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ABSTRACT

Heavy metal contamination of soil and water resources poses severe threats to
environmental sustainability and human health. Electrochemical remediation
technologies (ERT) have emerged as promising, versatile approaches for treating
such contamination. This state-of-the-art review critically examines the
fundamental mechanisms underpinning electrokinetic remediation (EKR) for soil
and electrochemical treatment (ECT) for water, including electromigration,
electroosmosis, electrophoresis, and electrolytic redox reactions at electrodes. We
synthesize recent advances in their application for removing common heavy
metals (e.g., Pb, Cd, Cr, As, Cu, Zn, Hg). Field-scale demonstrations and hybrid
systems (e.g., coupling with permeable reactive barriers, phytoremediation, or
chemical enhancement) are highlighted, showcasing enhanced efficiency and
broader applicability. Despite significant progress, critical scale-up challenges
persist, including energy consumption optimization, managing soil heterogeneity
and groundwater flow, electrode stability and cost, secondary waste management,
and regulatory acceptance. This review identifies key knowledge gaps and
provides targeted recommendations for future research, emphasizing the need for
integrated pilot studies, advanced electrode materials, renewable energy
integration, standardized performance monitoring protocols, and techno-
economic analyses to bridge the gap between laboratory success and widespread
field implementation.
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INTRODUCTION

Heavy metal contamination of soil and aquatic
environments is a pervasive global environmental crisis,
stemming from anthropogenic activities such as mining,
industrial ~ discharges, improper waste disposal,
agricultural practices (e.g., pesticides, fertilizers), and
atmospheric deposition (Chowdhury and Rahman 2024;
Pamukcu and Kenneth Wittle 1992; Salem, Abdalah, and
Mohamed 2024; Séanchez-Castro et al. 2023). Unlike
organic pollutants, metals are non-biodegradable, persist
indefinitely, and bioaccumulate through the food chain,
posing significant risks to ecosystem integrity and human
health, including carcinogenicity, neurotoxicity, and
organ damage (Chowdhury and Rahman 2024; Mishra et
al. 2018; Salem and moftah Mohamed 2025; Salem and
Salem 2023).

Conventional ~ remediation  techniques, including
excavation and disposal (costly, disruptive), pump-and-
treat (inefficient for low permeability, long duration),
solidification/stabilization (does not remove
contaminants), and chemical washing (generates
secondary waste, alters soil properties), often suffer from
limitations in effectiveness, cost, sustainability, or
applicability to diverse site conditions (Arora and Khosla
2022; Mohammed 2021; Ntsomboh-Ntsefong, Mbi, and
Seyum 2024).

Electrochemical remediation technologies (ERT) offer a
compelling alternative, leveraging the application of
direct electric current to induce contaminant transport and
transformation  within  porous media. Primarily,
Electrokinetic Remediation (EKR) targets contaminated
soils, sediments, and sludges, while Electrochemical
Treatment (ECT) is more commonly applied to
contaminated groundwater, wastewater, and leachates.
ERT presents distinct advantages: in-situ applicability
minimizing disturbance, effectiveness across a wide
range of soil permeabilities (including clays), potential
for targeted removal or immobilization, and compatibility
with various contaminants, particularly ionic species like
heavy metals (Li et al. 2023; Rozas and Castellote 2012;

Smarzewska and Guziejewski 2021; Zheng, Cui, and Li
2022)

This state-of-the-art review aims to comprehensively
analyze the current scientific understanding and
technological progress in electrochemical methods for
heavy metal remediation in soil and water matrices. It will
delve into the fundamental physicochemical mechanisms
driving contaminant removal, critically evaluate recent
applications and performance through case studies and
research findings, and explicitly focus on the significant
challenges hindering the large-scale deployment and
commercialization of these promising technologies. By
synthesizing current knowledge and identifying critical
research needs, this review seeks to inform future
advancements and facilitate the transition of ERT from
bench-scale success to effective field-scale solutions.

Fundamental Mechanisms of Electrochemical
Remediation

The efficacy of ERT stems from multiple coupled
phenomena initiated upon applying a direct current (DC)
electric field between electrodes emplaced within the
contaminated medium.

