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Abstract 

Rapid industrialization and urbanization have led to the widespread occurrence of emerging contaminants and micropollutants 

in water sources, posing a significant threat to both ecosystems and human health. Traditional water treatment methods often fall 

short in efficiently removing these complex and persistent pollutants. In recent years, electrochemical and bioelectrochemical 

techniques have emerged as promising and sustainable alternatives for the removal of emerging contaminants and 

micropollutants. As the global community strives to address water pollution challenges, the integration of electrochemical and 

bioelectrochemical techniques presents a promising avenue for the development of efficient, cost-effective, and environmentally 

friendly solutions for the removal of emerging contaminants and micropollutants from water sources. This review highlights the 

recent advancements and applications of electrochemical and bioelectrochemical processes in the removal of a diverse range of 

emerging contaminants, including pharmaceuticals, personal care products, pesticides, and industrial chemicals. 

Electrochemical methods such as electrocoagulation, electrooxidation, and electrochemical adsorption have demonstrated high 

efficacy in the degradation and removal of these pollutants. Furthermore, bioelectrochemical systems, harnessing the power of 

microbial metabolism, have shown great potential in enhancing pollutant removal through processes such as microbial fuel cells, 

bioelectrochemical reactors, and enzymatic bioelectrodes. The synergistic combination of electrochemical and biological 

mechanisms offers a versatile and sustainable approach for the remediation of water contaminated with micropollutants. This 

review explores the underlying mechanisms, key factors influencing performance, and recent developments in electrode materials 

and microbial consortia for enhanced pollutant removal. Additionally, the economic feasibility and scalability of electrochemical 

and bioelectrochemical technologies for large-scale water treatment are discussed. 
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1. Introduction 

The intensification of industrial activities and the unprecedented growth of urban centers have led to the release of a 

myriad of chemical compounds into aquatic ecosystems, giving rise to a pressing environmental challenge— the presence of 

emerging contaminants and micropollutants in water sources [1]. These pollutants, which include pharmaceuticals, personal care 

products, pesticides, and industrial chemicals, often elude conventional water treatment methods, posing significant threats to 

both environmental integrity and human health (figure 1) [2]. 

Conventional water treatment processes, while effective in removing conventional pollutants, face limitations when it comes to 

the diverse and persistent nature of emerging contaminants and micropollutants [3]. As these pollutants find their way into water 

bodies, they can have far-reaching ecological consequences and may enter the human food chain, raising concerns about their 

potential long-term impacts [4]. 

In response to this environmental challenge, researchers and water treatment professionals have turned their attention to 

innovative and sustainable technologies [5]. Among these, electrochemical and bioelectrochemical techniques have emerged as 

promising and versatile approaches for the removal of emerging contaminants and micropollutants from water sources [6]. 

Electrochemical methods have gained traction due to their ability to induce controlled redox reactions, resulting in the degradation 

and removal of various pollutants. Electrocoagulation, electrooxidation, and electrochemical adsorption are among the 

electrochemical processes that have demonstrated efficacy in treating water contaminated with diverse micropollutants [7]. These 

methods offer advantages such as selectivity, efficiency, and the potential for on-site treatment, making them attractive options 

for water remediation [8]. 

Bioelectrochemical systems, on the other hand, leverage the metabolic activities of microorganisms to enhance pollutant removal 

[4]. Microbial fuel cells, bioelectrochemical reactors, and enzymatic bioelectrodes represent promising technologies that harness 
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the inherent capabilities of microorganisms to break down and transform pollutants [9]. The synergy between electrochemical 

and biological mechanisms in these systems provides a sustainable and energy-efficient approach to micropollutant removal [10]. 

Understanding the mechanisms underlying the performance of electrochemical and bioelectrochemical techniques is crucial for 

their successful implementation [11]. The composition and characteristics of electrode materials play a pivotal role in determining 

the efficiency of electrochemical processes, while the microbial consortia in bioelectrochemical systems contribute to the 

degradation and transformation of a wide range of pollutants [12]. 

This review aims to provide a comprehensive overview of the recent advancements in electrochemical and 

bioelectrochemical techniques for the removal of emerging contaminants and micropollutants from water. By exploring the 

underlying principles, key influencing factors, and recent developments in electrode materials and microbial consortia, we aim 

to shed light on the potential of these technologies for sustainable water treatment [13]. Furthermore, economic feasibility and 

scalability are critical considerations in evaluating the practicality of electrochemical and bioelectrochemical methods for large-

scale water treatment. The integration of these technologies into existing water treatment infrastructure has the potential to 

revolutionize the field, offering efficient and environmentally friendly solutions to address the growing challenges associated 

with emerging contaminants and micropollutants in water sources [8]. As the global community strives to safeguard water quality, 

the exploration of electrochemical and bioelectrochemical techniques presents a promising frontier in the pursuit of sustainable 

water treatment solutions [14]. 

 

 

Figure 1: Environmental and health impacts of micropollutants (MPs) and emerging 

2.0 Rationale for Electrochemical and Bioelectrochemical Approaches 

Electrochemical and bioelectrochemical approaches have emerged as powerful tools in various scientific and 

technological domains, offering unique advantages and applications [15]. These methodologies leverage the principles of electron 

transfer at interfaces and the manipulation of redox reactions to address challenges in fields such as energy storage, environmental 

remediation, biosensing, and medical diagnostics. In this discourse, we explore the rationale behind the widespread adoption and 

interest in electrochemical and bioelectrochemical approaches [11].  

