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ABSTRACT

Land degradation, caused by pollution, salinization, erosion, and nutrient
loss, undermines food security, the resilience of climate systems, and the
health of ecosystems. This review provides an assessment of distinct
advanced techniques used for soil remediation which include chemical,
biological, physical, integrated, and nano remediation. Some chemical
methods like gypsum reclamation, electrokinetic remediation, and
advanced oxidation processes (AOPs) focus on the mobilization and
breakdown of contaminants, achieving high removal efficiencies
epitomized by heavy metals and organics. Other methods, such as
phytoremediation, bioaugmentation, and mycoremediation, enhance soil
fertility and employ restorational biology while inventive methods like
Microbially-Induced Calcite Precipitation (MICP) bolster soil strength.
Some of the physical processes are soil flushing and thermal desorption
which can efficiently remove pollutants, but energy costs are high.
Integrated techniques, notably the application of biochar and electro-
bioremediation, demonstrate synergistic enhancement with soil structure
and Dbioremediation performance. Nano-remediation provides
unparalleled efficiency for pollutant removal but using nano-zero valent
iron (nZVI), nanoclays, and graphene oxide (GO) poses unchartered
ecological threats. From the comparison, it is clear that the sustainable
remedial approach requires a multifaceted hybrid methodology tailored
to the specific site conditions.

KEYWORDS: soil; soil health; sustainability; soil remediation; soil organic
carbon (SOC)
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INTRODUCTION

Soils are fundamental to terrestrial ecosystems and perform essential
functions including food production, water filtration, carbon
sequestration, and biodiversity support [1]. In addition, healthy soils also
act as natural reservoirs—storing moisture within their pore networks—
thereby enhancing drought resilience and buffering ecosystems against
climate variability [2]. These functions are critical not only for agricultural
sustainability but also for broader climate adaptation and land restoration
goals. However, decades of anthropogenic activities—especially
industrialization, mining, improper waste disposal, and unregulated
urban expansion—have led to widespread soil contamination, rendering
vast land areas unfit for safe ecological or agricultural use [3,4]. This
industrial legacy has created a pressing global challenge: how to
remediate contaminated soils efficiently and sustainably while unlocking
their potential for future productive use.

The scale of the problem is substantial. Over 10 million contaminated
sites globally are estimated to contain hazardous levels of pollutants,
including heavy metals (e.g., Pb, Cd, As), petroleum hydrocarbons,
pesticides, polychlorinated biphenyls (PCBs), and emerging contaminants
like microplastics and pharmaceuticals [5]. Many of these sites are
classified as brownfields—land areas abandoned or underutilized due to
real or perceived contamination. In Europe alone, more than 2.8 million
potentially contaminated sites have been identified, of which over 342,000
require urgent remediation [6]. Many concentrated in aging industrial
corridors and urban zones. In rapidly developing nations such as India [7]
and China [8], informal industrial operations and inadequate regulatory
oversight have further intensified the spread of pollutants into peri-urban
and even rural landscapes [9]. The contamination of soils with toxic
compounds poses serious risks to human health, biodiversity, and
environmental sustainability [10]. Furthermore, contaminated soils
compromise essential functions such as water retention, microbial
diversity, and fertility, perpetuating land degradation and limiting future
land use options [11]. The reclamation and rehabilitation of these polluted
soils is thus central not only to ecosystem restoration but also to achieving
broader sustainability goals, including safe urban development,
environmental justice, and land reuse planning [12,13]. In this context, soil
remediation which refers to the process of removing, stabilizing, or
transforming contaminants in soil to restore it for safe use. The
technologies have evolved rapidly to address the complex chemical and
physical heterogeneity of industrially contaminated sites. Techniques such
as electrokinetic remediation [14], AOPs [15], soil washing [16], and
thermal desorption have demonstrated high removal efficiencies for
heavy metals, organics, and mixed pollutants [17,18]. Simultaneously,
biological approaches such as phytoremediation [19], bioaugmentation
[20], and mycoremediation [21] offer ecosystem-compatible alternatives,
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while nano-enabled technologies (e.g., nZVI, nanoclays, and GO
composites) represent the frontier of precision decontamination [22,23].