. Electromigration (EM): This is the dominant
transport mechanism for ionic species, including free
metal cations (e.g., Pb*", Cd?**, Cu?*, Zn*") and oxyanionic
metals/metalloids (e.g., CrO+, HAsO+", SeO+).
Charged ions migrate towards the electrode of opposite
charge (cations to cathode, anions to anode) under the
influence of the electric field (Acar and Alshawabkeh
1993; Virkutyte, Sillanp&d, and Latostenmaa 2002). EM
is highly efficient for soluble ionic contaminants.

. Electroosmosis (EO): The electric field induces
a net flow of pore water from the anode towards the
cathode. This occurs due to the interaction between the
electric field and the excess charge (usually negative) on
soil particle surfaces, creating a mobile diffuse double
layer (Pamukcu and Kenneth Wittle 1992; Yeung 2011).
EO is crucial for transporting dissolved contaminants
(including metals complexed with dissolved organic
matter) and for enhancing reagent delivery (e.g.,
conditioning fluids) in low-permeability soils. The
direction can reverse in some low-pH environments.
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. Electrophoresis (EP): Negligible in most soil
remediation contexts, EP involves the movement of
charged colloidal particles or micelles relative to the
suspending fluid under an electric field (Probstein 2005).

Electrolytic Reactions at Electrodes: Critical chemical
transformations occur at the electrode-electrolyte
interface:

. Anode: Water oxidation generates H* ions (acid
front) and oxygen gas: 2H:O — O: + 4H* + 4e~. This
lowers the pH near the anode, promoting desorption and
dissolution of cationic metals bound to soil surfaces.
Some metals can be oxidized (e.g., Cr(I1l) to more mobile
Cr(VI) — often undesirable; As(I11) to As(V) — potentially
beneficial for adsorption).

. Cathode: Water reduction generates OH™ ions
(base front) and hydrogen gas: 2H.O +2e~ — H2+ 20H".
This increases pH near the cathode, leading to
precipitation of cationic metals as hydroxides, carbonates,
or other insoluble species. Reduction can also occur
directly for some metals (e.g., Cr(VI) to Cr(lll), which
precipitates; U(VI) to U(IV)).

. Geochemical Changes: The generated H* and
OH™ fronts migrate into the soil, inducing significant pH
gradients (typically anode pH 2-4, cathode pH 10-12).
These pH changes profoundly affect metal speciation,
solubility, sorption/desorption behavior, and mineral
dissolution/precipitation throughout the treated zone
(Reddy and Chinthamreddy 2004; Sun et al. 2023).

Applications: Soil, Water, and Sludges

. Soil Remediation (EKR): EKR has been
extensively studied for metal-contaminated soils. Success
depends heavily on metal speciation, soil buffering
capacity, and organic matter content.

Common strategies include:

Unenhanced EKR: Primarily relies on EM and EO-
induced transport. Effective for highly soluble/ionic
metals but often limited by precipitation near the cathode
(e.g., Pb(OH):, Cu(OH):) hindering further removal
(Page and Page 2002). Acidic soils or metals forming
soluble anionic complexes (e.g., Cd-chlorides) show
better removal.

Conditioning/Enhancement: Critical for improving
efficiency. Catholyte conditioning (e.g., with acetic acid,
citric acid, EDTA) prevents hydroxide precipitation and
solubilizes precipitated metals, allowing their continued
migration to the cathode chamber (Puppala et al. 1997).
Anolyte conditioning (e.g., with chelants) can aid in
desorbing strongly bound metals. Recent focus is on

biodegradable, less persistent enhancers (e.g., low-
molecular-weight organic acids, humic substances)(Liu
et al. 2023; Rozas and Castellote 2012).

Hybrid Systems: Coupling EKR with other
technologies enhances performance:

. PRBs (Permeable Reactive Barriers): Installing
reactive materials (e.g., zero-valent iron, zeolites,

activated carbon) between electrodes to trap/immobilize
migrating metals (Ho et al. 1999).

. Phytoremediation: Plants placed near the
cathode uptake metals concentrated or mobilized by the
electric field (phytoremediation-EK) (Ali, Khan, and
Sajad 2013; Ghosh and Singh 2005; Masoud 2017
Mohamed et al. 2025; Tangahu et al. 2011).

. Biological Stimulation: Electric field can
enhance microbial activity for bio-reduction or bio-
sorption of metals.

