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Wastewater pollution is an important and worrying issue because it can destroy 

aquatic life and deplete natural water resources. Electrochemical wastewater treatment 

has provided a new and promising opportunity, supported by an in-depth 

understanding of its working mechanisms and treatment efficiency. This article 

discusses the key theories, operational strategies, and influencing factors of 

electrochemical treatment, including electrode materials, pH levels, and process 

conditions. In addition, separation, conversion, and hybrid electrochemical processes 

are presented with particular attention to the generation of reactive species and the 

recovery of valuable byproducts such as metal ions. These processes demonstrate dual 

functionality both in contaminant removal and resource recovery highlighting the 

robustness and flexibility of electrochemical systems across a wide range of pollutants. 

Moreover, the article reviews various reactor designs and discusses the scalability of 

these systems for practical applications. This comprehensive overview emphasizes the 

potential of electrochemical technologies as efficient, adaptable, and environmentally 

friendly solutions for modern wastewater treatment challenges. 
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1. Introduction 

1.1. Background of Wastewater Pollution 

Due to industrial revolution, urbanization 

and agriculture, water pollution has become one 

of the biggest global problems. Industrial 

discharges and agricultural runoff lead to 

wastewater containing pollutants such as heavy 

metals, organic material, nutrients and 

pathogens. The health, risks associated with that 

untreated wastewater are also very high as it 

could affect human health and even the drinking 

water going worse leading to adverse effects on 

health[1]. 

Electrochemical methods have been 

developed as potential alternatives for 

wastewater treatment because they can remove a 

wide range of contaminants using electric 

currents and electrochemical reactions. These 

processes have gained attention in recent studies 

because they can effectively treat both organic 

and inorganic pollutants such as heavy 

metals[2]. However, some ions present in the 

waste water for example chloride, can affect the 

treatment efficiency and also have the potential 

to form hazardous byproducts during 

oxidation[3]. 

Increasing regulatory pressures to 

mitigate pollution and climate change, making 

wastewater treatment solutions much more 

sustainable the cost and energy use issues in 

traditional methods highlight the need for the 

development of innovative technologies. These 

challenges can be efficiently addressed by 

electrochemical approaches that enable 

https://rjes.iq/index.php/rjes
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adaptable treatments based on the type of 

contaminants and the operational mode. 

1.2. Importance of Electrochemical Methods 

Electrochemical Techniques in 

wastewater treatment are widely applied in 

wastewater treatment since complex pollutants 

can be efficiently addressed by these techniques. 

Such techniques allow for effective removal of 

contaminants such as heavy metals and organic 

materials along with resource recovery. They 

play a role in turning non-degradable to 

degradable, thus improving treatment efficiency. 

Electrochemical methods have an 

additional benefit of versatility, as they can be 

custom designed to target the requisite pollutants 

and combined with other systems to create a 

hybrid approach. Such adaptability is essential 

given the tighter regulations on wastewater 

discharge and the need of industries to have 

enhanced remediation strategies[4]. 

Additionally, these treatments also seem 

to be performed under less extreme conditions 

compared to conventional processes thereby 

saving energy and cost. With near-instantaneous 

response times, they are even more suitable for 

use in situations requiring constant treatment. 

Several recent developments, such as the 

preparation of conductive bristles and 

conductive microbeads, enable more reliable 

electrocoagulation and oxidation processes, thus 

increasing efficiency and reducing costs for 

large-scale implementations[5]. 

Moreover, electrochemical treatments 

can be designed to produce valuable byproducts, 

for example, by recovery of metals or other 

materials that can be reused from the waste 

streams, providing some economic 

opportunities. So, this is a two-way benefit and 

helps not just sustaining environmental but also 

aiding economic viability of greener industries. 

Overall, the versatility and sustainability 

provided by electrochemical techniques 

contributes to a more integrated approach to 

water management that will effectively manage 

multiple contaminants in a single system. 

 

2. Fundamental Principles of Electrochemical 

Treatment 

2.1. Electrochemical Reactions 

Oxidation and reduction processes play a 

crucial role in wastewater treatment by 

facilitating the electrochemical reactions at the 

electrodes to remove contaminants. The anode in 

an electrochemical reactor that is responsible for 

the oxidation process, and this is where 

substances loose electrons and reactive species 

such as hydroxyl radicals can be produced, 

resulting in the efficient degradation of organic 

pollutants[2]. At the cathode, on the other hand, 

reduction takes place as metal cations receive 

electrons and develop solid metals that enable 

accurate removal of heavy metals like cadmium 

and lead[6]. Efficiency of these reactions is 

affected by the choice of the electrode material; 

boron-doped diamond and titanium allowances 

enhance efficiency and longevity[2]. 