Energy Storage and Conversion: Electrochemical systems play a pivotal role in energy storage and conversion, offering 

sustainable alternatives to conventional energy sources. Batteries and fuel cells exemplify electrochemical devices that capitalize 

on redox reactions to store and release energy [16]. The ability to control and optimize electron transfer processes within these 

systems is fundamental for enhancing efficiency and performance. Moreover, advancements in materials science have led to the 

development of novel electrodes and electrolytes, contributing to the evolution of electrochemical energy storage technologies 

[17]. 

Environmental Remediation: Electrochemical methods find applications in environmental remediation by facilitating 

the removal of pollutants from water and soil. Electrochemical treatment processes, such as electrocoagulation and 
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electrooxidation, harness the potential of electrodes to induce redox reactions that break down contaminants [18]. 

Bioelectrochemical systems, employing living microorganisms, enhance the degradation of organic pollutants, showcasing a 

sustainable and efficient approach to environmental cleanup [19]. 

Sensing and Detection: In the realm of analytical chemistry and biosensing, electrochemical techniques provide sensitive 

and selective methods for detecting various analytes. Bioelectrochemical sensors leverage the specificity of biological molecules, 

such as enzymes or antibodies, to recognize and interact with target substances [20]. The resulting electrochemical signals provide 

a quantitative measure of the analyte concentration. These sensors find applications in medical diagnostics, environmental 

monitoring, and food safety, offering rapid and cost-effective detection methodologies [21]. 

Biomedical Applications: Bioelectrochemical approaches are gaining prominence in biomedical research and 

applications. Implantable bioelectrodes are utilized for neural interfacing and prosthetics, allowing for direct communication 

between electronic devices and living tissues [20]. Additionally, biosensors integrated into medical devices enable real-time 

monitoring of biomarkers, facilitating early disease diagnosis and personalized medicine. The biocompatibility and specificity of 

bioelectrochemical interfaces make them valuable tools in advancing healthcare technologies [22]. 

Fundamental Research in Electrochemistry: The study of electrochemical phenomena contributes to a deeper 

understanding of fundamental principles in chemistry and physics. Researchers delve into the intricacies of electrode interfaces, 

electron transfer kinetics, and redox reactions to expand the theoretical foundations of electrochemistry. This knowledge is 

essential for developing new materials, improving electrochemical processes, and advancing the broader field of materials science 

[23]. 

Sustainability and Green Technologies: As the world strives towards sustainable development, electrochemical and 

bioelectrochemical approaches offer green technologies with minimal environmental impact [24]. Electrochemical synthesis of 

chemicals and fuels, driven by renewable energy sources, provides an eco-friendly alternative to traditional industrial processes. 

Bioelectrochemical systems, harnessing microbial metabolism for energy production, exemplify sustainable approaches in 

bioenergy generation [11]. 

In addition, the rationale for embracing electrochemical and bioelectrochemical approaches is multifaceted, spanning 

diverse fields and applications. From addressing global challenges like energy sustainability and environmental pollution to 

enabling precise medical diagnostics and fundamental scientific exploration, these methodologies showcase versatility and 

efficacy [25]. Ongoing research and innovation in materials science, biochemistry, and engineering continue to unlock new 

possibilities, further solidifying the importance of electrochemical and bioelectrochemical approaches in shaping a sustainable 

and technologically advanced future [26]. 

3.0 Emerging Contaminants and Micropollutants in Water 

Emerging contaminants and micropollutants in water represent a diverse group of substances that have gained attention 

due to their detection in aquatic environments at trace levels and their potential adverse effects on ecosystems and human health 

[27]. These contaminants encompass a wide range of chemical compounds, including pharmaceuticals, personal care products, 

industrial chemicals, and nanomaterials, among others [28]. The classification of emerging contaminants is dynamic and 

continuously evolving as scientific understanding advances (Table 1). One prominent category includes pharmaceuticals and 

personal care products (PPCPs), which comprise drugs, hormones, and various compounds from personal care items (figure 2). 

These contaminants often enter water systems through wastewater effluents, agricultural runoff, and industrial discharges. 

Endocrine-disrupting compounds (EDCs) are another significant class, affecting the endocrine system and potentially 

causing reproductive and developmental abnormalities in aquatic organisms. Sources of EDCs include pesticides, herbicides, and 

industrial discharges.Per- and polyfluoroalkyl substances (PFAS), known for their water-resistant properties, have garnered 

attention due to their persistence and potential adverse impacts on both wildlife and humans [29]. PFAS can be released into 

water through industrial processes, firefighting foam, and consumer products.  Pesticides and herbicides, commonly used in 

agriculture, are recognized micropollutants that pose ecological risks, including disruptions in aquatic ecosystems and potential 

contamination of drinking water sources [30]. Industrial chemicals from various manufacturing processes contribute to water 

pollution, with potential effects on aquatic life and ecosystem health. Nanomaterials, resulting from engineered nanoscale 

materials, introduce a new dimension to water contamination concerns, as their effects on aquatic ecosystems and human health 

are still being studied [31]. The environmental and health impacts of these emerging contaminants vary widely. They can include 

altered behavior in aquatic organisms, hormonal disruptions, bioaccumulation in biota, and even potential links to human health 

issues such as antibiotic resistance, reproductive abnormalities, and developmental effects. Ongoing research is critical to 

understanding the full scope of these contaminants, implementing effective monitoring strategies, and developing mitigation 

measures to safeguard water quality and public health [31]. 
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Figure 2: Sources of MPs and ECs 

Table 1: Information on emerging contaminants and micropollutants in water 

Contaminant 

Class 

Definition and 

Classification 

Sources and 

Occurrence 

Environmental 

Impacts 

Health Impacts Reference 

Pharmaceuticals 

and Personal Care 

Products (PPCPs) 

PPCPs include 

drugs, 

hormones, and 

personal care 

products. 

