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Electrochemical treatment technologies have emerged as promising
alternatives for the efficient removal of organic pollutants, heavy metals,
nutrients, and pathogens from complex wastewater streams. This review
presents recent advances in the process design and performance evaluation
of electrochemical systems, with a particular focus on the role of electrode
material innovations. Electrochemical oxidation and reduction processes,
including anodic oxidation, electro-Fenton, and electrocoagulation, offer
high treatment efficiency, environmental compatibility, and minimal
chemical usage. The success of these processes is largely governed by the
electrode material, which influences pollutant degradation pathways,
energy consumption, and system durability. Advances in electrode
materials such as boron-doped diamond (BDD), titanium suboxides,
carbon-based composites, and doped metal oxides have significantly
improved catalytic activity, corrosion resistance, and pollutant selectivity.
Process configurations, including batch, continuous flow, and integrated
hybrid reactors, are discussed in terms of mass transfer efficiency, energy
utilization, and scalability. Experimental studies reveal that BDD
electrodes exhibit exceptional mineralization capabilities for persistent
contaminants due to their high overpotential for oxygen evolution, while
carbon-based electrodes offer cost-effective alternatives with tunable
surface properties. Moreover, the coupling of electrochemical systems with

biological or membrane-based units enhances overall treatment efficiency
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and reduces operational costs. Process modeling and real-time control
strategies are also gaining traction, enabling optimized current density,
residence time, and electrolyte concentration to improve removal
efficiency and minimize by-product formation. Despite these
advancements, challenges remain in terms of material cost, electrode
fouling, and energy demands for large-scale deployment. Future research
should focus on the development of low-cost, high-performance electrode
materials, modular reactor designs, and renewable energy integration. This
review concludes that electrochemical treatment systems, underpinned by
strategic electrode engineering and process optimization, hold great
promise for sustainable wastewater management across industrial and
municipal applications.

Keywords: Electrochemical Treatment, Wastewater, Electrode Materials,

Anodic Oxidation, Boron-Doped Diamond, Electrocoagulation, Pollutant

Degradation, Energy Efficiency, Process Design, Electro-Fenton.

1.0.

The global challenge of wastewater management

Introduction

continues to grow as urbanization, industrialization,
and population expansion place increasing pressure
on water resources. The contamination of water
bodies with pollutants such as organic matter,
nutrients, heavy metals, pharmaceuticals, and
industrial chemicals poses a significant threat to both
human health and the environment (Ajayi, et al,
2020, Ikeh & Ndiwe, 2019, Orieno, et al., 2021).
Traditional wastewater treatment methods, although
widely used, often face limitations in terms of
efficiency, energy consumption, cost, and the ability
to treat complex or recalcitrant pollutants. As a result,
there is a growing demand for more advanced,
sustainable, and effective treatment technologies to
meet stringent regulatory standards and address the
evolving nature of wastewater contamination.

Among the promising technologies for wastewater
treatment, electrochemical methods have gained
significant attention due to their versatility, high
efficiency, and ability to treat a wide range of

pollutants, including those that are difficult to

remove using conventional methods. Electrochemical
treatment processes, such as electrocoagulation,
electrooxidation, and electroflotation, offer several
advantages, including the ability to degrade organic
pollutants, remove heavy metals, disinfect pathogens,
and reduce sludge production (Bristol-Alagbariya,
Ayanponle & Ogedengbe, 2022, Ogunwole, et al.,
2022). These processes are particularly attractive due
to their environmentally friendly nature, as they
typically do not require the use of toxic chemicals or
harmful

electrochemical techniques can be easily integrated

generate by-products. Moreover,
into existing treatment systems, offering the potential
for retrofitting and enhancing the performance of
conventional treatment plants.

The efficiency of electrochemical treatment processes
the

electrochemical cell and the selection of appropriate

is heavily influenced by design of the
electrode materials. Electrodes serve as the critical
interface for electrochemical reactions, and their
performance plays a key role in determining the
overall effectiveness and energy consumption of the

treatment process. The development of advanced
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electrode materials, including those with high surface
area, conductivity, and durability, is essential for
optimizing electrochemical treatment processes (Ayo,
et al.,, 2023, Elete, et al., 2023, Kokogho, et al., 2023).
Materials such as carbon-based electrodes, metal
oxides, and novel composites are being explored to
enhance the performance of electrochemical systems,
increase pollutant removal efficiency, and extend the
lifespan of electrodes.

This paper aims to provide an overview of the latest
advances in the electrochemical treatment of
wastewater, with a particular focus on process design
and electrode material performance evaluation. By
recent electrode

examining developments in

materials, system configurations, and treatment
strategies, this paper seeks to highlight the potential
of electrochemical methods as a sustainable solution
for addressing complex wastewater challenges. The
scope of this paper includes a review of key
electrochemical processes, the factors influencing
electrode performance, and the ongoing research
aimed at optimizing these systems for real-world
applications. Through this exploration, the paper
contribute to the

aims to understanding of

electrochemical treatment methods and their
potential to revolutionize wastewater treatment
technologies.

2.1.  Methodology

A systematic and integrative methodology was
employed to develop a comprehensive framework for
analyzing advances in electrochemical treatment of
wastewater, with a particular emphasis on process
design and electrode material performance. The study
began with an extensive literature search guided by
established protocols for systematic reviews. Relevant
articles were selected from interdisciplinary journals,
those environmental

including focusing on

sustainability, energy systems, and advanced

materials engineering. The works of Adeoba et al.
(2018) on phylogenetic modeling informed the

structure of data classification, while methodologies

from Adewoyin (2021, 2022) and Adikwu et al. (2023)
provided foundational frameworks on risk assessment,
compliance, and process integration in engineering
systems.

A conceptual model was constructed by integrating
design principles drawn from comparative case
studies and simulation-based approaches. Data on
electrochemical system design parameters, including
cell configuration, power input, electrode spacing,
flow rates, and pollutant loads, were gathered from
experimental and industrial literature. Special
attention was given to electrode material properties
such as conductivity, corrosion resistance, surface
area, and recyclability, incorporating insights from
Afolabi and Akinsooto (2023),

material  stability

who examined
under  high-performance
mechanical applications.

The modeling process employed both deterministic
and scenario-based techniques to simulate pollutant
removal efficiencies and energy consumption profiles.
The simulations were benchmarked against real-
world case studies and historical performance metrics
available in previous studies on green drilling and
(Agho et al, 2022, 2023).

validation was performed using

carbon capture
Subsequently,
literature triangulation and cross-verification of
design outputs with reported data on chemical
oxygen demand (COD), total suspended solids (TSS),
and heavy metal removal from electrocoagulation
and electrooxidation processes.

The integration phase focused on evaluating the
trade-offs between performance, cost, and
environmental footprint using multi-criteria decision
analysis. Lifecycle assessment principles were adapted
to estimate the embodied energy of various electrode
materials, while circular economy models were
referenced to propose reuse and regeneration
strategies. Risk analysis and health-safety compliance
insights from Adikwu et al. (2023) and Onukwulu et
al. (2023) were incorporated to ensure alignment

with industry standards and regulatory expectations.
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The final output was the formulation of a conceptual
model for electrochemical wastewater treatment
systems that offers enhanced removal efficiency,
lower environmental impact, and  greater
compatibility with existing treatment infrastructures.
This model emphasizes real-time operability, material
sustainability, and scale-up potential for broader
industrial applications. All findings were interpreted
in the context of advancing a clean-tech future

through the adoption of data-driven, material-smart

wastewater treatment systems.

Literature Selection ]

y

Conceptual Framework
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!
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!
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Figure 1: Flow chart of the study methodology

2.2.

Wastewater Treatment

Fundamentals of Electrochemical
Electrochemical wastewater treatment is a rapidly
advancing field that offers significant promise in
addressing complex and challenging pollutants in
wastewater streams. It leverages electrochemical
principles, particularly the processes of oxidation and
reduction, to degrade organic contaminants, remove
The

fundamental concept of electrochemical wastewater

toxic metals, and facilitate disinfection.

treatment revolves around the interaction between

electrodes and the contaminants in the wastewater,

where electrical energy is used to drive reactions that
result in pollutant removal. These processes can be
implemented in a variety of configurations and are
adaptable to treat a wide range of effluent types,
making electrochemical methods an attractive option
for modern wastewater treatment systems.