Electrochemical methods are also scalable, 

making them capable both for small modular and 

decentralized systems as well as large industrial 

units[7]. Recent advancements in reactor designs 

improve variables such as current density and 

reaction time for pollutant removal. 

Electrochemical advanced oxidation processes 

(EAOPs) take this a step further and allow the 

introduction of other oxidizing agents to 

successfully degrade pollutants at a faster rate. 

Electrogenerated active chlorine is another 

effective agent for synthetic dye decolorization 

and pharmaceuticals removal from 

wastewater[8]. 

Overall, these electrochemical reactions can 

enhance contaminant removal and provide 

avenues for resource recovery from wastewaters. 

 

2.2. Mechanisms of Contaminant Removal 

Most electrochemical treatments of 

wastewater rely on various mechanism by which 

they help to remove pollutants from water. These 

include electrochemical oxidation, 

electrocoagulation and electrodeposition 

processes. Electrochemical oxidation is a process 

that is now well known as it is based on the 

production of reactive species at the anode [in 

particular hydroxyl radicals with high oxidizing 

power]. These radicals actually interact with 

organic pollutants and decompose them to less 

harmful substances. It has been proven as an 

effective for the degradation of many organic 



 

S. D. Basheer,  S. A. K. Ali, T. F. Chyad / Al-Rafidain Journal of Engineering Sciences Vol. 3, Issue 2, 2025: 210-223 

 

212 

 

compounds, particularly pharmaceutical 

compounds such as diclofenac and 

carbamazepine[9]. 

Electrocoagulation is another key process, 

effectively destabilizing dissolved ions in 

wastewater with electrochemical reactions to 

promote floc formation of large particles. The 

resulting flocs can then be separated from 

sewage via flotation or sedimentation, removing 

suspended solids and some dissolved pollutants. 

The performance of electrocoagulation is 

contingent on several variables such as current 

density and electrolyte level[2]. 

Besides, it has been used in electrodeposition as 

another approach to recover heavy metals from 

wastewater. It entails the reduction of metal ions 

at the cathode, where they are deposited on the 

latter, thus, purifying the effluent and enabling 

the potential recovery of precious metals[10]. 

Electrochemical techniques have the adaptability 

to target a broad spectrum of contaminants 

highly effectively. This includes a wide range of 

organic to inorganic contaminants[2], and 

therefore, is capable of removing heavy metals 

from water and nutrients such as nitrates and 

phosphates which are also nutrients. In 

combination, this versatility increases 

efficiencies of pollutant removal. 

 

3. Efficiency and Performance Metrics 

3.1. Factors Affecting Efficiency 

Electrode materials, pH, current density 

and setting of voltage are significant factors that 

influence the electrochemical wastewater 

treatment efficiency. For instance, stainless steel, 

titanium and mixed metal oxides (MMOs), 

commonly used electrodes, give conductance 

and stability, which allow for efficient pollutant 

breakdown. Advanced designs of the electrodes, 

such as three-dimensional structures have also 

shown an enhancement of mass transfer, as well 

as of the area where the reaction occurs, which 

ultimately results in increased treatment[11]. 

An important property of wastewater that 

affects the efficacy of an electrochemical process 

is pH of wastewater. Highly rated contaminant 

removal is occurred at lower pHs, especially 

when pH is below 5, removal efficiencies of 

chemical oxygen demand (COD) Increase[12]. 

On the other hand, elevated pH can impair by 

increasing the energy needed and decreasing 

oxidation. 

It is also important when studying 

efficiency of a system, to take into account 

current density and voltage. Although reaction 

kinetics can be accelerated for higher current 

densities, this results in energy consuming side 

reactions which decreases overall 

performance[6]. Balancing these factors is 

important to optimize energy consumption but 

still achieve sufficient treatment efficacy. 

Reactor design has been highlighted as frontiers 

focus of innovation as it aims to streamline 

operational parameters and costs associated with 

energy consumption and electrode erosion 

during reaction. 