- Disposal of 

unused 

medications - 

Wastewater 

effluents - Runoff 

from agricultural 

areas 

- Altered behavior in 

aquatic organisms - 

Hormonal disruption 

in wildlife - 

Developmental 

abnormalities in 

aquatic organisms 

Potential 

endocrine 

disruption in 

humans; antibiotic 

resistance. 

[12, 32] 

Endocrine 

Disrupting 

Compounds 

(EDCs) 

EDCs interfere 

with the 

endocrine 

system. 

- Pesticides and 

herbicides - 

Industrial 

discharges - 

Wastewater 

effluents 

- Reproductive and 

developmental 

abnormalities in 

wildlife - Hormonal 

disruption in aquatic 

organisms 

Adverse effects on 

reproductive 

health, immune 

system, and 

neurological 

function in 

humans. 

[4, 33] 

Per- and 

Polyfluoroalkyl 

Substances (PFAS) 

PFAS are 

synthetic 

compounds with 

water-resistant 

properties. 

- Industrial 

discharges - 

Firefighting foam 

- Consumer 

products 

- Bioaccumulation in 

aquatic organisms - 

Groundwater 

contamination - 

Adverse effects on 

immune function in 

wildlife 

Increased 

cholesterol levels, 

developmental 

effects, and 

potential links to 

certain cancers in 

humans. 

[34] 

Pesticides and 

Herbicides 

Chemicals used 

for pest and 

weed control in 

agriculture. 

- Agricultural 

runoff - Urban 

and suburban 

pesticide 

applications 

- Ecotoxicity to 

aquatic organisms - 

Disruption of aquatic 

ecosystems - 

Contamination of 

drinking water 

sources 

Neurological, 

reproductive, and 

developmental 

effects; 

carcinogenic 

potential in 

humans. 

[35] 
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Industrial 

Chemicals 

Various 

chemicals 

resulting from 

industrial 

activities. 

- Industrial 

discharges - 

Improper waste 

disposal 

- Accumulation in 

sediments and biota - 

Disruption of aquatic 

food chains - 

Adverse effects on 

aquatic life 

Carcinogenic 

effects, 

developmental 

abnormalities, and 

organ damage in 

humans exposed 

to high 

concentrations. 

[36] 

Nanomaterials Engineered 

nanoscale 

materials used 

in various 

applications. 

- Industrial 

processes - 

Consumer 

products 

- Potential toxicity to 

aquatic organisms - 

Bioaccumulation 

and ecological 

impacts 

Limited data on 

human health 

effects; concerns 

about potential 

toxicity and 

exposure routes. 

[37] 

Illicit Drugs Illegal 

substances 

entering water 

through human 

excretion. 

- Wastewater 

effluents - Urban 

runoff 

- Disruption of 

aquatic ecosystems - 

Behavioral changes 

in aquatic organisms 

Limited direct 

human health 

effects; potential 

ecological 

impacts. 

[38] 

Hormones Natural and 

synthetic 

hormones 

entering water 

systems. 

- Livestock 

farming - 

Wastewater 

effluents 

- Endocrine 

disruption in aquatic 

organisms - Altered 

reproductive 

behaviors 

Potential 

endocrine 

disruption in 

humans; 

developmental 

and reproductive 

effects. 

[33] 

Microplastics Small plastic 

particles from 

various sources. 

- Fragmentation 

of larger plastics - 

Microbeads in 

personal care 

products 

- Ingestion by 

aquatic organisms, 

leading to physical 

harm and 

bioaccumulation - 

Disruption of marine 

ecosystems 

Potential ingestion 

by humans 

through seafood; 

concerns about 

health impacts still 

under 

investigation. 

[39] 

 

4.0 Limitations of Conventional Water Treatment 

Water treatment is a critical process aimed at ensuring the provision of safe and potable water for human consumption and various 

industrial applications [40]. However, the conventional water treatment methods that have been widely employed face significant 

limitations when it comes to the removal of emerging contaminants and micropollutants (figure 3). These limitations highlight 

the need for innovative and advanced technologies, such as electrochemical and bioelectrochemical techniques [41]. 

Ineffectiveness against Micropollutants: Conventional water treatment processes, including coagulation, flocculation, 

sedimentation, and filtration, were primarily designed to address traditional contaminants such as suspended solids, pathogens, 

and organic matter [42]. They often prove to be inefficient in removing micropollutants, which are characterized by their low 

concentrations and resistance to degradation. Emerging contaminants like pharmaceuticals, personal care products, and industrial 

chemicals often pass through these processes largely unscathed [43]. 

Limited Oxidation and Degradation Abilities: Oxidation processes, such as chlorination and ozonation, are commonly 

used to disinfect water and remove certain organic pollutants [44]. However, these processes have limitations in their ability to 

fully oxidize and degrade a wide range of emerging contaminants. Some micropollutants exhibit resistance to traditional oxidation 

methods, leading to incomplete breakdown or the formation of harmful byproducts [4]. 

Formation of Disinfection Byproducts: The use of chemical disinfectants, such as chlorine, in water treatment can result 

in the formation of disinfection byproducts (DBPs). These byproducts, including trihalomethanes and haloacetic acids, pose their 

own health risks and are subject to regulatory limits. The presence of emerging contaminants can contribute to the formation of 

additional and potentially more toxic DBPs, exacerbating concerns about water safety [45]. 

High Operational Costs: Conventional water treatment plants often require significant infrastructure, energy, and 

chemical inputs to operate efficiently. The treatment of water containing emerging contaminants may necessitate additional 

treatment steps or the use of advanced technologies, leading to increased operational costs. As the complexity of water quality 

issues grows, so does the financial burden on municipalities and water utilities to upgrade and adapt existing treatment facilities 

[46]. 
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In light of these limitations, there is a growing recognition of the need to explore alternative technologies that can 

complement or overcome the drawbacks of conventional water treatment. Electrochemical and bioelectrochemical techniques, 

with their ability to target a broader spectrum of pollutants and provide sustainable solutions, offer a promising pathway towards 

addressing the shortcomings of traditional treatment methods. By understanding and addressing these limitations, the water 

treatment industry can move towards more effective and comprehensive approaches to ensure the provision of safe and high-

quality water for communities around the world [8]. 