At the core of electrochemical treatment processes
are the principles of electrochemical oxidation and
reduction. Electrochemical oxidation occurs at the
anode, where pollutants in the wastewater are
oxidized through the transfer of electrons from the
This
the breakdown of

contaminant molecules to the electrode.

electron transfer leads to

contaminants into smaller, often less toxic
compounds, which can be easily removed or further
degraded in the treatment system (Bakare, et al., 2023,
Eyeghre, et al., 2023, Lottu, et al., 2023). Conversely,
electrochemical reduction occurs at the cathode,
where electron-rich species, such as metal ions, are
reduced to less harmful forms or precipitate out of
the solution. These oxidation and reduction reactions
are integral to various electrochemical treatment
processes and enable the removal of pollutants by
converting them into harmless or recoverable forms.
Figure 2 shows figure of wastewater treatment plant
with EC process presented by Koyuncu & Ariman,

2020.
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Figure 2: Wastewater treatment plant with EC

process (Koyuncu & Ariman, 2020).
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One of the most widely studied electrochemical
treatment processes is anodic oxidation. In this
the

electrochemical reactions

process, wastewater is  subjected to

at the anode, where
pollutants such as organic compounds and heavy
metals undergo oxidation. Anodic oxidation leads to
the generation of hydroxyl radicals (*OH), which are
highly reactive species capable of breaking down a
wide range of organic pollutants. These radicals play
a central role in degrading complex molecules into
simpler, less harmful by-products, making anodic
oxidation effective for treating wastewater containing
like

industrial

organic compounds dyes, pesticides,

pharmaceuticals, and chemicals
(Daraojimba, et al., 2021, Egbumokei, et al., 2021,
Sobowale, et al., 2021). The efficiency of anodic
oxidation depends on factors such as the electrode
material, current density, applied voltage, and the
nature of the contaminants. In particular, the choice
of anode material is crucial in determining the rate of
oxidation and the generation of reactive species.

Electrocoagulation is another important
electrochemical treatment process that has gained
significant attention for wastewater treatment. In this
process, an electric current is passed through
electrodes immersed in the wastewater, causing the
dissolution of metal ions (typically iron or aluminum)
from the anode. These metal ions then form metal
hydroxides, which act as coagulants to destabilize and
aggregate suspended particles, oils, and organic
matter present in the wastewater. The flocculated
particles are then removed by sedimentation or
filtration (Onyeke, et al., 2022, Orieno, et al., 2022,
Ozobu, et al., 2022). Electrocoagulation is particularly
effective for removing suspended solids, emulsified
oils, and certain dissolved metals, making it suitable
for treating wastewater from industries such as food
processing, textiles, and petroleum. One of the
advantages of electrocoagulation is that it can treat
wastewater without the need for additional chemical

coagulants, reducing the potential for secondary

pollution. Additionally, the process can be easily

integrated into existing wastewater treatment

systems, making it a cost-effective solution for small-
to medium-scale operations. Electrochemical
treatment technologies for industrial wastewater

presented by Devda, et al., 2021 is shown in figure 3.

O ite1 i Degradation of
oxidation refractory organics

Deposition of
valuable metals
Denitrification

Retrievable resources and
Valuable products

Electrochemical
Technologies for
Wastewater
Treatment

+ N, P and Sulfur
+ Chemicals
* Hydrogen

Removal of oil *+ Heavy metals

Removal of color

* Desalination
* Reuse of water

Figure 3: Electrochemical treatment technologies for
industrial wastewater (Devda, et al., 2021).
Electro-Fenton and other advanced electrochemical
advanced oxidation processes (AOPs) are some of the
most electrochemical methods for

powerful

degrading refractory organic pollutants and
improving the biodegradability of wastewater. The
Electro-Fenton process is a variation of the
traditional Fenton reaction, which uses hydrogen
peroxide (H,O;) and ferrous ions (Fe?") to generate
hydroxyl radicals that are capable of breaking down a
wide range of organic pollutants. In the Electro-
Fenton process, the required hydrogen peroxide is
generated in situ at the cathode through the
electrochemical reduction of oxygen, while ferrous
ions are either added to the system or generated from
a ferrous electrode (Chukwuma, et al. 2022, Johnson,
et al., 2022, Ogunwole, et al., 2022). The generated
hydroxyl radicals are highly effective at oxidizing
complex organic compounds, including
pharmaceuticals, pesticides, and persistent industrial
chemicals. Electro-Fenton is particularly effective for
treating wastewater containing high concentrations
of organic pollutants that are difficult to degrade
using conventional biological methods.

In addition to Electro-Fenton, other advanced
electrochemical AOPs, such as the electrochemical

ozonation and photoelectrocatalysis, have been
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explored for wastewater treatment. Electrochemical

ozonation combines ozone generation Wwith
electrochemical processes, enhancing the oxidation
capacity of ozone and improving its efficiency in
degrading organic pollutants. In photoelectrocatalysis,
light irradiation is combined with electrochemical
processes to generate highly reactive species, leading
to the degradation of pollutants (Akintobi, Okeke &
Ajani, 2022, Ezeanochie, Afolabi & Akinsooto, 2022).
These advanced processes are highly effective for
treating recalcitrant organic compounds and are
increasingly being integrated into hybrid systems to
improve the overall performance of electrochemical
wastewater treatment.

One of the key advantages of electrochemical
treatment their

wastewater technologies  is

environmental compatibility. Unlike traditional
treatment methods, which often rely on chemical
additives and produce large volumes of sludge,
electrochemical treatments typically use minimal
amounts of chemicals and generate fewer by-
products. This makes electrochemical processes a
more sustainable and environmentally friendly
option for wastewater treatment (Adeoba, 2018,
Imran, et al., 2019, Orieno, et al., 2021). For example,
in electrocoagulation, the coagulant is produced in
situ, reducing the need for externally supplied
chemicals and minimizing chemical waste. In
electrochemical AOPs, the use of ozone or hydrogen
peroxide can be controlled precisely, allowing for
without the
Additionally,

electrochemical methods can be combined with

efficient  pollutant degradation

generation of toxic by-products.
renewable energy sources, such as solar or wind
power, to further reduce their environmental
footprint. Reza & Chen, 2022 presented figure of
reactors used in electrochemical livestock wastewater

treatment as shown in figure 4.

(a) (b)

1) infl 5) DC. power supply
6) electrolytic reactor (H: 120 cm, @ 8 cm)
7) anode

8) cathode

3 ot sorne et
Figure 4: Reactors used in electrochemical livestock
wastewater treatment. (a) Batch reactor used for
pollutants removal from dairy wastewater during
electrolysis (Reza & Chen, 2022).

Another significant advantage of electrochemical
wastewater treatment is its versatility. These methods
can be adapted to treat a wide range of contaminants,
including organic pollutants, heavy metals, pathogens,
and nutrients. Electrochemical treatment systems can
be used in various applications, ranging from small-
scale decentralized treatment systems to large
industrial operations. Electrochemical processes can
also be integrated with other treatment technologies,
such as biological processes or membrane filtration,
to create hybrid systems that provide enhanced
performance and greater flexibility (Onukwulu, et al.,
2023, Orieno, et al., 2023, Ozobu, et al., 2023). The
adaptability of electrochemical treatment methods
makes them suitable for addressing the diverse and
dynamic nature of wastewater generated by different
industries, including textiles, pharmaceuticals, food

processing, and petrochemicals.

The performance of electrochemical wastewater
treatment systems is heavily influenced by the choice
of electrode materials. Electrode material selection
plays a critical role in determining the efficiency of
the treatment process, particularly in terms of
pollutant degradation rates, energy consumption, and
system longevity. Electrode materials must possess
high

corrosion, as well as a large surface area to facilitate

conductivity, stability, and resistance to
electrochemical reactions (Ojika, et al., 2021, Okolo,
et al., 2021, Onukwulu, et al., 2021). Materials such
as graphite, titanium, carbon-based materials, and

metal oxides have been commonly used as electrodes
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in electrochemical wastewater treatment.
Researchers are continually exploring new and
improved electrode materials, including composite
materials and nanomaterials, to enhance the
performance of electrochemical systems (Bristol-
& Ogedengbe, 2023,

Mgbecheta, et al., 2023). For example, graphene-

Alagbariya, Ayanponle
based electrodes have shown promise in improving
the efficiency of electrochemical processes due to
their high surface area, electrical conductivity, and
ability to adsorb pollutants. By optimizing electrode
materials, electrochemical wastewater treatment
systems can achieve higher treatment efficiencies,
reduce energy consumption, and extend the lifespan
of the electrodes.

In conclusion, electrochemical wastewater treatment
methods are emerging as powerful and versatile
solutions for addressing the growing challenges of
wastewater pollution. By harnessing the principles of
electrochemical oxidation and reduction, these
methods can effectively degrade organic pollutants,
remove heavy metals, and disinfect pathogens. The
development of advanced electrochemical processes,
such as anodic oxidation, electrocoagulation, Electro-
Fenton, and other advanced AOPs, offers significant
advantages in terms of environmental compatibility,
minimal chemical wusage, and versatility. The
performance of these systems is heavily influenced by
electrode material selection, and ongoing research in
this area is crucial for improving the efficiency,
cost-effectiveness of
With

continued advancements in process design and

sustainability, and

electrochemical treatment technologies.
material performance, electrochemical wastewater
treatment holds great potential for revolutionizing
wastewater treatment practices and addressing the
complex pollution challenges of the future.

2.3.