Water/Groundwater Remediation (ECT):
Techniques focus on electrodes within the aqueous
phase:

. Electrocoagulation (EC): Sacrificial metal
anodes (typically Fe or Al) dissolve, generating metal
cations (Fe?/Fe**, AI**) that hydrolyze to form
amorphous hydroxides/oxyhydroxides (Sadaf et al.
2024). These flocs adsorb, entrap, and co-precipitate
dissolved heavy metals, removed by
sedimentation/filtration. Highly effective for various
metals (e.g., As, Cr, Cd, Cu, Ni, Zn) in wastewater.

. Electrodeposition (ED): Direct reduction of
metal cations (e.g., Cu?*", Cd*", Ni**, Pb*") onto the
cathode surface, recovering metals in metallic form.
Suited for concentrated streams and metal recovery
(Fertu, Bulgariu, and Gavrilescu 2024).

. Electrooxidation/Electroreduction: Direct
electron transfer at inert electrodes (e.g., Ti/Pt, BDD) to
destroy complexes or alter oxidation state (e.g., reducing
Cr(VI) to Cr(III) at cathode; oxidizing CN~ complexes) .

. Electrodialysis (EDR): Using ion-exchange
membranes to selectively separate ions under an electric
field. Cationic and anionic metals can be concentrated
into separate streams . Useful for desalination and
selective metal removal.

Sludge Treatment:

EKR principles are applied to dewater and
simultaneously remove metals from contaminated
sludges (e.qg., harbor, industrial) by enhancing dewatering
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(EO) and mobilizing metals (EM) for collection. EC is
also wused for sludge conditioning and metal
immobilization (Ormefio-Cano and Radjenovic 2024).

Performance and Recent Advances
Recent research demonstrates significant progress:

. Enhanced Removal Efficiencies: Studies report
removal efficiencies exceeding 80-95% for target metals
like Pb, Cd, Cu, Zn, and As from various soils using
optimized conditioning agents (e.g., citrate, EDDS) and
operational parameters (current density, duration)
(Pamukcu and Kenneth Wittle 1992; Srivastava et al.
2024) . EC consistently achieves >90% removal for
multiple metals in water matrices.

. Advanced Electrode Materials: Development
focuses on cost-effective, efficient, and stable electrodes.
Examples include dimensionally stable anodes (DSAS)
like mixed metal oxides (MMO) for ECT, carbon-based
materials (graphite felt, carbon nanotubes) for EKR/ECT,
and nanostructured electrodes for improved kinetics and
selectivity (Acar and Alshawabkeh 1993; Page and Page
2002; Reddy and Chinthamreddy 2004).

. Hybrid System  Optimization:  Research
emphasizes synergistic combinations. Examples include
EKR coupled with Fe®-PRBs for Cr (VI)
reduction/immobilization, EK-phytoremediation using
hyperaccumulators, and EC integrated with membrane
filtration (electrocoagulation-flotation - ECF) (Virkutyte
et al. 2002).

. Renewable Energy Integration: Pilot studies
explore powering ERT using solar photovoltaic systems
to reduce operational costs and carbon footprint,
demonstrating feasibility for remote sites (Moghimi
Dehkordi et al. 2024).

. Focus on Multi-contaminant and Complex
Matrices: Research increasingly addresses remediation of
sites co-contaminated with metals and organics (e.g.,
PAHSs, pesticides), requiring tailored electrochemical
approaches (Fernandez-Marchante et al. 2022; Sanchez-
Castro et al. 2023) . Studies also focus on complex
industrial wastes and sludges.

Scale-Up Challenges and Limitations

Despite promising lab results, widespread field
implementation faces substantial hurdles:

. High Energy Consumption: Long treatment
times (weeks to months for soil EKR) and ohmic losses
lead to significant electricity costs, a major economic
barrier, especially for large or deep contamination.

Optimization of voltage/current regimes and renewable
integration are critical.

. Soil Heterogeneity ~ and  Geochemical
Complexity: Variations in soil texture, mineralogy, pH
buffering capacity, organic matter, and natural
groundwater flow drastically impact contaminant
transport, reaction kinetics, and overall process
efficiency, making predictability and uniform treatment
difficult (Lamma, Mohammed, and Aljazwei 2020;
Masoud 2017).

. Electrode Design, Stability, and Cost: Electrode
degradation (corrosion, passivation, fouling) is common,
especially with high currents or reactive species. The cost
of robust, long-lasting electrodes (e.g., MMO, BDD) for
large-scale applications remains high. Optimal electrode
configuration (spacing, geometry) for complex field sites
is challenging.