 

4. Techniques in Electrochemical Wastewater 

Treatment 

4.1. Separation Methods 

Electrochemical separation methods are 

essential in the successful recovery of pollutants 

from wastewater streams. One of the more 

interesting methods, is electrocoagulation, which 

utilizes an electric current to leach out relevant 

cathodic anodes, typically aluminum or iron. It 

involves the generation of metal ions that are 

able to coalesce with the suspended particles of 

the wastewater, causing their destabilization and 

agglomeration into larger flocs. These micro-

flocs can be easily separated from the liquid 

phase by sedimentation or filtration. The 

performance of electrocoagulation is dependent 

on the electrode materials, pH and operating 

time. Optimal coagulation conditions usually 

occur from a pH of 5 to 9[2];[13]. 

Electrodialysis is another notable 

method, which employs an electric field to move 

ions from wastewater across selective permeable 

membranes. Such a technique is effective in 

developing desalination and selectively removal 

of specific ions such as heavy metals. 

Electrodialysis is also capable of removing some 

contaminants whilst reducing the output of waste 

from these processes[2] by simply changing 

operating parameters. Furthermore, by using 

electro flotation whereby small gas bubbles 

produced by electrochemical reaction help float 
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organic contaminants with less density on top of 

the surface for removal[13]. 

Coupling such separation techniques into 

electrochemical treatment systems will increase 

the efficiency of pollutant removal, increase the 

sustainability of the process through resource 

recovery and reduce chemical consumption 

relative to traditional wastewater treatment 

methods [9] . 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Open in a new tab Electrochemical technologies for water and wastewater treatment[13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Advantages of Electrocoagulation technology in the removal of emerging contaminants Full size image[9]. 

 

4.2. Conversion Methods 

Conversion techniques, also used in 

electrochemical wastewater treatment, attempt 

to convert hazardous pollutants into less toxic 

forms, or to retrieve valuable resources. One of 

the major approaches is electrochemical 

oxidation that utilizes electric current to 

promote oxidation processing, which generates 

reactive species, such as hydroxyl radicals 

capable of breaking down resistant organic 

pollutants[2]. 

Electrodeposition is another 

methodology where metal ions from 

wastewater are extracted due to the direction 

towards the cathode under the presence of an 

electric field, which leads to solid metallic 

deposits[6]. It increases the purity of 

wastewater and enables Recovery of precious 

https://cdn.ncbi.nlm.nih.gov/pmc/blobs/fcd9/10297949/928094353f1f/ijerph-20-06140-g001.jpg
https://media.springernature.com/lw685/springer-static/image/art%3A10.1007%2Fs44290-025-00261-5/MediaObjects/44290_2025_261_Fig4_HTML.png
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metals thereby combining waste management 

with recovery of resources. 

The process of electrocoagulation in 

which coagulation occur by means of the 

energy of electricity in this process metal 

coagulants dissolve at the anode so metal 

hydroxides produced unit to capture suspended 

solid and carbons. The resulting flocs are easily 

separated by sedimentation or flotation[6]. 

Advanced oxidation processes (AOPs) 

convert nonbiodegradable organic materials 

into biodegradable compounds or over into 

mineralized products (carbon dioxide and 

water). Combination of AOPs with other 

electrochemical techniques can lead to more 

efficient degradation and a better treatment of a 

variety of contaminants[14]. 

These methodologies provide evidence 

that electrochemical techniques aid pollutant 

removal and play an essential role in resource 

recovery, environmental, and sustainability. 

 

4.3. Hybrid Methods 

Hybrid electrochemical processes have 

been introduced to improve effectiveness and 

efficiency in the electrochemical wastewater 

treatment. The ability of these systems to 

combine techniques such as electrocoagulation 

(EC) with actual oxidation processes (AOPs), 

in particular ozonation or Fenton's reagent, 

enables them to tackle the difficulties of 

advanced inspections. As an example, EC 

coupled with ozonation enables the direct 

oxidative degradation of recalcitrant pollutants 

by hydroxyl radicals generated during 

ozonation. This hybridization also removes 

oxidized reaction by-products and suspended 

solids, thus increasing the removal rates of 

contaminants[9]. 

Hybrid frameworks combine different 

technologies to exploit their specific strengths 

and address the peculiarities of the wastewater 

more effectively. Controlled contaminant 

extraction and hindered escape of residual 

pollutants further boost water quality and 

suggest that continuous treatment could enable 

upscaling electrochemical methods via the 

membrane barrier action. 