Electrochemical wastewater treatment technologies

Electrode Materials: Types and Innovations

have gained substantial attention as an efficient and

sustainable solution for addressing the growing issue

of water pollution. These technologies rely heavily
on the role of electrodes, which serve as the interface
for electrochemical reactions to occur, enabling the
degradation of pollutants, the removal of toxic metals,
and the disinfection of pathogens. The performance
of electrochemical treatment systems is thus
significantly influenced by the properties of the
electrode materials, which dictate their ability to
facilitate these reactions efficiently (Agho, et al., 2021,
Afolabi & Akinsooto, 2021). The

development of advanced electrode materials is a

Ezeanochie,

critical aspect of improving electrochemical
treatment processes, as it directly impacts the
efficiency, cost-effectiveness, and sustainability of the
treatment.

At its core, the role of electrodes in electrochemical
wastewater treatment is to provide a surface for
oxidation and reduction reactions. During the

electrochemical process, contaminants in the
wastewater are either oxidized at the anode or
reduced at the cathode, leading to the degradation or
removal of pollutants. The selection of the electrode
material is crucial in determining the rate of reaction,
the efficiency of contaminant removal, and the
energy consumption of the treatment
(Adikwu, et al., 2023, Elete, et al., 2023, Ndiwe, et al.,

2023). Therefore, understanding the various types of

system

electrode materials, their properties, and the

innovations in material design is essential to
optimizing electrochemical treatment technologies
for real-world applications.

Among the various electrode materials, Boron-Doped
Diamond (BDD) electrodes are considered one of the
most advanced and effective options for
BDD

electrodes are known for their high conductivity,

electrochemical = wastewater  treatment.
chemical stability, and excellent electrochemical
The of BDD

electrodes arise from the doping of boron into the

performance. unique properties

diamond lattice, which introduces a conductive path

while maintaining the inherent chemical and
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mechanical stability of diamond (Egbuhuzor, et al.,
2021, Isi, et al., 2021, Onukwulu, et al., 2021). These
electrodes exhibit a wide electrochemical window,
allowing them to operate under extreme conditions
without degradation. As a result, BDD electrodes are
highly efficient in generating reactive oxygen species
(ROS), such as hydroxyl radicals, which are highly
effective in breaking down organic pollutants and in
(AOPs). BDD

electrodes are also resistant to fouling, making them

advanced oxidation processes
particularly suitable for long-term wuse in harsh
wastewater conditions. However, despite their high
performance, BDD electrodes are relatively expensive
to produce, limiting their widespread wuse in
industrial applications.

such as Ti/IrO, and

widely used in

Titanium-based electrodes,
Ti/RuO,, are

treatment processes due to their high stability, good

electrochemical

conductivity, and resistance to corrosion. These
electrodes are typically coated with metal oxide
catalysts, such as iridium oxide (IrO;) or ruthenium
oxide (RuOy), to enhance their catalytic activity. The
coating allows for the generation of active species
like hydroxyl radicals and ozone, which are essential
for the degradation of organic pollutants and
disinfection of pathogens (Daraojimba, et al., 2022,
Elete, et al., 2022, Okolo, et al., 2022). Titanium-
based

electrochemical oxidation and electrocoagulation

electrodes are particularly wuseful in
processes, as they offer high performance over
extended periods of operation. Additionally, they
exhibit excellent mechanical strength, which makes
them durable under various operating conditions.
While Ti/IrO, and Ti/RuO, electrodes are highly
efficient, they are also relatively expensive, and their
performance can be affected by factors such as
electrode fouling and limited active surface area.
Innovations in coating technologies and surface
modifications are ongoing to improve the catalytic
performance of these electrodes while reducing their

cost.

Carbon-based

activated carbon, and carbon nanotubes (CNTs), have

electrodes, including graphite,
emerged as a popular and cost-effective alternative to
metal-based electrodes. Graphite is widely used due
to its high conductivity, relatively low cost, and ease
of fabrication. Activated carbon, with its high surface
area and porous structure, is particularly effective in
adsorbing organic pollutants and heavy metals
(Adewoyin, 2021, Isi, et al., 2021, Ogunnowo, et al.,
2021). These electrodes are often employed in
electrocoagulation, electrooxidation, and
electroflotation processes. Carbon nanotubes (CNTs),
which are a form of carbon with a unique
nanostructure, have gained attention for their
superior conductivity, large surface area, and ability
to enhance the electrochemical reactions at the
electrode surface. CNTs can be incorporated into
electrode materials to improve the efficiency of
contaminant degradation by providing a larger
number of active sites for the electrochemical
reactions to occur. Additionally, CNTs have excellent
mechanical properties, which make them durable in
harsh operating conditions. However, the scalability
of CNTs for industrial applications remains a
challenge due to the high cost of production and the
potential for environmental concerns related to their
disposal.

Doped metal oxides and nanocomposites represent
another class of innovative electrode materials that
combine the advantages of metal oxides with the
enhanced properties of nanomaterials. Doped metal
oxides, such as titanium dioxide (TiO;) doped with
transition metals like copper (Cu), iron (Fe), or
manganese (Mn), offer enhanced catalytic activity
and stability (Bristol-Alagbariya, Ayanponle &
Ogedengbe, 2022, Onukwulu, et al., 2022). These
materials can generate a wide range of reactive
species, including hydroxyl radicals and superoxide
ions, which are essential for advanced oxidation
processes. Nanocomposite electrodes, which combine

metal oxides with materials like carbon, graphene, or
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CNTs, offer improved conductivity, high surface area,
and enhanced electrochemical performance. By
combining the strengths of multiple materials, doped
metal oxides and nanocomposites can provide more
efficient and sustainable electrochemical wastewater
treatment. Innovations in nanotechnology and
material science continue to drive the development
of these advanced electrodes, aiming to improve their
performance and reduce the cost of production.

The properties of electrode materials such as
conductivity, catalytic activity, stability, and cost are
critical factors that determine their performance in
electrochemical wastewater treatment systems.
Conductivity is essential because it allows for the
efficient transfer of electrons during the
electrochemical reactions. Electrode materials with
high conductivity reduce energy consumption and
enhance the overall efficiency of the treatment
process. Catalytic activity is another key property, as
it dictates the ability of the electrode to generate
reactive species that drive pollutant degradation
(Attah, et al., 2022, Elete, et al., 2022, Nwulu, et al.,
2022). The stability of the electrode material is also
important, as it ensures that the material can
withstand harsh operating conditions without
degradation or loss of performance. Lastly, the cost of
the electrode material plays a significant role in
determining  the  economic  feasibility = of
electrochemical wastewater treatment, especially for
large-scale industrial applications. As such, balancing
performance and cost is a critical consideration when
selecting electrode materials for wastewater
treatment.

Surface modification and nanostructuring are critical
strategies for enhancing the performance of
electrochemical electrodes. By modifying the surface
of electrode materials, researchers can increase the
surface area, improve catalytic activity, and enhance
the stability of the electrodes. Nanostructuring,
which involves the fabrication of electrodes with

nanoscale features, can significantly improve the

efficiency of electrochemical reactions by providing
more active sites for pollutant degradation (Afolabi &
Akinsooto, 2021, Ogundipe, et al., 2021). Various
surface modification techniques, such as plasma
treatment, electrodeposition, and the incorporation
of nanoparticles, have been developed to optimize
the performance of electrodes in electrochemical
wastewater treatment. These innovations enable the
creation of electrodes with superior properties, such
as increased surface roughness, better conductivity,
and higher catalytic activity, all of which contribute
to more efficient and cost-effective treatment systems.
In conclusion, the development of advanced
electrode materials plays a crucial role in the success
treatment

of electrochemical wastewater

technologies. Materials such as Boron-Doped

Diamond, titanium-based electrodes, carbon-based
and metal oxides and

electrodes, doped

nanocomposites offer distinct advantages and
challenges in terms of their performance, cost, and
scalability. The continuous innovation in electrode
materials, coupled with advancements in surface
modification and nanostructuring techniques, will
enhance the efficiency and sustainability of
electrochemical treatment systems. The selection of
the appropriate electrode material depends on the
specific wastewater treatment needs, including the
types of pollutants, treatment goals, and economic
considerations. As research and development in
continue, electrochemical

electrode  materials

wastewater treatment systems will become
increasingly viable for addressing the diverse and
growing challenges of wastewater pollution in
various industries.

2.4.

The design and configuration of electrochemical

Process Design and Configuration

wastewater treatment systems play a crucial role in

determining the efficiency, scalability, and

The

objective of electrochemical treatment is to harness

sustainability of these technologies. core

the power of electrodes to degrade pollutants, remove
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toxic substances, and facilitate the disinfection of
wastewater. To achieve optimal performance, various
reactor configurations and operational parameters
must be carefully considered. The selection of reactor
design, along with the appropriate electrode material
and process parameters, influences the overall
effectiveness of the system, including the rate of
pollutant removal, energy consumption, and long-
term stability.