. Management of Secondary Wastes and By-
products: EKR generates acidic and basic process waters
enriched with mobilized contaminants, requiring
collection and treatment (e.g., precipitation, ion
exchange, ED). EC generates metal-laden sludge
requiring safe disposal. Gas evolution (Hz, Ox)
necessitates venting and safety measures.

. pH Management and Side Reactions:
Controlling the extreme pH fronts and their migration is
crucial but difficult. Undesirable side reactions include
re-precipitation of metals away from collection zones,
oxidation of Cr(l1l) to Cr(VI) at the anode, or generation
of chlorine if chlorides are present.

. Regulatory Acceptance and Lack of Standard
Protocols: Regulatory frameworks often lag behind
technological innovation. Lack of standardized design,
performance monitoring, and verification protocols for
field-scale ERT hinders regulatory approval and
stakeholder confidence.

. Techno-Economic  Viability: High capital
(electrodes, power supply) and operational (energy, waste
management) costs, coupled with uncertainties in long-
term performance at scale, make robust techno-economic
analysis (TEA) and life cycle assessment (LCA) essential
but often lacking for specific site applications.

CONCLUSION AND RECOMMENDATIONS

Electrochemical remediation technologies represent a
powerful and versatile suite of tools for addressing the
persistent challenge of heavy metal contamination in soil
and water. Decades of research have elucidated the
complex interplay of electromigration, electroosmosis,
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electrolytic reactions, and geochemical transformations
that drive contaminant removal and transformation.
Significant advancements have been made in
understanding fundamental mechanisms, optimizing
operational parameters (e.g., current density, electrolyte
conditioning), developing novel electrode materials, and
designing effective hybrid systems (e.g., EKR-PRB, EK-
phytoremediation, EC-filtration). Laboratory and pilot-
scale studies consistently demonstrate high removal
efficiencies (often >80%) for a wide range of heavy
metals under controlled conditions.

However, the transition from promising laboratory results
to routine, cost-effective field-scale application remains
hampered by significant scale-up challenges. These
include prohibitive energy consumption, difficulties in
managing soil heterogeneity and complex geochemistry,
electrode degradation and cost, the generation and
treatment of secondary wastes/by-products, challenges in
controlling pH gradients and unwanted side reactions, and
a lack of standardized protocols and robust regulatory
frameworks. The techno-economic viability for large-
scale projects is often uncertain.

To overcome these barriers and realize the full potential
of electrochemical remediation, the following targeted
research and development efforts are critically
recommended:

1. Pilot-Scale Integration and Long-Term Monitoring:
Prioritize large, integrated pilot-scale demonstrations
under real-world conditions (complex geology,
groundwater flow). Implement comprehensive, long-
term (>1 year) monitoring programs to assess
treatment efficacy, stability, secondary impacts, and
cost performance, generating essential data for
regulators and industry.

2. Advanced Electrode and Material Science: Accelerate
R&D into low-cost, highly efficient, corrosion-
resistant, and selective electrode materials (e.g.,
nanostructured carbons, novel MMO formulations,
conductive composites). Explore self-cleaning or
regenerable electrodes. Develop cost-effective,

biodegradable, and target-specific conditioning
agents for soil EKR.
3. Energy Efficiency and Renewable Integration:

Intensify efforts to optimize energy input strategies
(e.g., pulsed current, variable voltage gradients).
Develop robust models for energy demand prediction.
Expand field demonstrations coupling ERT
(especially EKR) directly with renewable energy
sources like solar PV, including energy storage
solutions for continuous operation.

4. Smart Process Control and Modeling: Develop
advanced real-time process control systems utilizing
sensors  (pH, conductivity, redox potential,
contaminant concentration probes) and adaptive
algorithms to  dynamically adjust operating
parameters (current, voltage, electrolyte

flow/composition) in response to changing subsurface
conditions. Enhance predictive multi-physics models
(coupled electrochemical, hydrodynamic,
geochemical, thermal) for reliable design and
performance forecasting.

5. Sustainable Management of Secondary Streams:
Innovate efficient, low-cost, and environmentally
sound methods for treating and valorizing process
waters (e.g., selective metal recovery via
electrodeposition or ion exchange, water recycling)
and sludges (e.g., stabilization, resource recovery)
generated during ERT.