However, the practical deployment of these methods is often limited to
small to medium-scale sites, primarily due to economic and logistical
constraints. Many remediation techniques, particularly those involving
energy input or specialized reagents, are not viable at the scale of
industrial agriculture, which typically spans hundreds to thousands of
hectares. This limitation raises a critical issue previously
underemphasized in the literature: Given this disconnect, a key goal of
modern remediation science is to bridge the gap between high-efficiency
industrial remediation methods and scalable, agriculture-compatible
solutions. One promising avenue lies in reclaiming remediated brownfield
sites for safe agricultural reuse. While mainstream agriculture may not
adopt energy-intensive remediation approaches, brownfields cleaned to
safe standards can be transitioned into urban farms, community gardens,
and peri-urban food production zones. This concept of “brownfield-to-
greenfield” conversion supports the growing trend of urban agriculture
and land circularity, aligning well with the United Nations Sustainable
Development Goals (SDGs). In this context, the objective of this review is
to provide a holistic, comparative assessment of advanced soil
remediation strategies by examining their mechanisms, effectiveness,
sustainability, and alignment with global climate-resilient agriculture and
SDGs.

The review is guided by three key hypotheses:

Hypothesis 1 (H1). Integrated remediation approaches, such as the
combination of biochar with microbial or electrokinetic systems, provide
enhanced and more sustainable outcomes than single-method applications;

Hypothesis 2 (H2). Nano-remediation methods offer high contaminant
removal efficiency but raise environmental and regulatory concerns that
need careful evaluation;

Hypothesis 3 (H3). Remediation practices based on circular economy
principles and ecosystem-based management are more likely to ensure long-
term soil health

While large-scale agricultural deployment of advanced remediation
technologies remains economically prohibitive, these methods hold
promise in the targeted rehabilitation of contaminated soils in peri-urban
zones, smallholder farming systems, and urban agriculture. Additionally,
the transformation of brownfields into arable land offers a sustainable
pathway for increasing food production capacity without expanding
agricultural frontiers, particularly in land-scarce regions. Thus, the
methods reviewed herein, though originally designed for industrial
remediation, may serve as critical enablers for selective agricultural land
reuse and climate-smart urban development.
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An Overview of Climate Change and Its Impact on Soil and
Agriculture

Climate change is a critical global challenge, significantly affecting
agriculture, soil quality, and ecosystems. Chaotic rainfall patterns bring
drought to some regions and floods to others, eroding fertile soil and
disrupting agricultural systems. Melting glaciers raise sea levels,
submerging low-lying areas and contaminating freshwater with saltwater
[24]. Torrential rains result in waterlogging, washing away topsoil, and
hindering root development, while salinization from rising sea levels and
poor irrigation renders soil unfarmable [25]. Increased atmospheric CO,
and higher temperatures amplify the greenhouse effect, accelerating
global warming. This creates drier conditions, fueling desertification and
prolonged droughts, which strain water resources and reduce crop yields
[26]. SOC disperses more easily, and nutrient-rich topsoil erodes under
heavy rainfall and storms, lowering fertility and productivity. Excess
moisture from flooding disrupts root respiration and microbial activities,
while nutrient loss through leaching and volatilization further weakens
soils [27]. Climate change also reduces photosynthesis due to high
temperatures and water scarcity, affecting crop yields [28]. Degraded soils
and nutrient-depleted crops lead to diminished food quality and security,
exacerbating hunger and affecting livestock [29]. Figure 1 shows the
impact of climate on soil and agriculture [30,31]. Addressing these
challenges requires adopting eco-friendly farming methods, managing
water resources, reducing soil erosion, cultivating climate-resilient crops,
and lowering greenhouse gas emissions. Implementing these measures
can create sustainable ecosystems, maintain healthy soils, and support
long-term agricultural productivity.
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Figure 1. The environmental outcomes of climate change and their impact on soil and hence impact on
agriculture (Created in BioRender. DEPARTMENT, B. (2025) https://BioRender.com/t42b146).