The reactor configuration is one of the primary
factors in electrochemical wastewater treatment. The
choice of reactor type determines the flow dynamics,
the interaction between wastewater and the
electrodes, and the overall treatment efficiency.
Several reactor configurations are commonly
employed in electrochemical treatment systems, each
offering distinct advantages depending on the specific
application and scale of operation (Onukwuluy, et al.,
2023, Onyeke, et al., 2023, Orieno, et al., 2023).
Batch systems are a simple and cost-effective design
typically used for small-scale or pilot studies. In a
batch reactor, a fixed volume of wastewater is treated
in a closed vessel for a set period. Electrodes are
placed within the reactor, and an electrical current is
applied to initiate the electrochemical reactions.
Batch reactors are easy to operate and monitor,
making them suitable for lab-scale experiments or
small-scale treatment processes. However, they are
not ideal for large-scale or continuous operations due
to the limited volume that can be treated at any given
time and the need for frequent recharging of the
system.

Continuous flow systems, on the other hand, are
designed for larger-scale wastewater treatment. In
these systems, wastewater is continuously fed into
the reactor, where it undergoes electrochemical
treatment while being pumped through the system.
Continuous flow reactors are typically more efficient
for large-scale operations because they can treat a
stream  of without

continuous wastewater

interruptions (Agho, et al, 2022, Ezeafulukwe,

Okatta & Ayanponle, 2022). The flow rate is an
important operational parameter in these systems, as
it dictates the contact time between the wastewater
and the electrodes. Longer contact times generally
lead to better pollutant removal, but high flow rates
may reduce treatment efficiency by decreasing the
interaction time. One of the key advantages of
continuous flow systems is their ability to handle
large volumes of wastewater, making them ideal for
industrial applications such as food processing, textile
manufacturing, and pharmaceutical industries.
Electrochemical ~membrane reactors combine
electrochemical treatment with membrane filtration,
creating a hybrid system that enhances the removal
of contaminants. In these systems, the
electrochemical process occurs in conjunction with
membrane filtration, where membranes are used to
separate treated water from the residual sludge and
pollutants. The integration of membrane technology
allows for the recovery of valuable resources, such as
water and nutrients, and reduces the need for
additional filtration or separation steps (Daraojimba,
et al., 2022, Kanu, et al., 2022, Okolo, et al., 2022).
Electrochemical membrane reactors are highly
effective in removing fine particulate matter, heavy
metals, and other dissolved contaminants, making
them ideal for treating complex wastewater streams.
The combination of electrochemical treatment with
membrane filtration provides an efficient solution for
industries that generate high-strength or multi-
component waste streams.

Hybrid systems, such as electrochemical-biological
treatment systems, combine the benefits of
electrochemical methods with biological processes
like activated sludge, constructed wetlands, or
biofilm reactors. In these systems, electrochemical
treatment is typically used as a pre-treatment or
secondary treatment step to remove pollutants that
are difficult to degrade biologically. For example,
electrochemical processes like electrooxidation or

electrocoagulation can be used to degrade or remove
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organic contaminants, heavy metals, and nutrients,
which are then further treated using biological
methods (Ojika, et al., 2021, Onaghinor, et al., 2021,
Sobowale, et al., 2021). These hybrid systems are
particularly useful in applications where wastewater
contains a mixture of pollutants that require both
chemical and biological treatment. Hybrid systems
offer the advantage of improving treatment efficiency,
reducing sludge production, and increasing system
resilience by combining the fast reaction rates of
electrochemical methods with the sustainability and
cost-effectiveness of biological treatment.

In addition to reactor configuration, operational
parameters play a critical role in the design and
optimization of electrochemical treatment systems.
Current density, flow rate, pH, and electrode spacing
are key factors that influence the performance of
electrochemical reactors. Current density refers to
the amount of electrical current applied per unit area
of the electrode and directly affects the rate of
electrochemical reactions. Higher current densities
generally result in faster reaction rates and increased
pollutant removal efficiency (Akintobi, Okeke &
Ajani, 2023, Eyeghre, et al., 2023, Ogunwole, et al.,
2023). However, excessively high current densities
can lead to overpotentials, side reactions, and
increased energy consumption, so optimizing the
current density is crucial for achieving efficient
treatment without unnecessary energy expenditure.
Flow rate is another important parameter that
the

electrochemical systems. The flow rate influences the

determines treatment  efficiency  of
residence time of wastewater in the reactor and,
consequently, the time available for electrochemical
reactions to occur. In general, lower flow rates allow
for longer contact times between the wastewater and
the electrodes, which can lead to better pollutant
removal. However, reducing the flow rate can also
increase the system's footprint and operating time,
making it less practical for large-scale applications
(Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023,

Nwakile,et al., 2023). Therefore, optimizing the flow
rate is essential to strike a balance between treatment
efficiency and operational practicality.

pH is a critical factor in electrochemical wastewater
treatment, as it affects the electrochemical reactions
that occur at the anode and cathode. The pH of the
wastewater influences the solubility of pollutants, the
generation of reactive species such as hydroxyl
radicals, and the stability of electrode materials. In
electrochemical oxidation processes, such as anodic
oxidation, the pH must be carefully controlled to
prevent the degradation of the electrode and to
ensure that the desired reactions take place
efficiently (Ajayi, et al., 2021, Odio, et al., 2021,
Onukwulu, et al., 2021). Similarly, in processes like
electrocoagulation, the pH affects the solubility of
which

coagulating suspended particles. Typically, the pH is

metal hydroxides, are responsible for
maintained within a specific range to optimize
reaction rates and minimize unwanted by-products
or side reactions.

Electrode spacing is another operational parameter
that affects the performance of electrochemical
systems. The distance between the electrodes
influences the electrical resistance of the system and
the efficiency of the electrochemical reactions.
Smaller electrode spacings reduce the electrical
resistance, leading to higher current densities and
faster reaction rates. However, this also increases the
potential for electrode fouling, which can reduce the
system (Edwards &
Smallwood, 2023, Elete, et al., 2023, Nwulu, et al.,

2023). Larger electrode spacings reduce fouling but

overall efficiency of the

may require higher energy inputs to maintain the
desired current density. Therefore, the electrode
spacing must be optimized based on the specific
wastewater characteristics, treatment goals, and
energy constraints.

Energy consumption is a key consideration in the
operation of electrochemical wastewater treatment
systems, as the drive

energy required to
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electrochemical reactions can significantly impact the
overall cost of the treatment process. The energy
consumption of electrochemical systems depends on
factors such as current density, flow rate, and
electrode material. To optimize energy use, it is
important to balance treatment efficiency with
energy  requirements.  Various  optimization
techniques can be employed to reduce energy
consumption, such as adjusting current densities to
avoid overuse of electrical power, optimizing reactor
design to reduce power loss, and using energy-
efficient electrode materials (Afeku-Amenyo, et al.,
2023, Fiemotongha, et al., 2023, Sobowale, et al,
2023). In addition, integrating renewable energy
sources, such as solar or wind power, into
electrochemical treatment systems can help reduce
operational costs and improve the environmental
sustainability of the process.

In conclusion, the process design and configuration
of electrochemical wastewater treatment systems are
critical to their performance and efficiency. Reactor
configurations such as batch systems, continuous
flow systems, electrochemical membrane reactors,
and hybrid systems each offer distinct advantages
depending on the application and scale of operation.
Operational parameters such as current density, flow
rate, pH, and electrode spacing must be carefully
optimized to ensure efficient treatment while
minimizing energy consumption and operational
electrode

costs. Innovations in process design,

materials, and optimization techniques continue to
the

electrochemical treatment systems, making them a

improve efficiency and sustainability of

promising  solution for addressing complex
wastewater treatment challenges. As the field evolves,
electrochemical treatment systems will become an
increasingly viable option for meeting the growing

demand for sustainable wastewater management.

2.5, Performance Evaluation and Pollutant
Removal
Electrochemical treatment of wastewater has

emerged as a powerful and versatile method for
addressing a wide range of pollutants, including
organic micropollutants, heavy metals, nutrients, and
pathogens. As the demand for advanced wastewater
treatment technologies continues to grow, the
performance evaluation of electrochemical processes
the

effectiveness of electrochemical treatment systems,

becomes increasingly important. To assess

various metrics must be considered, including

pollutant removal efficiency, chemical oxygen
demand (COD) and biological oxygen demand (BOD)
removal, mineralization of organic compounds,
electrode durability, and the formation of by-
the

performance of electrochemical systems in removing

products. In this context, understanding
contaminants and achieving treatment goals is

essential for optimizing and scaling these
technologies for practical use in diverse industrial
applications.