Hybrid reactors operate an 

electrochemical treatment in conjunction with 

adsorption, which is a widely practiced method 

that enhances heavy metal removal 

efficiencies, according to research. The 

adsorption capability and electrical driving 

force complement one another, resulting in a 

synergistic combination that can lead to high 

selectivity and efficacy against different metal 

contaminants[6]. Moreover, due to the in-situ 

generation of coagulants and minimum 

dependence on external additives, operational 

cost can be optimized with the utilization of 

hybrid methods. 

Hybrid frameworks provide an 

opportunity to develop breakthrough 

combinations and are therefore promising tools 

to enhance electrochemical wastewater 

treatment resilience to more complex waste 

streams and improve their sustainability 

metrics. 

 

5. Generation of Reactive Species 

5.1. Types of Reactive Species Produced 

Electrochemical wastewater treatment 

plays an important role for the production of 

reactive species that are required for the 

degradation of these organic contaminants. 

Examples of key species created are hydroxyl 

radicals (OH), hydrogen peroxide (H2O2), 

ozone (O3), and hypochlorous acid (HOCl) The 

ROS generated are strong oxidants and 

decompose many pollutants including 

pharmaceuticals, and dyes. They are formed by 

anodic oxidation reactions at the electrodes to 

produce radicals from water or electrolyte 

solutions. 

Of particular interest are hydroxyl radicals, due 

to their high reactivity and capacity to 

mineralize complex organic molecules into 

benign end products, such as carbon dioxide 

and water. As described in[7], hydrogen 

peroxide can improve the degradation of 

pollutants when employed along with transition 

metals through mechanisms like Fenton's 

reaction. Chlorides create hypochlorous acid 

when they dissolve in water, which assists 

degradation but may create chlorinated by-

products needing management. 
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The nature and concentration of ROS produced 

can be finely adapted according to the selected 

conditions (e.g., composition pH of electrolytes 

and current densities) and the composition of 

wastewaters treated. The complex nature of 

competitive interactions can be seen in treating 

diclofenac loaded waste which has been cited 

in[8]. Here the electrode material plays a 

critical role in determining both the rates and 

types of ROS generated, and hence, knowledge 

of such competitive interactions is necessary to 

optimize an electrochemical treatment system. 

 

5.2. Role in Contaminant Degradation 

Electrochemical approaches that 

generate reactive species, especially hydroxyl 

radicals, which are crucial for oxidizing and 

managing organic pollutants from waste water 

are of central importance for degradation of 

contaminants. These radicals degrade many 

organic contaminants into less harmful by-

products[15], the electrochemical advanced 

oxidation processes (EAOPs) promote the 

contaminants degradation by direct oxidation 

(on the anode surface) and indirect (through 

hydroxyl radicals produced in the anode 

compartment) oxidation processes. 

Electrode materials play a major role in the 

generation of reactive species. Carbon-based 

electrodes (e.g., graphite or reduced graphene 

oxide) are also effective in producing reactive 

oxygen species in electrochemical treatments, 

which can enhance degradation rates[8]. 

Additionally, in an electrochemical cell, anodic 

oxidation and cathodic reduction can be 

integrated to achieve the simultaneous removal 

of target contaminants and regulation of by-

products[10]. 

Nevertheless, the limited generation of 

byproducts these conditions are required during 

electrolysis process still poses a significant 

problem. Chlorinated byproducts of potential 

toxicity risks may be generated at high chloride 

concentrations[16]. To maximize the 

degradation of pollutants and minimize the 

generation of harmful by-products, parameters 

such as current density and treatment time must 

be optimized. 

Moreover, reactive species can interact with 

various contaminants in ways that are more 

complex than commonly assumed, which 

demands non-targeted analyses to better mimic 

real wastewater conditions. Effective species 

will guide refinement of future therapies. 

 

6. Metal Ion Byproduct Recovery and Alloys 

6.1. Recovery Techniques Overview 

Electrochemical recovery methods are 

emerging as a rapid and sustainable wastewater 

treatment technology for resource recovery of 

precious metals, especially heavy metal and 

other resource recovery byproducts. Out of 

many methods available, electrodeposition is of 

particular interest due to its ability to recover 

metal cations such as Ag+(78%) and Cu2+(up 

to 98%) in certain Applications[17]. Instead, 

this technique can achieve material removal as 

well as being capable of recycling useful 

materials. 