 

5.0 Challenges in Removing Emerging Contaminants 

Emerging contaminants pose a significant threat to water quality, public health, and the environment. The removal of emerging 

contaminants from water sources is a complex and challenging task that requires innovative approaches and technologies. Here 

is some of the key challenges associated with the removal of emerging contaminants [47]. 

One major challenge is the diverse and ever-expanding nature of emerging contaminants. As new chemicals are continually 

introduced into products and industries, water treatment facilities struggle to keep up with the identification and removal of these 

substances. Traditional water treatment processes may be ill-equipped to handle the removal of specific emerging contaminants 

due to their unique chemical properties. Additionally, the lack of standardized monitoring methods makes it difficult to assess the 

prevalence of these contaminants in water sources accurately [48]. The persistence of emerging contaminants is another 

significant challenge. Many of these substances are designed to be resistant to degradation, allowing them to persist in the 

environment for extended periods. Conventional water treatment methods may be ineffective at breaking down these persistent 

compounds, leading to their accumulation in water bodies over time. The long-term impact of these contaminants on ecosystems 

and human health is not yet fully understood, making their removal an urgent priority [32]. 

Furthermore, the occurrence of emerging contaminants in trace amounts presents a detection and quantification challenge. 

Sensitivity and specificity of analytical methods must be enhanced to detect these contaminants at low concentrations. Advanced 

analytical techniques, such as high-resolution mass spectrometry, are necessary to identify and quantify emerging contaminants 

accurately. However, implementing these techniques in routine water monitoring programs can be costly and requires specialized 

expertise [49]. The issue of cost-effectiveness is a pervasive challenge in the removal of emerging contaminants. Developing and 

implementing advanced treatment technologies can be expensive, especially for smaller water treatment facilities with limited 

budgets. The economic feasibility of adopting these technologies becomes a critical consideration, and finding a balance between 

cost and effectiveness is essential for widespread implementation.Public awareness and perception also play a role in the 

challenges associated with emerging contaminant removal. Lack of understanding or awareness among the public about the 

presence and potential risks of these contaminants can impede the implementation of necessary measures. Public support is crucial 

for policymakers and water authorities to allocate resources and invest in research and technologies aimed at addressing emerging 

contaminant issues [6]. In addition, the removal of emerging contaminants from water sources presents a multifaceted set of 

challenges. The dynamic nature of these contaminants, their persistence, low concentration levels, cost of treatment technologies, 

and public awareness all contribute to the complexity of the issue. Addressing these challenges requires a collaborative effort 
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involving researchers, policymakers, industry stakeholders, and the public to develop effective and sustainable solutions for 

safeguarding water quality and public health in the face of evolving environmental threats [50]. 

 

6.0 Need for Innovative Water Treatment Technologies  

As the global demand for clean and safe water continues to rise, the need for innovative water treatment technologies 

has become increasingly critical. Traditional water treatment methods, while effective to a certain extent, face challenges in 

addressing emerging contaminants, increasing water scarcity, and evolving environmental threats. This article explores the 

pressing need for innovative water treatment technologies to meet the growing demands and challenges of the 21st century [51]. 

Emerging Contaminants: One of the primary drivers for innovation in water treatment is the proliferation of emerging 

contaminants. These contaminants, including pharmaceuticals, personal care products, and industrial chemicals, pose new and 

often unpredictable challenges to water quality. Conventional treatment processes were not designed to handle the removal of 

these diverse and persistent pollutants. Innovative technologies, such as advanced oxidation processes, membrane filtration, and 

nanotechnology, offer promising solutions for effectively removing emerging contaminants from water sources [52]. 

 Water Scarcity: Rapid population growth, industrial expansion, and climate change contribute to increasing water 

scarcity in many regions around the world. Conventional water treatment methods may not be sufficient to meet the demand for 

clean water in these water-stressed areas. Innovations like desalination, water reuse and recycling, and decentralized treatment 

systems are crucial in augmenting water supplies and ensuring a sustainable water future. Desalination, in particular, has gained 

attention as a technology that can convert seawater into potable water, providing a reliable source in regions with limited 

freshwater resources [53]. 

Energy Efficiency: The energy-intensive nature of traditional water treatment processes presents a significant challenge, 

especially as the world strives to reduce carbon emissions and transition to more sustainable practices. Innovative water treatment 

technologies focus on improving energy efficiency through the use of renewable energy sources, advanced membrane materials, 

and process optimization. Integrating smart technologies and artificial intelligence in water treatment plants can enhance 

operational efficiency, reduce energy consumption, and minimize environmental impact [54]. 

Climate Resilience: Climate change introduces uncertainties in precipitation patterns, leading to more extreme weather 

events such as floods and droughts. These changes impact the quality and availability of water resources. Innovative water 

treatment technologies should be designed with climate resilience in mind, adapting to fluctuations in water availability and 

quality. Decentralized and modular treatment systems that can be quickly deployed and adjusted based on changing conditions 

offer a more adaptable and resilient approach to water treatment in the face of climate-related challenges [55]. 

Affordability and Accessibility: Ensuring access to clean water for all remains a global challenge. Many traditional water 

treatment technologies are expensive to implement and maintain, making them inaccessible to communities with limited financial 

resources. Innovations that prioritize affordability without compromising efficacy are essential. Point-of-use water treatment 

devices, community-scale systems, and low-cost treatment methods tailored to the specific needs of different regions contribute 

to improving water accessibility, particularly in underserved areas [56]. 