Electrochemical treatment processes are effective for
removing a broad spectrum of target contaminants.
Organic micropollutants, including dyes,
pharmaceuticals, and personal care products, are
among the most challenging contaminants to remove
from wastewater. These compounds are often highly
recalcitrant to

persistent in the environment,

biological degradation, and resistant to conventional

treatment methods (Ayo-Farai, et al., 2023,
Ezeanochie, Afolabi &  Akinsooto, 2023).
Electrochemical processes, particularly

electrooxidation and advanced oxidation processes
(AOPs),

micropollutants

can effectively degrade these organic

oxygen
species, such as hydroxyl radicals, which are highly

by generating reactive

reactive and capable of breaking down complex
biodegradable

methods

organic molecules into smaller,

compounds.  Electrochemical have

demonstrated significant success in removing dyes
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from textile wastewater, pharmaceuticals from
hospital effluents, and pesticides from agricultural
runoff. By providing an environmentally friendly
alternative to conventional methods, electrochemical
treatment processes offer a promising solution for
industries dealing with organic micropollutants.

In addition to organic contaminants, electrochemical
treatment methods are also highly effective in
removing inorganic ions and heavy metals, which are
commonly found in industrial wastewater from
and
like

electrocoagulation and electroflotation facilitate the

industries such as mining, -electroplating,

manufacturing.  Electrochemical processes
removal of heavy metals such as lead (Pb), cadmium
(Cd), chromium (Cr), and mercury (Hg) by inducing
the precipitation or adsorption of these toxic ions
onto electrode surfaces (Adeoba & Yessoufou, 2018,
2019, Uzozie, et al., 2023). The

electrochemical treatment process can also be

Oyedokun,

tailored to selectively remove specific metals,
depending on the choice of electrode material and
process conditions. The efficiency of metal removal
depends on factors such as pH, current density,
electrode material, and the presence of competing
ions in the wastewater. Additionally, electrochemical
processes are capable of removing dissolved salts and
other inorganic ions, making them effective for
desalination and brine treatment, particularly in
applications such as desalination of seawater or
treatment of saline industrial effluents.

Nutrient removal, specifically the removal of
nitrogen and phosphorus, is another key goal in
wastewater treatment, particularly to mitigate the
environmental impact of eutrophication in water

bodies.

including electro-Fenton, electrocoagulation, and

Electrochemical treatment processes,
electrooxidation, can effectively reduce nitrogen and
phosphorus levels in wastewater. Nitrogen removal is
achieved through processes like nitrification and
denitrification, which can be enhanced using

electrochemical methods. Electrochemical systems,

particularly those equipped with cathodes, can
facilitate the conversion of nitrate to nitrogen gas
through electrochemical reduction (Onukwulu, et al.,
2023, Onyeke, et al., 2023, Ozobu, et al., 2023).
Similarly, phosphorus removal can be accomplished
through precipitation or adsorption onto electrode
surfaces, with advanced oxidation processes helping
to degrade organic phosphorus compounds. The
ability to achieve high removal efficiencies for
nitrogen and phosphorus makes electrochemical
systems an attractive option for industries such as
food processing, dairy, and agrochemical production,
where nutrient-rich effluents are common.

The removal of pathogens, including bacteria, viruses,
and protozoa, is another critical aspect of wastewater
treatment. Pathogens pose significant public health
risks, and their removal is essential in the treatment
of both municipal and industrial wastewater.
Electrochemical disinfection, driven by the
production of reactive oxygen species or through
electrochemical coagulation, has proven to be
effective in inactivating a wide range of pathogens
(Gjika, et al., 2023, Okolo, et al., 2023, Okuh, et al,,
2023). In electrocoagulation, metal ions from the
anode interact with the wastewater, destabilizing the
microbial cells and causing them to aggregate and
precipitate out of the solution. Electrochemical
oxidation, through the generation of hydroxyl
radicals and other reactive species, can also destroy
pathogens, making electrochemical disinfection an
efficient alternative to traditional methods such as
chlorination and UV irradiation.

To evaluate the performance of electrochemical
treatment systems, several metrics are typically used.
One of the primary
effectiveness is the removal of chemical oxygen
demand (COD) and biological oxygen demand (BOD).

These metrics provide an indication of the reduction

indicators of treatment

in organic pollutants in wastewater, which is a key
goal in most treatment processes. Electrochemical

treatment systems have demonstrated high COD and
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BOD the

degradation of organic micropollutants and industrial

removal efficiencies, particularly in
effluents with high organic content (Adewoyin, 2022,
Elete, et al., 2022, Nwulu, et al., 2022). The removal
of COD and BOD can be enhanced by optimizing
process parameters such as current density, electrode
material, and reactor design. Additionally, the
mineralization of organic compounds is an important
performance metric, as it indicates the extent to
which pollutants have been fully broken down into
inorganic components, such as carbon dioxide, water,
and simple inorganic ions. High mineralization rates
indicate that the electrochemical treatment system
has effectively degraded organic contaminants to a
level where they pose minimal environmental risk.
Another critical performance metric is electrode
durability, which directly impacts the long-term
efficiency and cost-effectiveness of electrochemical
treatment systems. Electrodes are subjected to harsh
operating conditions, including high current densities,
corrosive environments, and fouling from pollutants.
The longevity of electrodes is essential to maintaining
consistent performance over time, as electrode
degradation can lead to reduced treatment efficiency
and increased operational costs (Afolabi & Akinsooto,
2023, Hanson, et al., 2023, Ogunwole, et al., 2023).
Innovations in electrode materials, such as Boron-
Doped Diamond (BDD), titanium-based electrodes,
and carbon-based electrodes, have been developed to
improve the durability and stability of electrodes,
extending their lifespan and reducing the frequency
of replacement. Additionally, surface modifications
and nanostructuring techniques have been employed
to enhance the electrochemical performance of
electrodes, allowing for more efficient pollutant
removal and minimizing wear and tear during
operation.

By-product formation is another important factor to
consider in electrochemical treatment systems. While
electrochemical processes are effective at degrading

pollutants, they may also generate by-products that

could potentially be harmful to the environment or
health.

oxidation processes can produce chlorine, ozone, or

human For example, electrochemical
other by-products that need to be carefully managed.
The formation of unwanted by-products can reduce
the
compatibility of electrochemical treatment systems
(Daraojimba, et al., 2023, Gidiagba, et al., 2023,

Onukwuluy, et al., 2023). Therefore, it is essential to

overall efficiency and environmental

optimize operational parameters, such as current
density and electrode material, to minimize by-
the

remains

product formation and ensure that

electrochemical  treatment  process
environmentally friendly.
the

wastewater

Several case studies have demonstrated

performance  of  electrochemical
treatment systems across different industries. For
example, in the textile industry, electrochemical
oxidation has been successfully applied to degrade
dyes and other organic pollutants, achieving high
removal efficiencies for color and chemical oxygen
demand. In the food and beverage industry,
electrocoagulation has been used to treat wastewater
containing high concentrations of suspended solids
and nutrients, achieving significant reductions in
total nitrogen and total phosphorus levels (Banso, et

al., 2023, Ezeanochie, Afolabi & Akinsooto, 2023). In

the  pharmaceutical industry, electro-Fenton
processes have been applied to remove
pharmaceutical ~ micropollutants,  with  high

degradation rates and minimal by-product formation.
These case studies highlight the versatility of
electrochemical treatment systems and their ability
to address a wide range of contaminants in different
wastewater streams.

In conclusion, electrochemical wastewater treatment
systems offer a promising solution for addressing the
diverse and complex challenges of wastewater
pollution. These systems have demonstrated high
performance in removing organic micropollutants,

heavy metals, nutrients, and pathogens, making them
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suitable for a wide range of industrial applications.
including COD/BOD

removal, mineralization, electrode durability, and by-

Key performance metrics,

product formation, provide valuable insights into the
effectiveness of electrochemical treatment systems.
Case studies and comparative performance data
further underscore the versatility and potential of
electrochemical methods in improving wastewater
treatment efficiency. As research continues to
advance in electrode material development, process
optimization, and system integration, electrochemical
wastewater treatment systems will play an
increasingly important role in sustainable water
management.

2.6.

Electrochemical

Process Integration and Hybrid Approaches
treatment of wastewater has
emerged as a promising solution for a wide variety of

pollutants, offering high efficiency, versatility, and

the potential for relatively low environmental impact.

However, while electrochemical processes alone are
effective for treating many types of wastewater, their
full potential can be realized when integrated with
other treatment technologies. Process integration,
which involves coupling electrochemical systems
with biological processes, advanced oxidation
processes (AOPs), or membrane filtration, offers
several advantages in terms of performance,
efficiency, and cost reduction. By combining the
strengths of different treatment methods, hybrid
approaches can tackle a broader range of
contaminants, improve treatment rates, and ensure
that treated water meets the required quality
standards.

One of the most promising hybrid approaches
involves coupling electrochemical systems with
biological treatment processes. Biological treatment
methods, such as activated sludge systems or biofilm
reactors, are effective in removing biodegradable
organic pollutants from wastewater. However, they
may struggle to treat recalcitrant organic pollutants

or to meet stringent discharge standards for nutrients

like nitrogen and phosphorus (Bristol-Alagbariya,
Ayanponle & Ogedengbe, 2023, Ogunnowo, et al.,
2023). Electrochemical treatment processes can be
used to complement biological methods by providing
efficient degradation of organic contaminants,
enhancing the biodegradability of wastewater, and
removing toxic pollutants such as heavy metals. For
instance, in some hybrid systems, electrocoagulation
or electrooxidation is used to remove suspended
solids and complex organic molecules before the
wastewater enters a biological reactor, allowing the
microbial community to more efficiently break down
the remaining organic matter. In this configuration,
electrochemical treatment provides a pre-treatment
or polishing step that improves the performance of
the biological system and increases the overall
efficiency of the treatment process.