Moreover, it was demonstrated that an 

electro-oxidation process also capable to 

recovering bromine with an overall efficiency 

of 77.84% and energy consumption estimated 

at around 5.71 kJ/h, whereas different methods 

can be combined in a single electrochemical 

system for improvement of recovery 

efficiencies, introducing even a liquid-

membrane chamber. Positive outcomes are 

reported from these systems for the separation 

of formic acid from chloride-rich waste streams 

with high purity and low energy 

consumption[17]. 

In addition, breakthroughs in reactor 

designs have increased the relevant 

performance parameters related to such 

recovery techniques. For example, pulsed 

electric fields combined with 

electrocoagulation show better performance 

and simultaneous recovery of metals from 

sludge[14]. The ongoing research and 

innovation upon these methodologies 

exemplify both aspects in the perspective of the 

wastewater treatment since it aims at not only 

emission reduction but also resource recovery 

and sustainability of industrial processes. 
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Figure 3: Proposals of advanced oxidation processes at wastewater treatment plant [17]. 

 

6.2. Applications in Resource Recovery 

Industry 

Electrochemical approaches are 

undergoing a paradigm shift in the area of 

wastewater treatment, as there is an increasing 

focus on resource recovery by converting waste 

into useful products. One of the greatest 

benefits is that they can recover useful heavy 

metal ions from wastewater by the means of 

more environmentally sustainable 

methodologies than the currently used 

techniques, which mainly involve adsorption or 

chemical precipitation. Electrodeposition, for 

example, has been shown to recover silver ions 

at efficiencies of 80 to 100% [17]. Along with 

heavy metals, these methods can also be used 

to extract bromine and formic acid, making this 

technique highly applicable. 

In addition, projects as REWAGEN 

demonstrate the possible integration of 

wastewater treatment and energy recovery 

within electrochemical systems. In this article, 

the discussed project is against a backdrop of 

the dairy sector and highlights hydrogen from 

electro-oxidation, as a potential by-product for 

electricity. The ability to utilize the production 

of biogas for heat recovery has a dual role in 

that it significantly mitigates dairy effluent, 

while at the same time reducing the energy 

needs within treatment systems through 

optimized technology integration [14]. 

In addition, the deployment of an 

Advanced Oxidation Process (AOP) not only 

increases biodegradability but also reduces the 

organic loading in wastewater, which in turn 

facilitates subsequent biological treatment and 

resource recovery[17]. Such circular economy 

strategies promote effective resource use, low 

waste generation and ultimately sustainability 

in industrial processes, as metal and energy-

rich compound extraction becomes an 

economically viable objective[18]. 

 

7. Advantages of Electrochemical Processes 

7.1. Robustness and Flexibility in Design 

Among wastewater treatment systems, 

electrochemical systems are well-known for 

their robustness and versatility, with various 

application areas. They are designed for 

diverse compositions of waste-water and flow 

rates; so, these systems work best in the hostile 

environments that most industrial works 

operate in. Their flexibility enables tailored 

https://ars.els-cdn.com/content/image/1-s2.0-S1452398124001305-gr4.jpg
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solutions addressing individual contaminants 

thus increasing treatment efficacy[2]. 

Another major pro is the simplicity in 

operation. Electrochemical reactors have the 

advantage of being implemented in the current 

industrial infrastructures of wastewater 

treatment, helping the change of traditional 

systems towards a really efficient process 

without much construction work.  

The other advantage is the tunable 

operational parameters such as voltage and 

current density that can enhance overall 

pollutant removal efficiency, and at the same 

time lower energy requirement. These 

advanced control features include real-time 

monitoring and the use of adaptive feedback 

loops to allow for more effective operational 

control by making changes in response to real-

time data. 

In addition, using renewable energy 

sources like solar or wind power in these 

systems is a major step toward sustainability. 

This reduces the ecological footprint while 

ensuring long term cost effectiveness[2]. This 

ensures that the sustainability of 

electrochemical treatment systems for 

wastewater management solutions is a high 

resilience. 

 

7.2. Broad Range of Contaminants Addressed 

Electrochemical methods for 

wastewater treatment are highly attractive for 

versatile restoration of environmental 

contamination due to their ability to eliminate 

various contaminants. These stomp on stubborn 

organic compounds, heavy metals and all the 

new-age pollutants like pharmaceuticals and 

personal care products. These methods are 

adaptable to various treatment approaches, 

depending on the characteristics of the 

wastewater stream, making them suitable for 

industries with complex wastewater streams. 