Real-time Monitoring and Data Analytics: In the era of digital transformation, real-time monitoring and data analytics 

play a crucial role in optimizing water treatment processes. Innovative technologies incorporating sensors, remote monitoring 

systems, and data analytics provide valuable insights into water quality and treatment performance. This information allows for 

proactive decision-making, early detection of contamination events, and more efficient use of resources, ultimately enhancing 

the overall effectiveness of water treatment [57]. 

The demand for clean water is a global imperative, and addressing the evolving challenges requires a paradigm shift 

towards innovative water treatment technologies. These technologies not only address current water quality issues but also 

anticipate and adapt to emerging threats [58]. From removing emerging contaminants to improving energy efficiency, ensuring 

climate resilience, and enhancing affordability, innovative water treatment technologies are at the forefront of creating a 

sustainable and secure water future for generations to come. As researchers, engineers, and policymakers continue to collaborate, 

the ongoing development and implementation of these technologies will play a pivotal role in overcoming the complex water 

challenges of the 21st century [56]. 

 

7.0 Electrochemical Techniques for Micropollutant Removal 

Electrochemical techniques have emerged as promising solutions for the removal of micropollutants from water, 

addressing the limitations of conventional treatment methods. These techniques leverage the principles of electrochemistry to 

induce chemical transformations at the electrode interfaces, leading to the degradation or removal of micropollutants [59]. Here 

is the key features and advantages of electrochemical techniques were explore in the context of micropollutant removal (Table 

2). 

Electrooxidation and Electrocoagulation: Electrooxidation involves the application of an electrical current to generate 

reactive oxygen species, such as hydroxyl radicals, which effectively oxidize and degrade organic micropollutants. 

Electrocoagulation, on the other hand, induces the formation of coagulant species through electrolysis, promoting the aggregation 

and subsequent removal of suspended and colloidal pollutants. Both techniques offer efficient removal of a wide range of 

micropollutants without the need for additional chemical additives [60]. 

Electrochemical Advanced Oxidation Processes: Electrochemical Advanced Oxidation Processes encompass various 

methods, including electro-Fenton, electro-peroxone, and electrochemical catalysis. These processes leverage electrochemically 
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generated oxidants to break down persistent organic pollutants. Electro-Fenton, for instance, utilizes in situ generation of hydroxyl 

radicals, providing an effective means to degrade complex micropollutants. These advanced oxidation processes exhibit high 

efficiency and selectivity in micropollutant removal [61]. 

Electrochemical Membrane Processes: Electrochemical membrane processes combine electrochemical reactions with 

membrane filtration to enhance micropollutant removal. Electrodialysis and capacitive deionization are examples of such 

processes. Electrodialysis employs ion-selective membranes and an applied electric field to selectively transport ions, facilitating 

the removal of charged micropollutants. Capacitive deionization utilizes porous electrodes to adsorb ions, providing an effective 

means for micropollutant removal through electrostatic interactions [8]. 

Selectivity and Precision: One of the notable advantages of electrochemical techniques is their selectivity and precision 

in targeting specific micropollutants. The controlled application of electrical potential allows for the tailored degradation or 

removal of target pollutants while minimizing the impact on non-target compounds. This selectivity is crucial in treating complex 

wastewater streams containing a mixture of contaminants [52]. 

Energy Efficiency: Electrochemical techniques can be energy-efficient compared to traditional treatment methods, 

especially when coupled with renewable energy sources. The targeted nature of electrochemical processes reduces the overall 

energy consumption, making them a sustainable option for micropollutant removal [8]. In addition, electrochemical techniques 

offer versatile and effective solutions for the removal of micropollutants from water. Whether through electrooxidation, 

electrochemical advanced oxidation processes, or electrochemical membrane processes, these technologies provide selectivity, 

precision, and energy efficiency in addressing the challenges associated with emerging contaminants. As research in this field 

advances, the integration of electrochemical techniques into water treatment strategies holds great promise for achieving enhanced 

water quality and safeguarding ecosystems from the detrimental effects of micropollutants [50]. 

Table 2: Electrochemical Techniques for Micropollutant Removal 

Electrochemical 

Technique 

Principle Advantages Applications Reference 

Electrooxidation Generation of 

reactive oxygen 

species through 

electrical current 

Effective degradation 

of organic 

micropollutants; No 

additional chemical 

additives required 

Treatment of water 

contaminated with 

pharmaceuticals, personal 

care products, and 

industrial chemicals 

[62] 

Electrocoagulation Formation of 

coagulant species 

through electrolysis 

Aggregation and 

removal of 

suspended and 

colloidal pollutants 

Treatment of wastewater 

containing suspended 

solids and organic 

contaminants 

[63] 

Electrochemical 

Advanced Oxidation 

Processes 

Utilization of 

electrochemically 

generated oxidants 

High efficiency and 

selectivity in 

micropollutant 

removal 

Degradation of persistent 

organic pollutants; 

Treatment of complex 

industrial wastewater 

[64] 

Electrochemical 

Membrane Processes 

Combination of 

electrochemical 

reactions with 

membrane filtration 

Selective transport of 

ions or adsorption on 

porous electrodes 

Removal of charged 

micropollutants; Treatment 

of water with a mixture of 

contaminants 

[65] 

 

8.0 Bioelectrochemical Systems for Pollutant Removal 

Bioelectrochemical systems leverage the interactions between microorganisms and electrodes to achieve pollutant 

removal and various environmental applications [11]. This table below (Table 3) summarizes main bioelectrochemical systems, 

their principles, advantages, and applications in pollutant removal and environmental management. 