In addition to coupling electrochemical and
biological processes, electrochemical systems can also
be integrated with advanced oxidation processes
(AOPs). AOPs, such as ozone treatment, Fenton
highly
reactive hydroxyl radicals (*OH) that can effectively

oxidation, and photocatalysis, generate
degrade complex organic contaminants and improve
the overall efficiency of wastewater treatment. The
integration of electrochemical treatment with AOPs
can enhance pollutant removal by providing a more
robust oxidation mechanism. For example, in the
electro-Fenton process, hydrogen peroxide is
generated electrochemically at the cathode, and

ferrous ions are introduced to generate hydroxyl

radicals, which then break down organic
contaminants (Agho, et al., 2023, Ezeamii, et al., 2023,
Ogu, et al, 2023). This combination of

electrochemical and AOPs provides a highly effective
means of treating pollutants that are difficult to
degrade by conventional biological methods, such as
pharmaceuticals, pesticides, and dyes.

The coupling of electrochemical processes with
membrane filtration systems is another hybrid

approach that has gained significant attention in
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recent years. Electrochemical membrane reactors

integrate the capabilities of electrochemical
treatment with membrane filtration to provide
contaminant removal and

enhanced resource

recovery. In these systems, wastewater passes
through an electrochemical cell while being filtered
through a membrane, allowing for the simultaneous
degradation of pollutants and separation of solids or
other contaminants (Akintobi, Okeke & Ajani, 2022,
2022, Onukwuluy, 2022).

Electrochemical membrane been

Kanu, et al, et al,

reactors have
particularly effective in removing dissolved organic
compounds, heavy metals, and other toxic substances,
as well as in recovering valuable resources, such as
water or nutrients. By integrating electrochemical
processes with membrane filtration, these systems
offer the advantage of high-efficiency treatment with
minimal chemical usage, while also reducing the
need for additional post-treatment steps.

Process integration and hybrid systems offer several
significant benefits over standalone treatment
methods. One of the primary advantages of hybrid
systems is their enhanced treatment efficiency. By
combining different treatment technologies, each
with its own strengths, hybrid systems can address a
broader range of contaminants, ensuring that the
wastewater meets the required quality standards. For
example, electrochemical treatments can remove
metals and degrade organic pollutants, while
biological processes remove biodegradable organic
matter (Ajayi, et al., 2023, Isong, et al., 2023, Nwulu,
et al., 2023). In addition, AOPs can help break down
persistent organic pollutants that are resistant to
biological degradation. This multi-step approach
leads to higher overall removal efficiencies for a wide
variety of pollutants.

Another key benefit of integrated systems is cost
reduction. While electrochemical systems can be
energy-intensive, their integration with other
treatment technologies can help optimize energy use

and reduce operational costs. For instance, combining

electrochemical processes with biological treatment
allows the biological system to handle the bulk of the

organic matter, reducing the load on the

electrochemical process and lowering
consumption (Edwards, Mallhi & Zhang, 2018, Tula,
et al., 2004, Vindrola-Padros & Johnson, 2022).

Similarly, coupling electrochemical systems with

energy

membrane filtration can reduce the need for
additional chemical treatments, thereby lowering the
overall cost of the treatment process. Moreover, the
use of renewable energy sources, such as solar or
wind power, to power electrochemical processes can
further reduce energy costs, making hybrid systems a
more sustainable and cost-effective solution for
wastewater treatment.

Process integration also improves the sustainability of
wastewater treatment. Hybrid systems can reduce the
environmental impact of wastewater treatment by
minimizing chemical wusage, decreasing sludge
production, and enabling the recovery of valuable
resources. For example, integrating electrochemical
treatment with AOPs or membrane filtration can
reduce the need for chemical coagulants, which are
often used in traditional treatment methods (Ojika, et
al.,, 2023, Okolo, et al., 2023, Olurin,et al., 2023).
Additionally, the use of electrochemical processes to
degrade organic contaminants can minimize the
production of harmful by-products, improving the
overall environmental compatibility of the treatment
system. Resource recovery, such as the recovery of
phosphorus from wastewater or the generation of
biogas from anaerobic digestion, can also be
integrated into hybrid systems, contributing to the
and further

sustainability of the treatment process.

circular economy enhancing the
Several pilot-scale and industrial-scale applications of
hybrid electrochemical treatment systems have
demonstrated the effectiveness of these approaches in
real-world settings. For example, in the textile
industry, electrocoagulation coupled with activated

sludge has been successfully used to treat wastewater
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containing high concentrations of dyes, suspended
The

electrocoagulation process removed the majority of

solids, and other organic pollutants.
the suspended solids and organic matter, while the
biological system provided additional treatment to
further degrade the remaining organic compounds
(Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022,
Onukwulu, et al., 2022). Similarly, electrochemical
oxidation combined with biological treatment has
been applied to treat pharmaceutical wastewater,
where electrochemical processes removed a
significant portion of the organic micropollutants,
while the biological treatment provided further
removal of biodegradable pollutants. These case
studies demonstrate the potential of hybrid systems
to effectively treat complex wastewater streams while
providing cost-effective and sustainable solutions.

In the food and beverage industry, electrocoagulation
and membrane filtration have been integrated into a
hybrid system for the treatment of wastewater
containing high levels of fats, oils, and grease, as well
The

electrocoagulation process helped remove oils and

as  organic matter and  nutrients.
suspended solids, while the membrane filtration
system efficiently separated the treated water from
the remaining sludge and contaminants. This hybrid
system resulted in a significant reduction in chemical
usage and energy consumption, while also achieving
high-quality effluent that met discharge standards
(Adeoba, etal., 2018, Omisola, et al., 2020, Uzozie, et
al., 2023). These successful pilot-scale applications
highlight the potential of process integration to
enhance wastewater treatment in a variety of
industrial settings.

As  research and

development in  hybrid

electrochemical treatment systems continue to
progress, the integration of these technologies will
become increasingly sophisticated, leading to more
efficient, cost-effective, and sustainable solutions for
in electrode

wastewater treatment. Innovations

materials, reactor design, and process optimization

will improve the performance and scalability of
hybrid systems, while the integration of renewable
energy sources and resource recovery technologies
will further enhance the sustainability of these
systems (Daraojimba, et al., 2023, Ezeh,et al., 2023,
Olurin,et al., 2023). The development of smart
monitoring and control systems, driven by advances
in artificial intelligence and the Internet of Things
(IoT), will also help optimize the operation of hybrid

systems, enabling real-time adjustments to improve

treatment  efficiency and minimize energy
consumption.
In conclusion, process integration and hybrid

approaches offer significant advantages in the
electrochemical treatment of wastewater, including
enhanced efficiency, reduced costs, and improved
sustainability. By coupling electrochemical systems
with biological processes, advanced oxidation
processes, or membrane filtration, hybrid systems can
effectively address a wide range of contaminants and
improve treatment performance. Pilot-scale and
industrial-scale applications have demonstrated the
effectiveness of these integrated systems in real-
world settings, highlighting their potential to provide
cost-effective and environmentally friendly solutions
research and
hybrid

electrochemical treatment systems will play a critical

for wastewater treatment. As

technological innovations continue,

role in advancing sustainable = wastewater
management practices across various industries.
2.7.

Electrochemical

Challenges and Limitations
treatment of wastewater has
garnered significant attention as an effective and
sustainable technology to address a wide array of
contaminants. It offers a promising alternative to
conventional wastewater treatment methods due to
its ability to remove organic micropollutants, heavy
metals, pathogens, and other pollutants. However,
despite its potential, electrochemical treatment
systems face several challenges and limitations that

must be addressed to ensure their successful and
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widespread adoption. These challenges, including
high energy demands, electrode degradation and
fouling, capital and operational costs, and the issues
related to scaling up and ensuring long-term stability,
are critical factors that need careful consideration and
innovation.

One of the primary challenges associated with
electrochemical treatment is the high energy demand
required to drive the electrochemical reactions. The

electrochemical process typically relies on applying a

constant electrical current or voltage to the
electrodes, which consumes significant energy,
particularly when treating large volumes of

wastewater or contaminants that require extensive

oxidation. The energy consumption is largely
determined by factors such as the current density,
electrode surface area, voltage, and the nature of the
wastewater being treated (Adeoba, Tesfamichael &
Yessoufou, 2019, Ubamadu, et al., 2023). High energy
usage can lead to substantial operational costs,
especially in industries that generate large volumes of
wastewater, such as textiles, food processing, or
pharmaceuticals. This high energy demand not only
increases the operational cost of electrochemical
treatment but also raises concerns regarding the
environmental sustainability of these systems.
Reducing energy consumption and improving the
energy efficiency of electrochemical systems is a
critical area of ongoing research, with various
strategies being explored, such as optimizing reactor
design, improving electrode materials, and
integrating renewable energy sources to power
electrochemical processes.