B

Introduction to Soil Functions and Ecosystem Importance

Figure 2 shows the Functions of soil, it serves as the cornerstone of
terrestrial ecosystems, performing a wide range of functions that are
essential for life on Earth. It is a critical resource for agriculture, enabling
crop growth and securing food production while also contributing to

J Sustain Res. 2025;7(3):e250056. https://doi.org/10.20900/jsr20250056


https://biorender.com/t42b146

Journal of Sustainability Research

6 of 55

broader environmental sustainability goals [32]. Beyond agriculture, soil
acts as a natural filter, purifying water and regulating the Earth’s
hydrological cycles [33]. It plays a pivotal role in climate regulation by
sequestering carbon dioxide and mitigating greenhouse gas emissions,
which helps combat climate change [34]. These processes highlight soil’s
vital contribution to ecosystem stability, biodiversity conservation, and
human well-being. The multifunctionality of soil is evident in its diverse
roles. The soil supports the provision of food, fiber, and fuel by supplying
essential nutrients for plant growth, ensuring food security and raw
materials for human needs [35]. Soil serves as a carbon sink, storing large
amounts of organic carbon and contributing to climate mitigation [36]. It
also filters pollutants and improves water quality, ensuring clean water
for ecosystems and human use. Through nutrient cycling, soil recycles key
elements like nitrogen, phosphorus, and potassium, making them
available for plants and other organisms. Furthermore, soil provides a
habitat for a vast array of microorganisms, fungi, and fauna, all of which
are crucial for maintaining soil health and ecosystem functions [37]. It
regulates food availability, quality, and security by preserving fertility and
productivity, while its biodiversity serves as a reservoir for
pharmaceuticals and genetic resources essential for medicine and
biotechnology. Soil also provides the foundation for human infrastructure,
offering structural stability for buildings and roads, and supplies essential
raw materials like clay, sand, and gravel for construction [38]. Additionally,
soil plays a cultural role by preserving archaeological artifacts and
providing landscapes for recreation, thus contributing to cultural heritage
and identity. The Food and Agriculture Organization (FAO) emphasizes the
importance of these functions for sustainable development and
environmental health [39]. However, soil degradation through erosion,
nutrient depletion, and contamination poses significant threats to these
critical functions. The FAO’s International Year of Soils campaign in 2015
highlighted the urgency of addressing soil degradation and promoted
sustainable practices such as conservation tillage, crop rotation, and
organic amendments [40]. These measures are essential for preserving soil
health and ensuring its ability to continue supporting future generations.
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Figure 2. The infographic shows the Functions of soil.

Soil Health Indicators: The Role of SOC

SOC, is a key indicator of soil health, reflecting its quality, fertility, and
ability to sustain life [41]. As a major component of soil organic matter
(SOM), SOC plays a critical role in regulating physical, chemical, and
biological soil properties, supporting agricultural productivity and
ecosystem sustainability while aiding in climate change mitigation
through carbon sequestration. Physically, SOC enhances soil structure,
porosity, and water retention by forming stable aggregates, reducing
erosion risk, and lowering bulk density, making soil easier to cultivate.
Chemically, SOC stores essential nutrients like nitrogen, phosphorus, and
sulfur, gradually releasing them through decomposition [42]. It improves
cation exchange capacity (CEC), nutrient retention, and pH buffering,
fostering optimal conditions for plant roots and microbial activity.
Biologically, SOC fuels microbial diversity and activity, driving nutrient
cycling, organic matter decomposition, and disease suppression, thus
sustaining a balanced and resilient soil ecosystem [43]. SOC interacts with
soil properties in a feedback loop: improved structure boosts aeration,
stimulating microbial activity that replenishes SOC through
decomposition, while nutrient release from SOC supports plant growth,
further adding organic inputs. Factors influencing SOC are shown in
Figure 3. which include geological attributes (soil type, mineralogy),
physical properties (porosity, moisture), biological activity (microbes,
earthworms), and chemical properties (pH, CEC). Climate variables
(rainfall, temperature) and land use practices like agriculture and forestry
also affect SOC levels. Effective management practices, such as
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Figure 3. Factors affecting the concentration of SOC in soils (Created in BioRender. DEPARTMENT, B. (2025)