It has proven to be effective in the 

textiles, pharmaceuticals, petrochemicals and 

also in food processing sectors. Electricity 

proves effective in technologically advanced 

solutions; textile effluents containing complex 

organic substances are treated 

electrochemically, while hazardous residual 

active ingredients of pharmaceuticals are 

broken down efficiently. 

Electrocoagulation and electrooxidation 

are examples of such processes that will help to 

remove some of those suspended solids from 

wastewater by degrading the pathogens and 

biological contaminants inside. To view 

performance aspects on industrial wastewater 

effluents which are seldom single-component 

waste streams but rather consist of complex 

contaminant matrices[2]. 

With the electrochemical systems being 

very flexible in terms of operation, they are 

essentially competent in handling different 

types of wastewaters by embracing changes in 

qualities of the wastewater of concern, from 

agricultural runoff till municipal sewage. 

Electrochemical treatments utilize ambient 

conditions rather than energy intensive 

processing steps and therefore they are not only 

economically attractive but also environmental 

advantageous in treating wastewater, and are 

robust and scalable against various high 

pollutant load and complex wastewater with 

varying compositions. 

 

8.Reactors for Electrochemical Treatment 

Systems 

8.1. Batch vs Continuous Flow Reactors 

Depending on the electrochemical 

treatment method, there are two types of 

reactors used for electrochemical wastewater 

treatment, namely batch reactors and 

continuous flow reactors, both of which have 

their own advantages and disadvantages. Batch 

reactors serve in treating wastewater of a 

certain volume in turns, where all the 

conditions can be controlled precisely giving us 

the choice to adjust electrochemical parameters 

such as current density and electrode 

efficiency, to their optimal value. This strategy 

is useful for smaller operations or when the 

contaminant loads are inconsistent, as it can be 

adjusted on a per-batch basis. 

Unlike batch reactors, which treat 

individual batches of wastewater, continuous 

flow reactors work with a constant flow of 

wastewater, making them more appropriate for 

larger scales that require consistent conditions 
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for reliable treatment results. They usually 

have higher throughput and labor costs because 

they handle fewer batches and digesters are 

generally more compact[19]. 

The disadvantages, drawbacks of 

continuous flow systems are that they require 

more sophisticated monitoring systems than we 

have with batch systems to keep the reaction in 

optimal conditions. Performance may also be 

affected by issues such as electrode fouling and 

passivation[6]. Batch reactors are easier to 

maintain, but they can be less energy efficient 

since production stops in between batches. 

Therefore, the considerations of scaling 

needs, contaminated water diversity, 

operational performance target, and 

economical factors imply reactor type-specific 

evaluations for systems tailor-made to different 

electrochemical treatment systems. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Graphical representation of (a) UCER and (b) URER[6]. 

 

8.2. Innovations in Reactor Design 

Technologies 

The rapid development of new reactor 

designs for electrochemical wastewater 

treatment effectively improves the removal of 

pollutants. Innovations target multiple designs, 

including flow-through porous electrodes and 

three-dimensional setups, which enhance 

limited mass transfer rates necessary for 

contaminant removal.  

Such designs overcome the drawbacks 

of fouling and low surface area. 

A widely investigated option to 

increase contact between electrolytes and 

electrode surfaces include packed-bed reactors. 

The packed bed rotating cathode of Kadhima 

and Abbar utilizes rotational motion to enhance 

mass transfer characteristics and decrease 

diffusion layer thickness, which improves the 

deposition of metal ions crucial for the removal 

of heavy metals[6] . And centrifugal electrodes 

also control anodic passivation efficiently and 

enable continuous operation. 

Novel hybrid electrochemical-

adsorption systems now integrate the 

advantages of both adsorption and 

electrocatalytic processes and facilitate 

treatment enhancement by enabling more 

comprehensive performance of integrated 

physical adsorption and electrochemical 

reactions for broader contaminant scope 

throughout a single unit process. 

In addition, real-time monitoring 

technologies integrated with these advanced 

designs deliver essential data for dynamic 

optimization of operational parameters. These 

https://ars.els-cdn.com/content/image/1-s2.0-S1226086X25003107-gr3.jpg
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innovations have been highlighted as important 

when it comes to the creation of sustainable 

wastewater treatment systems that can be 

adapted to contaminant loads and types[2]. 

 

9. Existing Applications and Case Studies at 

Technical-Scale 

9.1. Industrial Applications Overview 

Electrochemical wastewater treatment 

technologies have become an attractive option 

for various industries in tackling contamination 

problems related to several different kinds of 

wastewater. For instance, to recover heavy 

metals from industrial effluents. 

