material due
to its favorable electrochemical performance, large specific
surface area, and biocompatibility. However, GAC has some
drawbacks. For example, during the electrolysis process, GAC
may be crushed, resulting in the presence of ash particles in the
treated wastewater, necessitating further separation. Moreover,
when selecting electrode materials, the principle of ‘waste
utilization’ should be followed to prevent secondary pollution
and reduce costs."*® Meng et al. developed GSC particle elec-
trodes converted from waste sludge, which not only aid in
degradation but also enable sludge recycling.”* Additionally,
certain metal slag can serve as particle electrodes, helping to
avoid the wastage of metal resources.'?®'*13»14¢ particle mate-
rials should be conducive to adsorption, electron transfer, and
ROS formation, thereby enhancing the electrocatalytic perfor-
mance in pollutant decomposition.**** Hence, it is crucial to
consider factors such as increasing the active sites of particle
electrodes, improving the OEP, suppressing side reactions such
as oxygen evolution, and enhancing the production of active
substances such as -OH and active chlorine.*>%%12¢

5.2 In-depth investigation of mechanisms

Past research has predominantly focused on the factors influ-
encing the degradation process, with limited exploration of the
underlying mechanisms. Particle electrodes typically possess
adsorption capacity, raising questions on how the adsorption
process impacts electro-degradation. When 3D-ER is combined
with other methods such as microbial degradation, photo-
catalytic degradation, or other forms of oxidation, it is essential
to clarify the respective contributions of each method to the
degradation efficiency. For instance, in a 3D-BER system, the
large pore diameter and specific surface area of the particle
electrodes can promote microbial growth. However, the poten-
tial competitive relationship between microbial growth and
electrochemical degradation remains unclear. Thus, investi-
gating how current and microorganisms collaborate can be
a crucial area for future research.

5.3 Consideration of economic feasibility and toxicity of the
end products

In addition to the removal efficiency of pollutants, the cost and
recyclability of particle electrodes should also be considered
when evaluating the economic feasibility of 3D-ER. Factors such
as reactor design, electrode selection, parameter optimization,
and EEC should be considered. It is also important to assess
whether the degradation products become less toxic. Some
studies have shown a significant reduction in toxicity compared
to the original pollutants, but the toxicity results are often not
mentioned.”»"*®"® Therefore, the key challenge in the 3D

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrocatalytic oxidation process is the development of elec-
trode materials that are cost-effective, lower the EEC, and
exhibit significant degradation effects and decreased toxicity.

6. Conclusion

3D-ER, as a type of advanced oxidation technology, offers the
advantage of not requiring an additional oxidiser. It has shown
promising progress in wastewater treatment and holds a posi-
tive application outlook. Herein, we presented a thorough
investigation into the reactor structure, particle electrodes, key
process parameters, and EEC. In comparison to the traditional
2D-ER, 3D electrode technology is cost-effective and allows easy
expansion of the reaction area throughout the reactor. However,
challenges such as efficiency loss due to mass transfer limita-
tions and side reactions, the formation of toxic by-products, and
electrode durability and stability need to be addressed for its
successful large-scale implementation. Future research should
focus on selecting appropriate particle electrodes, optimizing
process parameters for electrocatalysis, and resolving issues
related to particle electrode replacement to optimize the use of
3D electrode systems in wastewater treatment.
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Particle electrode
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AC Activated carbon

AP Attapulgite

BC Biochar

BiF@Bent Bentonite-based bismuth ferrites
BDD Boron-doped diamond

BFD Blast furnace dust

CB-PTFE Carbon black-polytetrafluoroethylene
CPU-PPy-GH Graphene-polyurethane-graphene
CuFe,0,@RM Red mud-based CuFe,0,

DSA Dimension-stable anode

GAC Granular activated carbon

GH Graphene

GSC Granular sludge carbon

MMT Montmorillonite

MWCN Multi-walled carbon nanotubes
N-GH N-doped graphene

PAC Pallet activated carbon

PCP Porous ceramsite particle

RM Red mud

SS Stainless steel

VER Vermiculite

VIM Vanadium-titanium magnetite

Experimental parameters

A Anode

C Cathode

CE Current efficiency

DE Degradation efficiency

EEC Electrode energy consumption
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HRT Hydraulic retention time

J Current density

KPS Potassium persulfate

PE Particle electrode

PMS Peroxymonosulfate

ROS Reactive oxygen species

o Electric conductivity

2D-ER Two-dimensional electrode reactor
3D-ER Three-dimensional electrode reactor
3D-BER Three-dimensional biofilm electrode reactor
Pollutants

ACV Acyclovir

AMX Amoxicillin

ATZ Atrazine

ARB Arbidol

BH Berberine hydrochloride
CAP Chloramphenicol

CBZ Carbamazepine

CIP Ciprofloxacin

COD Chemical oxygen demand
DEX Dexamethasone

DIU Diuron herbicide

DOX Doxycycline

EX Ethyl xanthate

FA Fulvic acid

HA Humic acid

IBP Ibuprofen

LEV Levofloxacin

MO Methyl orange

MNZ Metronidazole

NB Nitrobenzene

NOR Norfloxacin

NPX Naproxen

OTC Oxytetracycline

p-NP p-nitrophenol

PAP p-aminophenol

PCP Pentachlorophenol

PVA Polyvinyl alcohol

RhB Rhodamine B

SA Sulfanilamide

SDS Sodium dodecyl sulphate
SMA Sulfamethazine

SMX Sulfamethazole

TBBPA Tetrabromobisphenol

TC Tetracycline

2,4-D 2,4-Dichlorophenoxyacetic acid
2,4-DCP 2,4-Dichlorophenol
2,4-DNP 2,4-Dinitrophenol

4-CP 4-Chlorophenol
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