6. Standardization and Regulatory Engagement:
Establish industry-wide standardized protocols for
ERT  design, implementation, performance
monitoring, and verification. Proactively engage with
regulatory agencies to develop clear, science-based
guidelines and approval pathways for electrochemical
remediation technologies. Conduct comprehensive
TEAs and LCAs for different ERT configurations and
site scenarios.

Addressing these research priorities through collaborative
efforts between academia, industry, and regulators is
paramount to overcoming the current scale-up
bottlenecks. By focusing on efficiency, cost reduction,
robustness, and sustainability, electrochemical methods
can solidify their position as indispensable tools for

restoring heavy metal-contaminated environments
globally.
REFERENCES

Acar, Yalcin B., and Akram N. Alshawabkeh. 1993.
“Principles of Electrokinetic =~ Remediation.”
Environmental Science & Technology
27(13):2638-417. doi:
https://doi.org/10.1021/es00049a002.

Ali, Hazrat, Ezzat Khan, and Muhammad Anwar Sajad.
2013. “Phytoremediation of Heavy Metals—
Concepts and  Applications.”  Chemosphere
91(7):869-81. doi:
10.1016/j.chemosphere.2013.01.075.

Arora, Vaishali, and Babita Khosla. 2022. “Conventional
and Contemporary Techniques for Removal of
Heavy Metals from Soil.” in Biodegradation
Technology of Organic and Inorganic Pollutants.
IntechOpen.

Chowdhury, Farah Noshin, and Md Mostafizur Rahman.
2024. “Source and Distribution of Heavy Metal and
Their Effects on Human Health.” Pp. 45-98 in
Heavy Metal Toxicity: Human Health Impact and
Mitigation Strategies. Springer.

Fernandez-Marchante, C. M., F. L. Souza, M. Millan, J.
Lobato, and M. A. Rodrigo. 2022. “Can the Green

Libyan ]ourna/ ofEco/ogica/ & Environmental Sciences and Teclmo/og ................................................. 37



Abdala, et al., 2025

Vol. 7 No. 2 Agusust, 2025

Energies Improve the  Sustainability of
Electrochemically-Assisted ~ Soil ~ Remediation
Processes?” Science of The Total Environment
803:149991. doi: 10.1016/j.scitotenv.2021.149991.

Daniela lonela, Laura Bulgariu, and Maria
Gavrilescu. 2024. “SUSTAINABLE USE OF
SOME NATURAL MATERIALS AND WASTE
FOR THE DECONTAMINATION  OF
ENVIRONMENTAL COMPONENTS
POLLUTED WITH HEAVY METALS.”
Environmental Engineering & Management
Journal (EEMJ) 23(8). doi:
10.30638/eem].2024.126.

Ghosh, Mridul, and S. P. Singh. 2005. “A Review on
Phytoremediation of Heavy Metals and Utilization
of It’s by Products.” Asian J Energy Environ
6(4):214-31.

Ho, Sa V, Christopher Athmer, P. Wayne Sheridan, B.
Mason Hughes, Robert Orth, David McKenzie,
Philip H. Brodsky, Andrew M. Shapiro, Timothy
M. Sivavec, Joseph Salvo, Dale Schultz, Richard
Landis, Ron Griffith, and Steve Shoemaker. 1999.
“The Lasagna Technology for In Situ Soil
Remediation. 2. Large Field Test.” Environmental
Science & Technology 33(7):1092-99. doi:
10.1021/es980414g.

Lamma, O. A., A. M. Mohammed, and H. A. A. Aljazwei.
2020. “Studying Altitude Influence on Uludag Fir
Soil Macro Nutrients in Kastamonu.” International
Journal of Research in Agronomy 5(1):43-48.

Fertu,

Li, Ruixiang, Jinning Wang, Tian Li, and Qixing Zhou.
2023. “Recent Advances in Improving the
Remediation Performance of Microbial
Electrochemical Systems for Contaminated Soil
and Sediments.” Critical Reviews in Environmental
Science and Technology 53(1):137-60. doi:
10.1080/10643389.2022.2040327.

Liu, Jianli, Zhubing Hu, Fangfang Du, Wei Tang, Siting
Zheng, Shanzhou Lu, Li-hui An, and Jiannan Ding.
2023. “Environment Education: A First Step in
Solving  Plastic ~ Pollution.”  Frontiers in
Environmental Science 11. doi:
10.3389/fenvs.2023.1130463.