Another significant challenge is the degradation and
fouling of electrodes. Electrodes are the critical
components in electrochemical treatment systems,
facilitating the oxidation and reduction reactions that
degrade pollutants. Over time, electrodes can degrade
due to corrosion, chemical attack, or the buildup of
pollutants on their surface, leading to a decrease in

performance and efficiency. Electrode fouling, in

particular, occurs when organic matter, metal ions, or
other contaminants accumulate on the electrode
surface, inhibiting the flow of current and reducing
the electrode's effectiveness (Onukwulu, et al., 2023,
Onyeke, et al., 2023, Oyeyipo, et al., 2023). This not
only affects the rate of pollutant removal but also
increases the need for maintenance, cleaning, or even
replacement of the electrodes, contributing to higher
operational costs. The development of more durable,
crucial  to

corrosion-resistant  electrodes  is

overcoming this issue. Advances in electrode
materials, such as Boron-Doped Diamond (BDD),
titanium-based  electrodes, and carbon-based
electrodes, have been explored to enhance the
stability, resistance to fouling, and longevity of
electrodes. Surface modifications and nanostructuring
techniques are also being investigated to improve the
electrocatalytic activity and reduce the impact of
fouling on electrode performance.

Capital and operational costs are significant barriers
to the widespread adoption of electrochemical
treatment systems, particularly in industries where
cost-efficiency is a key consideration. The capital
costs of setting up electrochemical treatment systems
can be substantial due to the need for specialized
equipment, including power supplies, reactors, and
electrodes. Additionally, the ongoing operational
costs, particularly energy consumption, chemical
usage, and electrode replacement, can be high
(Agbede, et al., 2023, Iwe, et al., 2023, Obianyo &
2023).  Although

treatment processes often require fewer chemicals

Eremeeva, electrochemical
than traditional methods, the costs of electricity,
electrode materials, and maintenance can outweigh
the benefits in some applications. Furthermore, the
complexity of electrochemical systems, particularly
when integrating them with other treatment
technologies such as biological systems or AOPs, adds
to the operational costs. For small- and medium-sized
industries, the upfront and ongoing costs of

electrochemical treatment systems may be
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prohibitive, limiting their ability to adopt these
technologies. Addressing cost concerns requires
ongoing efforts in optimizing system design, reducing
the cost of electrodes and other components, and
developing energy-efficient processes. Government
incentives, subsidies, or partnerships with energy
providers may also help lower the financial burden
on industries seeking to implement electrochemical
wastewater treatment.

Scaling up electrochemical treatment systems from
full-scale

industrial applications presents another significant

laboratory or pilot-scale studies to
challenge. While electrochemical systems have been
successfully demonstrated in controlled settings,
scaling up these systems to handle large volumes of
wastewater in real-world conditions introduces
several complications. Larger systems require more
power, greater electrode surface area, and increased
chemical dosing, all of which contribute to higher
energy consumption and operational costs (Bristol-
Alagbariya, Ayanponle & Ogedengbe, 2023, Nwulu,
et al., 2023). In addition, scaling up electrochemical
systems often involves dealing with variations in

wastewater composition, flow rates, and pollutant

concentrations, which can affect system performance.

Electrochemical treatment systems must be carefully
designed to handle the dynamic nature of industrial
effluents, which may contain a wide range of
contaminants in varying concentrations. To ensure
successful scaling, it is essential to optimize reactor
configurations, electrode materials, and operational
parameters for large-scale applications. Additionally,
further research is needed to better understand the
long-term  stability @ and  performance  of
electrochemical systems when applied to large-scale
operations, particularly in terms of energy
consumption, electrode durability, and treatment
efficiency.

The long-term stability of electrochemical treatment
systems is another important consideration for their

commercial viability. Over time, electrochemical

systems may experience a decline in performance due
to various factors, including electrode degradation,
the buildup of by-products, and the accumulation of
contaminants in the reactor. The long-term operation
of electrochemical systems requires continuous
monitoring, maintenance, and optimization to ensure
that they continue to meet the required treatment
standards (Ajiga, Ayanponle & Okatta, 2022, Noah,
2022, Ogundipe, Sangoleye & Udokanma, 2022). The
challenge lies in designing systems that can maintain
high performance and efficiency over extended
periods without requiring frequent maintenance or
Moreover,

replacement of components.

electrochemical systems must be adaptable to
changes in influent characteristics, such as variations
in pollutant concentrations, flow rates, and
temperature. To ensure long-term stability, it is
essential to develop more robust systems with self-
cleaning capabilities, automated monitoring, and
adaptive control mechanisms.

The issue of by-product formation is another
the effectiveness of
While

electrochemical processes are effective in degrading a

challenge that can limit

electrochemical  treatment  systems.
wide range of pollutants, they may also generate
harmful by-products such as chlorine, ozone, or
other reactive species that can pose environmental
risks if not properly managed. The formation of by-
products can reduce the overall environmental
benefits of electrochemical treatment and complicate
the treatment process (Akintobi, Okeke & Ajani,
2023, Izuka, et al., 2023, Onukwulu, et al., 2023). For
instance, in electrochemical oxidation processes, the
generation of chlorine or other halogenated
compounds may create secondary pollution, which
requires additional treatment steps to mitigate.
Developing electrochemical systems that minimize
by-product formation and ensure that the treated
effluent meets environmental discharge standards is

an ongoing challenge.
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The

treatment systems with other conventional treatment

complexity of integrating electrochemical
technologies, such as biological treatment, AOPs, or
membrane filtration, presents additional challenges.
While  hybrid

performance, their integration requires careful design

systems can offer enhanced

and coordination between different treatment
components. The combination of electrochemical and
biological processes, for example, requires a delicate
balance to ensure that the electrochemical pre-
treatment does not inhibit the biological process, and
vice versa (Onaghinor, et al., 2021, Orieno, et al.,
2022, Sobowale, et al., 2022). Similarly, coupling
electrochemical treatment with membrane filtration
systems necessitates the design of integrated systems
that can handle both the chemical and physical
the

efficiency of either treatment method. The successful

processes involved without compromising

integration of multiple technologies requires
expertise in system design, optimization, and process
control, adding to the complexity and cost of
implementing electrochemical wastewater treatment.
In conclusion, while electrochemical treatment
systems offer a promising solution for wastewater
treatment, they face several significant challenges
that must be addressed to maximize their potential.
High energy demands, electrode degradation and
fouling, capital and operational costs, and issues
related to scaling up and ensuring long-term stability
are critical barriers to the widespread adoption of
these systems. Addressing these challenges requires
ongoing research and innovation in electrode
materials, system design, process optimization, and
hybrid configurations (Onyeke, et al., 2022, Orieno,
et al., 2021, Ubamadu, et al., 2023). By overcoming
these limitations, electrochemical treatment systems
can become a key component of sustainable
wastewater treatment technologies, offering effective,
environmentally friendly, and cost-efficient solutions

for a wide range of industrial applications.

2.8.

The future of electrochemical treatment technologies

Future Research Directions

in wastewater management holds significant promise,
particularly in the context of addressing growing
the

contamination. As

environmental concerns and increasing

complexity of wastewater
industries and municipalities seek more sustainable,
efficient, and cost-effective solutions for wastewater
treatment, the advances in electrochemical methods
coupled with innovative process design and electrode
material performance evaluation will play a pivotal
role in shaping the next generation of water
treatment technologies. Several key research
directions are poised to drive this progress, focusing
on the development of cost-effective and high-
performance materials, renewable energy integration,
intelligent control systems, and the need for policy
support and commercialization strategies.

A primary focus in the future of electrochemical
treatment research is the development of cost-
electrode materials.
the
treatment process, as they facilitate the necessary
the

contaminants. However, the high cost of electrode

effective, high-performance

Electrodes are central to electrochemical

electrochemical reactions for removal of
materials, particularly those that offer superior
catalytic activity and stability, remains one of the
main challenges in scaling up electrochemical
systems for industrial and municipal applications
(Ojika, et al., 2023, Ojo, et al., 2023, Okolo, et al.,
2023). The development of new electrode materials
that offer both high performance and lower costs will
be crucial for making electrochemical treatment
more accessible and economically viable. Researchers
are increasingly exploring advanced materials, such
as carbon-based electrodes, conductive polymers, and
metal-organic frameworks (MOFs), which promise
improved performance, longer service life, and
the

the design of composite

reduced costs. Moreover, integration of

nanotechnology and

materials could further enhance the electrocatalytic
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activity and conductivity of electrodes, providing
new opportunities for improving the efficiency of
wastewater treatment

electrochemical systems.