Table 3: Bioelectrochemical Systems for Pollutant Removal 

Bioelectrochemical 

Systems 

Principle Advantages Applications Refere

nces 

Microbial Fuel 

Cells  

Microorganisms catalyze 

the oxidation of organic 

matter, generating 

electrical current 

Simultaneous energy 

production and 

pollutant removal; 

Utilizes natural 

microbial processes 

Wastewater treatment; 

Power generation from 

organic-rich waste 

[65] 

Microbial 

Electrolysis Cells 

Microorganisms facilitate 

the electrolysis of organic 

compounds, producing 

hydrogen gas 

Efficient conversion 

of organic matter to 

hydrogen; Enhanced 

removal of persistent 

pollutants 

Hydrogen production; 

Wastewater treatment with 

energy recovery 

[66] 



CUJoSTech 2024, 01 (02)                                                                                                                                                                                               Page 118 of 137 

Mathew et al. 2024 www.cujostech.com.ng 

Bioelectrochemical 

Remediation  

Microbial communities on 

electrodes facilitate the 

degradation of pollutants 

Versatile for various 

pollutant types; 

Synergistic 

microbial processes 

Remediation of 

contaminated environments; 

Groundwater treatment 

[67] 

Bioelectrochemical 

Sensors 

Microbial reactions on 

electrodes generate 

detectable signals in 

response to pollutants 

Real-time 

monitoring; High 

specificity 

Water quality monitoring; 

Early detection of pollutant 

events 

[68] 

Bioelectrochemical 

Desalination  

Microbial desalination 

cells use electroactive 

bacteria to drive ion 

transport 

Simultaneous 

desalination and 

energy recovery; 

Lower energy 

consumption 

Desalination of brackish 

water; Salinity reduction in 

wastewater 

[69] 

 

9.0 Synergies between Electrochemical and Biological Mechanisms 

Electrochemical and biological mechanisms are distinct yet intricately interconnected processes that play vital roles in 

various natural phenomena and technological applications. The synergies between these two realms have been a subject of 

increasing interest and research, revealing profound implications for fields such as bioelectronics, biotechnology, and medicine 

[70]. At the heart of these synergies lies the fundamental similarity between electrochemical signaling and the communication 

systems within living organisms. Biological systems, especially at the cellular and molecular levels, rely on intricate networks of 

chemical signals for information transfer and regulation. These signals often involve the movement of ions, such as sodium, 

potassium, and calcium, across cell membranes, resulting in electrochemical gradients [25]. The parallels between these natural 

processes and electrochemical phenomena provide a basis for exploring and exploiting their mutual influence [71]. 

One notable area of synergy is bioelectronics, where the integration of biological components with electronic devices 

enables the development of bioelectronic systems. For instance, bioelectrodes incorporating enzymes or living cells can facilitate 

specific electrochemical reactions, forming the basis for biosensors and biofuel cells [52]. These devices leverage the inherent 

selectivity and sensitivity of biological components to detect target molecules or generate electrical energy.The interface between 

biological tissues and electronic devices is another key aspect of synergies between electrochemical and biological mechanisms. 

In neural interfaces, for example, electrodes can be implanted to record or stimulate electrical activity in the nervous system. 

Achieving a seamless integration between the electrode and the biological environment requires an understanding of 

electrochemical processes at the electrode-electrolyte interface, as well as the biocompatibility of materials. Advances in this area 

hold promise for applications such as brain-machine interfaces and neuroprosthetics [72]. 

Furthermore, the intersection of electrochemistry and biology has implications for energy storage and conversion 

technologies. Bio-inspired designs draw inspiration from biological systems to enhance the performance of batteries and fuel 

cells [52]. For instance, the study of redox-active molecules in biological electron transfer processes has influenced the 

development of redox flow batteries, offering scalable energy storage solutions. Similarly, photosynthetic mechanisms in plants 

have inspired the design of artificial photosynthesis systems for sustainable energy production.In medicine, electrochemical and 

biological synergies are particularly evident in the field of electroceuticals [22]. These are therapeutic interventions that modulate 

electrical signals in the body to treat various conditions. Implantable devices, such as pacemakers and neurostimulators, utilize 

electrochemical principles to regulate physiological processes. Additionally, electrochemical biosensors are employed for real-

time monitoring of biomarkers, providing valuable information for diagnostics and personalized medicine [73]. 

Despite the progress in understanding the synergies between electrochemical and biological mechanisms, challenges 

remain. Improving the long-term stability and biocompatibility of bioelectronic devices, unraveling the intricacies of complex 

biological signaling pathways, and enhancing the efficiency of bio-inspired energy technologies are ongoing research priorities.In 

addition, the synergies between electrochemical and biological mechanisms present a rich and promising avenue for 

interdisciplinary exploration. From bioelectronics to energy technologies and medical interventions, the integration of these two 

realms holds the potential to revolutionize our understanding of natural processes and advance innovations with far-reaching 

implications. Continued collaboration between researchers from diverse fields will undoubtedly uncover new opportunities and 

pave the way for transformative applications at the intersection of electrochemistry and biology [74]. 

10.0 Mechanisms Underlying Pollutant Removal 

Pollution poses significant threats to ecosystems, human health, and the overall well-being of the planet. Various 

mechanisms contribute to the removal of pollutants from the environment, playing a crucial role in maintaining ecological balance 

and safeguarding human populations. Understanding these mechanisms is essential for developing effective pollution control 

strategies and sustainable environmental management [75]. Understanding these mechanisms allows for the development of 

targeted pollution control strategies. However, it's essential to consider the interplay and complexity of these processes in natural 

systems. Environmental engineers and scientists often employ a combination of these mechanisms in remediation strategies, 

tailoring approaches based on the specific characteristics of the pollutants and the environment. As the global community grapples 

with increasing pollution challenges, ongoing research and innovative solutions will continue to refine our understanding of 

pollutant removal mechanisms, fostering more sustainable practices for the protection of ecosystems and human health (Table 4) 

[76]. 
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Table 4: Mechanisms Underlying Pollutant Removal 

Mechanism Description Environmental 

Medium 

Example Reference 

Adsorption Attachment of pollutants to 

solid surfaces, such as soil 

particles or activated 

carbon. 