Masoud, Abduladheim Masoud Mohamed. 2017. “Kuzey
Bakida Yetisen Karagamin Bazi Toprak Ozellikleri
lle Toprak Organik Karbon ve Toplam Azot
Miktarlar1 ve Depolama Kapasiteleri Uzerinde
Yiikseltinin Etkisinin Aragtirilmasi.”

Mishra, Sandhya, Ram Naresh Bharagava, Nandkishor
More, Ashutosh Yadav, Surabhi Zainith, Sujata
Mani, and Pankaj Chowdhary. 2018. “Heavy Metal
Contamination:  An  Alarming Threat to
Environment and Human Health.” Pp. 103-25 in
Environmental biotechnology: For sustainable
future. Springer.

Moghimi Dehkordi, Mohsen, Zahra Pournuroz Nodeh,
Kamran Soleimani Dehkordi, Hossein
Salmanvandi, Reza Rasouli Khorjestan, and
Mohammad Ghaffarzadeh. 2024. “Soil, Air, and
Water Pollution from Mining and Industrial
Activities: Sources of Pollution, Environmental
Impacts, and Prevention and Control Methods.”
Results in  Engineering  23:102729. doi:
10.1016/j.rineng.2024.102729.

Mohamed, A. M., F. A. Abdullah, M. A. Argeeq, H.
Ahallil, A. A. Ahmed, and A. A. Saeid. 2025.
“Study of Some Physical and Chemical
Characteristics of Different Soils in Some Valleys
of Bani Walid Region, Libya.” Archives of
Agriculture  Sciences Journal 14-28. doi:
10.21608/aasj.2025.417745.

Mohammed, Abduladheim MasoodSpatial . “2021
Change of the Chemical and Physical Properties of
the Soil.” Journal of Global Scientific Research
.84-1274):4(6

Ntsomboh-Ntsefong, Godswill, Kingsley Tabi Mbi, and
Essubalew Getachew Seyum. 2024.
“Advancements in Soil Science for Sustainable
Agriculture:  Conventional and  Emerging
Knowledge and Innovations.” Academia Biology
2(3). doi: 0rg/10.20935/AcadBiol6264.

Ormefio-Cano, Natalia, and Jelena Radjenovic. 2024.
“Electrochemical Removal of Antibiotics and
Multi-Drug  Resistant  Bacteria Using  S-
Functionalized Graphene Sponge Electrodes.”
Journal of Cleaner Production 470:143245. doi:
0rg/10.1016/j.jclepro.2024.143245.

Mary M., and Christopher L. Page. 2002.
“Electroremediation of Contaminated Soils.”
Journal of Environmental Engineering
128(3):208-19. doi: 0rg/10.1061/(ASCE)0733-
9372(2002)128:3(208).

Pamukcu, Sibel, and J. Kenneth Wittle. 1992.
“Electrokinetic Removal of Selected Heavy Metals
from Soil.” Environmental Progress 11(3):241-50.
doi: 0rg/10.1002/9781119670186.ch13.

Probstein, Ronald F. 2005. Physicochemical
Hydrodynamics: An Introduction. John Wiley &
Sons.

Puppala, Susheel K., Akram N. Alshawabkeh, Yalcin B.
Acar, Robert J. Gale, and Mark Bricka. 1997.
“Enhanced Electrokinetic Remediation of High
Sorption Capacity Soil.” Journal of Hazardous
Materials 55(1-3):203-20. doi:
0rg/10.1016/S0304-3894(97)00011-3.

Reddy, Krishna R., and Supraja Chinthamreddy. 2004.
“Enhanced Electrokinetic Remediation of Heavy
Metals in Glacial till Soils Using Different
Electrolyte Solutions.” Journal of Environmental
Engineering 130(4):442-55. doi:

Page,

Libyan Journal of Ecological & Environmental Sciences and TeChnology .......cccvevevevveveeieveieeeieieeeeeeeee e 38



Towards Environmental Sustainability: A Comprehensive Review Of Electrochemical Methods For Remediating
Heavy Metal Contamination In Soil And Water - Achievements, Challenges, And Prospects

0rg/10.1061/(ASCE)0733-9372(2004)130:4(442).