Innovations in electrode surface modification
techniques, such as doping, nanostructuring, and
coating with catalytically active materials, will also
play a critical role in enhancing the performance and
longevity of electrodes in electrochemical treatment
systems.

The integration of renewable energy sources, such as
solar and wind power, with electrochemical
wastewater treatment processes is another important
research direction. One of the challenges associated
with electrochemical treatment is the high energy
consumption, particularly for large-scale systems. By
integrating renewable energy sources,
electrochemical treatment processes can become
more sustainable, reducing their reliance on non-
renewable energy and minimizing the environmental
footprint of the treatment process (Egbuhuzor, et al.,
2023, Fiemotongha, et al., 2023, Nwulu, et al., 2023).
Solar-powered electrochemical systems, for example,
offer a promising solution for decentralized
wastewater treatment in regions with abundant
sunlight. By coupling electrochemical reactors with
solar energy, these systems can operate in a cost-
effective and environmentally friendly manner,
making them particularly suitable for remote areas or
small-scale applications. Similarly, wind-powered
electrochemical systems could be used in regions
with consistent wind resources. Research into the
optimization of renewable energy integration,
including the development of hybrid systems that
combine solar, wind, and electrochemical treatment,
is expected to play a significant role in reducing the
energy costs of wastewater treatment and improving
the sustainability of these technologies.

Intelligent control systems, driven by artificial
intelligence (AI) and real-time sensors, represent
another major avenue for advancing electrochemical

wastewater treatment. As electrochemical systems

grow in complexity, efficient monitoring, control,
and optimization become increasingly important. Al
algorithms, combined with real-time data from
sensors, can be used to predict the performance of
electrochemical systems, optimize operational
parameters, and ensure that treatment processes are
running at peak efficiency. Machine learning
techniques can be applied to analyze large datasets
generated by electrochemical systems, identifying
patterns and trends that can be used to improve
system performance and predict system failures
before they occur (Agho, et al., 2023, Ezeamii, et al.,
2023, Nwankwo & Etukudoh, 2023). Additionally,
Al-driven systems can be integrated with real-time
sensors to monitor key parameters such as pH,
current density, temperature, and pollutant
concentrations. By providing continuous feedback
and adjusting process conditions in real time,
intelligent control systems can significantly enhance
the efficiency and reliability of electrochemical
wastewater treatment, while also reducing energy
consumption and operational costs.

Another important area for future research lies in the
development of intelligent monitoring systems that
enable the real-time assessment of electrode
performance and system efficiency. Electrodes often
degrade over time due to fouling, corrosion, or the
accumulation of by-products, and maintaining the
long-term stability of electrochemical systems is a
critical challenge. Real-time sensor networks could
be employed to monitor the condition of electrodes,
detect fouling or degradation, and provide alerts for
necessary maintenance or electrode replacement
(Ajayi, et al., 2020, Ofori-Asenso, et al., 2020). These
systems could also track changes in wastewater
composition and adjust operational parameters
accordingly to optimize treatment performance. The
integration of Al with these monitoring systems will
allow for dynamic optimization of the treatment
overall efficacy of

process, enhancing the

electrochemical systems.
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In addition to technical advancements, there is a
and
the
widespread adoption of electrochemical wastewater
While

systems offer significant advantages in terms of

growing need for policy  support

commercialization strategies to facilitate

treatment technologies. electrochemical
efficiency, sustainability, and versatility, the high
upfront capital costs and energy consumption remain
barriers to their

large-scale implementation.

Governments, regulatory bodies, and industry
stakeholders must work together to create supportive
policy frameworks that incentivize the adoption of
electrochemical treatment technologies (Bristol-
Alagbariya, Ayanponle & Ogedengbe, 2022, Nwulu,
et al., 2022). This could include financial incentives,
such as grants, tax credits, or subsidies, to reduce the
capital costs of installing electrochemical systems in
both industrial and municipal settings. Furthermore,
regulatory policies that recognize the environmental
such as

benefits of electrochemical treatment,

reduced chemical wusage and lower energy
consumption, could help drive the adoption of these
technologies.

In addition to policy incentives, commercialization
strategies are needed to make electrochemical
wastewater treatment more accessible to industries
and municipalities. Research into the development of
modular, scalable electrochemical treatment systems
that can be easily deployed in different industrial
contexts could help lower the costs and barriers
associated with large-scale implementation (Adeoba
& Yessoufou, 2018, Oyedokun, 2019, Uzozie, et al.,
2023). Collaborative partnerships between research
institutions, technology developers, and industry
will  be

commercialization of electrochemical

leaders critical to advancing the
treatment
technologies. Pilot-scale projects and case studies that
demonstrate the feasibility and effectiveness of these
systems in real-world applications will help build
confidence in their performance and pave the way

for their broader adoption.

Finally, the integration of electrochemical treatment
with other advanced treatment technologies will
continue to be an important area of research. Hybrid
systems that combine electrochemical treatment with
biological processes, advanced oxidation processes
(AOPs), or

enhanced treatment performance and address a

membrane filtration can provide
broader range of contaminants (Bristol-Alagbariya,
Ayanponle & Ogedengbe, 2022, Ogunnowo, et al.,
2022). Research into the optimization of these hybrid
systems, including the development of synergistic
combinations that improve overall treatment
efficiency and reduce operational costs, will be
crucial for advancing electrochemical wastewater
treatment technologies. Additionally, the integration
of resource recovery, such as nutrient recovery or
water reuse, into electrochemical systems will help
move towards a more circular economy, where waste
is minimized, and valuable resources are recovered.

In conclusion, the future of electrochemical
treatment of wastewater is highly promising, with
several key research directions that will drive the
field. The

high-performance

next wave of innovation in this
development of cost-effective,
electrode materials, the integration of renewable
energy sources, the use of Al-driven control systems,
and the creation of supportive policy frameworks are
all essential to realizing the full potential of
electrochemical treatment technologies (Ayo-Farai,
et al., 2023, Ezeanochie, Afolabi & Akinsooto, 2023).
By addressing these challenges and advancing these
electrochemical wastewater

areas of research,

treatment systems can become more efficient,
sustainable, and cost-effective, paving the way for
their widespread adoption in industrial, municipal,
and decentralized wastewater treatment applications.
These innovations will not only improve wastewater
management practices but also contribute to the
global goals of environmental sustainability and

resource conservation.
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29.

In conclusion,

Conclusion

electrochemical treatment of
wastewater represents a significant advancement in
addressing the growing challenges of water pollution
and the demand for more efficient, sustainable water
treatment technologies. The progress made in the
design of electrochemical systems and the
development of advanced electrode materials has
demonstrated the potential of these systems to
effectively remove a wide range of pollutants,
including organic micropollutants, heavy metals,
The

electrochemical processes, such as electrooxidation,

nutrients, and pathogens. versatility  of
electrocoagulation, and advanced oxidation processes
(AOPs), allows for tailored solutions to treat various
types of wastewater across different industries,
including textiles, pharmaceuticals, food processing,
and municipal wastewater.

However, as promising as electrochemical treatment
technologies are, there remain significant challenges
that must be addressed to ensure their widespread
High
degradation, and the high capital and operational

adoption. energy consumption, electrode

costs associated with electrochemical systems are

among the primary hurdles that need to be overcome.

Addressing these issues through innovations in
electrode materials, energy-efficient process designs,
and system optimization will be critical in reducing

the overall cost and improving the feasibility of

electrochemical treatment for large-scale applications.

The development of cost-effective, durable, and high-
performance electrode materials will continue to be a
key area of research, as electrodes are central to the
success of electrochemical systems. Innovations in
electrode surface and

design, modification,

nanostructuring techniques will enhance the
electrochemical performance, reduce fouling, and
extend the lifespan of electrodes, making them more
suitable for industrial and municipal wastewater
treatment. Additionally, the integration of renewable

energy sources, such as solar and wind power, with

will further

sustainability of these processes,

electrochemical treatment systems

enhance the

reducing their environmental footprint and
operational costs.
Electrochemical treatment's strategic role in

sustainable wastewater management lies in its ability
to provide a versatile, environmentally friendly
solution for the removal of a broad spectrum of
pollutants. The potential for integration with other
treatment technologies, such as biological processes,
advanced oxidation, and membrane filtration,
enhances the effectiveness of electrochemical systems
and offers a holistic approach to wastewater
management. Furthermore, electrochemical systems
align with the principles of the circular economy by
enabling the recovery of valuable resources, such as
water and nutrients, while minimizing the need for
chemical additives.

The continued development and optimization of
electrochemical treatment systems will play a critical
role in addressing the growing demand for efficient,
sustainable wastewater

cost-effective, and

management solutions. As research advances,
electrochemical systems will become an increasingly
important tool

in mitigating water pollution,

contributing to the global goals of resource

conservation, environmental protection, and
sustainable development. Through innovations in
technology, process design, and policy support,
electrochemical treatment has the potential to
transform wastewater management practices and

contribute to a more sustainable future.
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