Air, Water Activated carbon 

adsorbing organic 

compounds. 

[43, 77] 

Filtration Physical barriers, like 

vegetation, soil, and 

sediments, acting as natural 

filters. 

Air, Water Vegetation trapping 

particulate matter in 

air. 

[15, 78] 

Precipitation Formation of insoluble 

precipitates through 

chemical reactions, 

facilitating settling. 

Water Metal ions 

precipitating as metal 

hydroxides. 

[79] 

Chemical 

Transformation 

Chemical reactions leading 

to the conversion of 

pollutants into less harmful 

forms. 

Air, Water, Soil Biodegradation 

breaking down 

organic pollutants. 

[80] 

Biodegradation Microbial breakdown of 

organic pollutants into 

simpler, less toxic 

compounds. 

Water, Soil Bacteria 

decomposing organic 

pollutants. 

[52, 81] 

Phytoremediation Plants absorbing and 

accumulating pollutants, 

particularly heavy metals. 

Water, Soil Plants removing 

heavy metals from 

contaminated soil. 

[82] 

Volatilization Transition of pollutants 

from liquid/solid to gas 

phase, facilitating 

dispersion. 

Air, Water Volatile organic 

compounds (VOCs) 

volatilizing. 

[79] 

Sorption Uptake of pollutants by 

solids or liquids through 

processes like adsorption 

and absorption. 

Air, Water, Soil Sorption of 

contaminants by 

activated carbon. 

[83] 

 

11.0 Recent Developments in Electrochemical and Bioelectrochemical Technologies 

Electrochemical and bioelectrochemical technologies have experienced significant advancements in recent years, paving 

the way for innovative applications in various fields such as energy, environmental remediation, and healthcare. These 

technologies leverage the fundamental principles of electrochemistry to convert chemical energy into electrical energy or vice 

versa, with bioelectrochemical systems incorporating biological components for enhanced functionality. The following highlights 

some of the recent developments in these dynamic fields [84]. 

Energy Storage and Conversion: Recent breakthroughs in electrochemical energy storage and conversion technologies 

have played a pivotal role in addressing the global demand for clean and efficient energy solutions. Advancements in lithium-ion 

batteries, supercapacitors, and emerging technologies like solid-state batteries have improved energy density, cycle life, and 

safety. Researchers are also exploring novel materials, such as graphene-based electrodes and organic polymers, to enhance the 

performance of energy storage devices [85]. 

Electrochemical Sensors: The development of highly sensitive and selective electrochemical sensors has gained 

momentum for applications in healthcare, environmental monitoring, and food safety. Miniaturized and portable electrochemical 

sensors are being designed to detect specific biomolecules, pollutants, or pathogens. The integration of nanomaterials and 

molecular recognition elements has significantly improved the sensitivity and response time of these sensors [86]. 
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Bioelectrochemical Systems for Environmental Remediation: Bioelectrochemical systems, such as microbial fuel cells and 

bioelectrochemical reactors, are being employed for environmental remediation. These systems utilize microorganisms to 

catalyze redox reactions, enabling the degradation of pollutants and the generation of electrical energy. Researchers are exploring 

the potential of bioelectrochemical technologies in wastewater treatment, soil remediation, and the removal of contaminants from 

industrial effluents [87]. 

Electrocatalysis for Green Chemistry: Electrocatalysis has emerged as a key technology for sustainable and green 

chemical processes. The development of efficient and cost-effective electrocatalysts is essential for promoting selective and 

environmentally friendly transformations. Electrosynthesis and electrochemical conversion of renewable feedstocks offer 

alternatives to traditional chemical synthesis methods, reducing the environmental impact of various industrial processes [88]. 

Wearable Bioelectronics: Advancements in wearable bioelectronics have opened new frontiers in personalized healthcare and 

diagnostics. Flexible and biocompatible materials are being integrated into wearable devices for continuous monitoring of 

physiological parameters. Bioelectrochemical sensors embedded in smart textiles or wearable patches enable real-time detection 

of biomarkers, providing valuable insights into an individual's health status [89]. 

Neuroelectrochemistry: Neuroelectrochemistry is a rapidly evolving field that explores the interface between electrodes 

and neural tissues. Recent developments in neural interface technologies, such as brain-machine interfaces and neuroprosthetics, 

aim to enhance the communication between the nervous system and external devices. These technologies hold promise for 

applications in neurorehabilitation, cognitive enhancement, and the treatment of neurological disorders [90]. 

Redox Flow Batteries: Redox flow batteries have gained attention as promising energy storage solutions for grid-scale 

applications. Recent developments focus on improving the efficiency, scalability, and cost-effectiveness of redox flow battery 

systems. Advances in membrane materials, electrolyte formulations, and system design contribute to enhancing the overall 

performance and reliability of these large-scale energy storage systems.In addition, recent developments in electrochemical and 

bioelectrochemical technologies are driving innovation across a diverse range of applications [63]. From energy storage and 

conversion to environmental remediation, healthcare, and beyond, these advancements underscore the transformative potential 

of electrochemical technologies in shaping a sustainable and technologically advanced future. As researchers continue to explore 

novel materials, design principles, and applications, the impact of these technologies is expected to grow, offering solutions to 

some of the most pressing challenges facing society [91]. 