Rozas, F., and Marta Castellote. 2012. “Electrokinetic
Remediation of Dredged Sediments Polluted with
Heavy Metals with Different Enhancing
Electrolytes.” Electrochimica Acta 86:102-9. doi:
0rg/10.1016/j.electacta.2012.03.068.

Sadaf, Shoumik, Hridoy Roy, Athkia Fariha, Tanzim Ur
Rahman, Nishat Tasnim, Nusrat Jahan, Adewale
Allen Sokan-Adeaga, Safwat M. Safwat, and Md
Shahinoor Islam. 2024. “Electrocoagulation-Based
Wastewater Treatment Process and Significance of
Anode Materials for the Overall Improvement of
the Process: A Critical Review.” Journal of Water
Process Engineering 62:105400. doi:
0rg/10.1016/j.jwpe.2024.1054009.

Salem, M. O. A,, B. A. F. Abdalah, and A. M. Mohamed.
2024. “Synergistic Impact of Olive Waste on Some
Soil Properties: A Comprehensive Review.”
Archives of Agriculture Sciences Journal 7(3):23-
29. doi: 0rg/10.21608/aasj.2024.399395.

Salem, Mohamed Omar Abdalla, and Nisreen moftah
Mohamed. 2025. “Heavy Metal Contamination in
the Fruit of Date Palm: An Overview.” Journal of
Bani Waleed University for humanities and Applied
Science79-165:(1)10 . doi:
0rg/10.58916/jhas.v10i1.661.

Salem, Mohamed Omar Abdalla, and llyas Ammer Saeed
Salem. 2023. “Detection of Heavy Metals in Goat
Milk in Bani Waleed City-Libya.” Libyan Journal
of Ecological & Environmental Sciences and
Technology 5(2):69-73. doi: org/LJEEST/050213.

Sanchez-Castro, Ivan, Lazaro Molina, Maria-Angeles
Prieto-Fernandez, and Ana Segura. 2023. “Past,
Present and Future Trends in the Remediation of
Heavy-Metal Contaminated Soil-Remediation
Techniques Applied in Real Soil-Contamination
Events.” Heliyon 9(6). doi:
0rg/10.1016/j.heliyon.2023.e16692.

Smarzewska, Sylwia, and Dariusz Guziejewski. 2021.
“Soil Remediation Technologies.” Pp. 193-219 in
Handbook of advanced approaches towards
pollution prevention and control. Elsevier.

Srivastava, Himanshi, Pinki Saini, Anchal Singh, and
Sangeeta Yadav. 2024. “Heavy Metal Pollution and
Biosorption.” Pp. 1-38 in Biosorption Processes
for Heavy Metal Removal. IGI Global.

Sun, Zeying, Miaomiao Zhao, Li Chen, Zhiyang Gong,
Junjie Hu, and Degang Ma. 2023. “Electrokinetic
Remediation for the Removal of Heavy Metals in
Soil: Limitations, Solutions and Prospection.”
Science of the Total Environment 903:165970. doi:
10.1016/j.scitotenv.2023.165970.

Tangahu, Bieby Voijant, Siti Rozaimah Sheikh Abdullah,
Hassan Basri, Mushrifah Idris, Nurina Anuar, and
Muhammad Mukhlisin. 2011. “A Review on Heavy
Metals (As, Pb, and Hg) Uptake by Plants through
Phytoremediation.” International Journal of
Chemical Engineering 2011(1):939161. doi:
0rg/10.1155/2011/939161.

Virkutyte, Jurate, Mika Sillanpéé, and Petri Latostenmaa.
2002. “Electrokinetic Soil Remediation—Critical
Overview.” Science of the Total Environment
289(1-3):97-121. doi: 0rg/10.1016/S0048-
9697(01)01027-0.

Yeung, Albert T. 2011. “Milestone Developments,
Myths, and Future Directions of Electrokinetic
Remediation.”  Separation and Purification
Technology 79(2):124-32. doi:
0rg/10.1016/j.seppur.2011.01.022.

Zheng, Wukui, Tian Cui, and Hui Li. 2022. “Combined
Technologies for the Remediation of Soils
Contaminated by Organic Pollutants. A Review.”
Environmental Chemistry Letters 20(3):2043-62.
doi: 10.1007/s10311-022-01407-y.

Libyan ]ourna/ ofEco/ogica/ & Environmental Sciences and Teclmo/og ................................................. 39