Electrocoagulation reactors in this regard can 

achieve very high removal efficiencies of 

synthetic wastewater from metal industries 

such as cadmium (Cd), lead (Pb) and copper 

(Cu)[6]. 

Novel reactor types, such as membrane-

based continuous flow reactors, are also being 

used for the direct extraction of lithium from 

brines[6], fulfilling another step to satisfy the 

growing lithium demand for batteries while 

protecting resource independency. 

In addition, onsite electrochemical 

systems are also being designed for use in 

applications such as water reuse in public 

purifying facilities. In an additional treatment 

research study, a scenario study for blackwater 

stemming from a public commode; it can be 

dealt with using an electrochemical therapy 

system and also it fulfills the requirements of 

the Indian along with the foreign standards. It 

continuously produced effluent with high level 

of chlorine (exceeding level for toilet flushing) 

thus enhancing the water amelioration and 

decreasing the environmental discharge[20]. 

These examples demonstrate not only 

the versatility of electrochemical techniques in 

different contexts, but also the potential of 

electrochemical processes to promote 

sustainable practices in industries by 

recovering valuable resources and reducing 

environmental harms. Electrochemical 

wastewater treatment represents an effective 

strategy for addressing the modern dilemmas of 

industrial wastewater pollution in relation to 

the environment. Table 1 presents a summary 

of different electrochemical reactor types along 

with their respective applications. 

 

 

Table 1: Various Electrochemical Reactors and Their Applications[6]. 

 

References Reactor Design Applications 

Roggerone et al. sub-ref-

[21] 

Membrane-based continuous flow-

by reactor 

Industrial application: 

Direct extraction of Li from brine 

AlJaberi and Hawaas 

sub-ref-[22] 

Electrocoagulation reactor Industrial application: 

Removal of Pb, Cu, and Cd from synthetic 

wastewater 

Yu et al. sub-ref-[23] Novel centrifugal electrode reactor Industrial and environmental application: 

Treating simulated heavy metal wastewater 

Kadhima and Abbar sub-

ref- [24]  

Packed bed reactor Industrial and environmental application: 

Removal of Cd from simulated wastewater 

Ali et al. sub-ref-[25] Integrated EC-AD hybrid reactor Industrial and environmental application: 

Removal of Zn, Cu, and Fe traces from synthetic 

wastewater 

Hu et al. sub-ref-[26] 

 

Cyclone electrochemical reactor Industrial and environmental application: 

Remediation and recovery of toxic metals from 

multicomponent acidic media 

 

9.2. Comparison with Other Treatment 

Modalities 

Conventional methods are less efficient, 

have a large ecological footprint and relatively 

more disadvantages when compared to 

electrochemical methods for wastewater 

https://www.sciencedirect.com/science/article/pii/S1226086X25003107
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treatment approaches. Conventional methods, 

like those involving activated sludge systems, 

chemical precipitation, and filtration, usually 

require a sizeable amount of infrastructure and 

release significant secondary pollutants. 

Alternatively, unlike most of treatments where 

separation of water from contaminants is 

preceded by other physical-chemical processes, 

electrochemical processes (ECPs) treat 

contaminants directly. This makes it easier to 

remove residue impurities that traditional 

systems often have difficulty with. 

Electrocoagulation and electrooxidation, for 

instance, are efficient methods for organic 

compound degradation, as well as heavy metal 

extraction, usually providing better results 

under different working conditions[27]. 

In addition, these electrochemical 

methods also have environmentally friendly 

since it can decrease chemical usage and 

reduce sludge generation. Because 

electrochemical reactors are more compact 

than other reactor types, it is easier to 

incorporate these into existing wastewater 

treatment plants without extensive changes to 

the existing infrastructure. This gives it a 

distinct advantage compared to conventional 

systems which may need large land area for 

installation. 

Specific types of these methods have made 

great strides in the past few years, As a result 

of new electrode materials that have bolstered 

their efficiency and permanence. State-of-the-

art techniques like shock electrodialysis 

simultaneously combine water treatment and 

energy recovery, a dimension rarely addressed 

by conventional methods[28]. Furthermore, it 

shows versatility to remove various kinds of 

pollutants form organic species to the required 

nutrients, nitrogen and phosphorus. 

Although both classical methods and 

electrochemical methods have their benefits, 

electrochemical processes are ripe for 

application in future wastewater treatment 

technologies due to their adaptability, 

efficiency, and potential for useful resource 

recovery. 