12.0 Environmental and Regulatory Considerations 

Environmental and regulatory considerations play a crucial role in shaping the development, deployment, and impact of 

technologies across various industries. As societies increasingly recognize the importance of sustainability and responsible 

innovation, adherence to environmental regulations has become a key factor in technological advancements. Here, we delve into 

the key aspects of environmental and regulatory considerations that influence decision-making in today's rapidly evolving 

landscape [90]. 

Environmental Impact Assessment (EIA): One of the primary regulatory considerations involves conducting thorough 

Environmental Impact Assessments (EIA) before implementing new technologies or industrial processes. Governments and 

regulatory bodies require companies to assess the potential environmental consequences of their activities, including the release 

of pollutants, habitat disruption, and resource consumption. The findings from EIAs help identify mitigation measures and inform 

decision-makers about the overall environmental footprint of a project [91]. 

Sustainability and Circular Economy: Growing concerns about resource depletion and waste generation have led to a shift toward 

sustainable practices and the circular economy. Companies are now expected to design products and processes that minimize 

environmental impact throughout their life cycle. Regulatory frameworks are being updated to encourage the adoption of eco-

friendly materials, energy-efficient technologies, and waste reduction strategies, fostering a more sustainable and circular 

approach to production and consumption [92]. 

Carbon Footprint and Emissions Reduction: In response to global climate change challenges, regulations are increasingly 

focused on measuring and reducing carbon footprints. Industries are pressured to lower greenhouse gas emissions and transition 

towards low-carbon technologies. Governments worldwide are implementing cap-and-trade systems, carbon taxes, and emission 

trading schemes to incentivize businesses to adopt cleaner practices. Compliance with emission reduction targets is a key 

regulatory requirement for companies operating in various sectors [93]. 

Biodiversity Conservation: Preserving biodiversity is a critical environmental consideration, and regulatory frameworks 

aim to protect natural habitats and endangered species. Industries involved in activities that could impact biodiversity, such as 

land development or resource extraction, must adhere to regulations aimed at minimizing ecological disruption. Conservation 

efforts, habitat restoration, and the implementation of sustainable practices are integral components of environmental regulations 

geared towards biodiversity preservation [94]. 

Regulatory Compliance and Reporting: Meeting regulatory requirements is not only a legal obligation but also a 

cornerstone of responsible corporate citizenship. Companies are expected to comply with environmental laws and regulations 

applicable to their operations. This includes obtaining permits, monitoring and reporting environmental data, and implementing 

measures to prevent and respond to environmental incidents. Non-compliance can result in legal consequences, fines, and damage 

to the company's reputation [95]. 

International Cooperation and Standards: As environmental challenges transcend national borders, international 

cooperation is essential. Companies operating globally must navigate a complex landscape of regulations and standards. 

International agreements, such as the Paris Agreement on climate change, influence national regulations and set the stage for a 
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harmonized global approach to addressing environmental issues. Adhering to international standards ensures consistency in 

environmental practices across borders [96]. 

Technological Innovation and Regulatory Adaptation: Rapid technological advancements often outpace existing 

regulatory frameworks. To address this, regulatory bodies are adapting to the changing technological landscape by fostering 

innovation-friendly environments. Flexible regulations that accommodate emerging technologies while ensuring safety and 

sustainability are essential. Collaboration between regulators, industry stakeholders, and researchers is key to developing 

regulations that strike the right balance between fostering innovation and protecting the environment [97]. 

However, environmental and regulatory considerations are integral components of the modern technological landscape. 

As the world grapples with pressing environmental challenges, regulatory frameworks are evolving to promote sustainable 

practices, reduce carbon footprints, and preserve biodiversity. Companies that prioritize environmental responsibility not only 

comply with regulations but also contribute to a more sustainable and resilient future. Balancing innovation with environmental 

stewardship is a complex but necessary undertaking for businesses and regulatory bodies alike [98]. 

13.0 Conclusion 

The field of emerging and micropollutant removal using electrochemical and bioelectrochemical techniques has 

witnessed significant progress and promising outcomes. The research endeavors undertaken thus far have shed light on the 

potential of these innovative technologies to address the challenges associated with the presence of trace contaminants in water 

sources. One of the notable achievements has been the identification of efficient electrode materials and catalysts, contributing 

to the enhanced performance of electrochemical systems. The integration of bioelectrochemical approaches, harnessing the 

capabilities of microbial communities, has opened new avenues for sustainable and eco-friendly pollutant removal. Efforts to 

understand and manipulate microbial processes within bioelectrochemical systems have advanced our knowledge, paving the 

way for improved reactor designs and operational strategies. The selectivity and specificity achieved in targeting particular 

pollutants demonstrate the versatility of these techniques for tailored water treatment applications. Despite these advancements, 

challenges such as long-term stability, scalability, and integration with conventional treatment processes remain areas of active 

research. Addressing these challenges is essential for the practical implementation of electrochemical and bioelectrochemical 

techniques in real-world water treatment scenarios. 

Looking forward, future research should focus on the translation of laboratory-scale successes to larger, field-applicable 

systems. This necessitates collaboration between researchers, engineers, and policymakers to develop robust, economically 

viable, and environmentally sustainable solutions. Additionally, continued efforts in monitoring and identifying emerging 

pollutants, coupled with public awareness initiatives, will be crucial for ensuring the success and acceptance of these technologies. 

In essence, the journey towards effective emerging and micropollutant removal using electrochemical and bioelectrochemical 

techniques is ongoing. The collaborative efforts of the scientific community, coupled with advancements in materials science, 

microbiology, and engineering, hold the promise of transforming these innovative approaches into practical and scalable solutions 

for a cleaner and safer water supply.  
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