https://BioRender.com/e16e568).

Microbial and fungal communities are essential for decomposing
organic matter, releasing nutrients, and maintaining soil fertility,
particularly in the O and A soil horizons. These layers, however, are highly
susceptible to degradation due to deforestation, overgrazing, and
intensive agriculture [44]. Soil degradation manifests as erosion, nutrient
depletion, salinization, compaction, organic matter loss, and
contamination, all of which reduce productivity and disrupt ecosystems.
Erosion, driven by wind and water, depletes nutrient-rich topsoil and
leads to sedimentation in water bodies. Salinization, often caused by poor
irrigation and fertilizer overuse, degrades soil structure and nutrient
availability [45]. Nutrient depletion from monocropping and excessive
fertilizer use reduces microbial activity and increases dependency on
chemical inputs. Compaction limits water infiltration and root growth,
while contamination from pollutants renders soil infertile. Degraded soils
exacerbate climate change by reducing carbon sequestration and
releasing greenhouse gases like nitrous oxide. Loss of microbial
biodiversity further diminishes soil recovery [46]. Figure 4 shows the
effects of soil salinity on plants.

] Sustain Res. 2025;7(3):e250056. https://doi.org/10.20900/jsr20250056


https://biorender.com/e16e568

Journal of Sustainability Research

9 of 55

Inhibits seed germination,
seedling and root growth

Reduces chlorophyll
content, plant-water
relation and nutrient uptake

N

Induces ROS*, reduces
antioxidant activity,
chlorosis and necrosis

Reduces seed weight, yield
and induces changes in
DNA**

*ROS - Reactive Oxygen Species
**DNA - Deoxyribonucleic acid

A )

(Sations )
tions
Cl

7
OR)

Figure 4. Shows the effects of soil salinity on plants. (Created in BioRender. DEPARTMENT, B. (2025)

https://BioRender.com/d51v629).

METHODOLOGY

Literature Search Strategy and Inclusion Criteria

The methodology adopted for this review involved a comprehensive
examination of existing literature on advancements in soil remediation
techniques. Emphasis was placed on evaluating advanced remediation
strategies for their effectiveness in restoring degraded soils. Each method
was critically analyzed based on environmental impact, practical
applicability, and alignment with sustainability goals. Figure 5 presents
the PRISMA flow diagram illustrating the study selection process,
including identification, screening, and eligibility assessment of 212
studies sourced from major academic databases. The review
predominantly incorporates recent publications, while foundational
concepts are supported by earlier seminal works, as reflected in Figure 6.
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The regenerative methods such as cover cropping, compost addition,
and reduced tillage are highly effective at restoring soil structure and
microbial function, they are not sufficient for soils contaminated with
industrial pollutants (e.g., heavy metals, petroleum hydrocarbons,
persistent organic compounds). In such cases, remediation techniques—
physical, chemical, or biological—must be employed first to remove or
immobilize toxic contaminants before soil can be safely returned to use
ecological function. These techniques are therefore most relevant in
brownfield reclamation, urban agriculture on legacy-contaminated lands,
or conversion of derelict industrial zones into productive green spaces.
For the current review, soil remediation techniques are classified as
shown in Figure 7.
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Figure 7. Soil remediation methods categorized by principle, benefits, and limitations.