10. Recent Developments and Future 

Perspectives in Electrochemical Wastewater 

Treatment 

10.1. Emerging Technologies to Watch 

Novel electrochemical wastewater 

treatment technologies are ushering in a new 

era of efficiency and sustainability. One 

approach is associated with special electrode 

materials like high-efficient metal oxides, and 

carbon-based electrodes stimulating nutrient 

removal (especially nitrogen and phosphorus as 

major pollutant of water)[27]. These 

innovations provide enhanced efficiency in 

operation and lower the cost of electrochemical 

methods, making these methods much more 

feasible for industrial use. 

Another attractive route is to integrate 

renewable energy sources (such as solar or 

wind power) with the electrochemical 

platforms. It aims to decrease carbon emissions 

from wastewater treatment and offer a 

sustainably energy supply[2]  for system 

operation in energy-limited regions. 

Moreover, the combination of 

electrochemical and biological systems is on 

the rise through hybrid systems exploiting the 

advantages of both treatment methods for 

effective degradation of contaminants while 

tackling the problems of electrode fouling and 

expensive running costs. 

Having said that, Scalability is still an 

important factor for future development. By 

concentrating on the applications of these 

technologies on an industrial scale and 

illustrating them in a real-world situational 

context, their viability can be established[27]. 

These developments are expected to disrupt 

wastewater solutions dramatically by 

addressing such hurdles as electrode stability 

and combined method integration. 

 

10.2. Potential Research Directions 

There are several new research 

directions that could provide increased 

efficiency and sustainability of electrochemical 

wastewater treatment over the horizon. One of 

the major areas of development is the creation 

of new electrode materials and arrangements 

that can operate over a wider range of 
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conditions while reducing fouling and 

degradation. To be used in the catalytic 

performance and stability of electrodes, 

advanced materials (e.g., graphene composites, 

metal-organic frameworks (MOFs)) are 

continually being researched on and holds 

promise to increase catalytic performance and 

electrode lifetime[2]  Such processes can serve 

to optimize these materials, which may 

promote charge transfer kinetics that can 

greatly enhance contaminant removal rates. 

In addition, the establishment of 

electrochemical systems with diagnostics will 

be essential in driving performance gains in the 

real world. Assuming the availability of state-

of-the-art sensors for immediate feedback on 

all system parameters, adaptive control 

strategies can be adopted to regulate and adjust 

the processes to various composition of the 

wastewater[2]. 

Furthermore, it will be essential to 

bridge the gap between laboratory and field 

research, especially through techno-economic 

analyses underpinning assessment of long-term 

viability of alternatives against more traditional 

approaches. Cost-effective designs should be 

focused along with energy-efficient[6] since 

the environment where low-cost resources exist 

receive paramount importance. 

Finally, we need to partner with 

policymakers to create regulatory systems that 

encourage innovation in sustainable solutions. 

Establishing a sound set of guidelines will 

foster industry compliance as well as progress 

treatment technologies that are specific to the 

contaminant of interest[6]. By responding to 

the environmental issues, this paradigm of 

electrochemical wastewater treatment promotes 

its advancement. 

 

11. Conclusion 

Electrochemical wastewater treatment 

provides a modular, effective, and sustainable 

alternative to traditional methods for tackling 

the increasing problems of water pollution 

occurring in many industrial and municipal 

applications. This technology presents versatile 

options for the removal of organic and 

inorganic contaminants, heavy metals, and 

emerging pollutants through various 

mechanisms including electrochemical 

oxidation, electrocoagulation, and 

electrodeposition. Thus, electrochemical 

treatment is not only a remedy tool, but also an 

option to promote resource recovery and 

circular economy via the generation of reactive 

species and recovery of valuable byproducts. 

Electrode materials, reactor designs and 

hybrid systems represent significant 

advancements reducing technical scale and 

performance barriers to many major industries, 

enabling implementation of these technologies. 

In addition, its integration with clean energy 

sources and other green technologies fosters 

the global backing for sustainable 

environmental management. 

While there are several benefits of this 

technology, by-product formation, energy 

consumption, and operational costs are the 

challenges that need to be further investigated. 

Advancing material science, process 

engineering, or even more synergistic research 

on aligning current regulatory frameworks with 

emerging electrochemical processes will be the 

future work to unlock the potential of this 

technology in comprehensive water 

management. 
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