Chemical-Based Remediation

Soil Reclamation with Gypsum

Gypsum, or calcium sulfate dihydrate (CaS04-2H,0), is widely used for
reclaiming salt-affected sodic soils, particularly in areas with high soil
salinity and low rainfall [47]. Its primary benefit is replacing sodium ions
in the soil with calcium ions, which improves soil structure, reduces
compaction, and increases permeability [47]. Sodium is leached away by
rain or irrigation, enhancing soil moisture retention and creating a
healthier environment for plant roots and beneficial microbes [48].
Gypsum provides essential nutrients, such as calcium for root
development and sulfur for protein synthesis and enzymatic activities,
boosting soil fertility and crop production. It also reduces soil crusting,
enhances water infiltration, and mitigates salt build-up in salinized
irrigation systems, which is vital for steep or eroding terrains [49]. While
gypsum is highly effective, its success depends on proper management
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practices, including correct application rates based on soil salinity,
sodicity levels, and crop requirements [50]. Over-application may lead to
imbalances in calcium and magnesium or excessive nutrient leaching.
Regular monitoring of soil properties, such as pH, electrical conductivity,
and exchangeable sodium percentage (ESP), is essential to ensure optimal
results and sustainable soil health [51]. Soil reclamation with gypsum
entails a fundamental chemical reaction wherein the calcium ions (Ca?*)
contained in gypsum, displace the sodium ions (Na*) present in soil
particles. The sodium ions that were displaced, get washed away in the
form of soluble sodium sulfate (Na,SO4) in water. This process can be
illustrated as follows:
Gypsum dissociates in water to release calcium ions (Ca?*) and sulfate
ions (SO427)
CaSO, - 2H,0 - Ca** + SO;™ + 2H,0 (1
The calcium ions from gypsum displace the sodium ions on the soil
exchange sites (sodium-bound clay particles)
2Na-clay + Ca** - Ca-clay + 2Na* @)

The displaced sodium ions combine with sulfate ions in the soil solution
to form sodium sulfate, which is water-soluble and can be leached out of
the root zone:

2Na* +SO;~ — Na,SO, 3

CaSO, - 2H,0 + 2Na-clay — Ca-clay + Na,SO, + 2H,0 4)

This reaction improves soil structure by replacing sodium with calcium,
leading to better aggregation of soil particles, increased permeability, and
enhanced soil health.

A recent study titled “A quantitative assessment of the dynamic process
and potential capacity of using gypsum to reclaim sodic soil”, published in
the Journal of Soils and Sediments in May 2023 [52], provides an in-depth
analysis of gypsum’s effectiveness in ameliorating sodic soils. The research
involved leaching sodic soil columns with gypsum solutions of varying
concentrations to monitor changes in soil properties and ion dynamics.
The findings indicated that gypsum application significantly reduced soil
pH, ESP, and sodium adsorption ratio (SAR), thereby improving soil
structure and permeability. The study also highlighted the efficient
utilization of calcium ions from gypsum in replacing exchangeable sodium,
emphasizing the importance of appropriate gypsum application rates
tailored to specific soil conditions. This case study underscores the
potential of gypsum as a viable amendment for sodic soil reclamation,
offering valuable insights for optimizing its use in soil management
practices.

Electrokinetic Remediation

Electrokinetic remediation is an advanced in-situ soil remediation
technique that uses a low-intensity direct current electric field to mobilize
and extract contaminants from soil, particularly in fine-grained soils like

] Sustain Res. 2025;7(3):e250056. https://doi.org/10.20900/jsr20250056



Journal of Sustainability Research

13 of 55

clay and silt, which are challenging to remediate using traditional methods
[53,54]. The process is driven by three primary mechanisms:
electromigration, where charged ions move toward electrodes under the
electric field; electroosmosis, which facilitates water movement toward
the cathode, carrying dissolved contaminants; and electrophoresis,
involving the migration of charged particles such as colloids or microbial
cells [55]. Redox reactions at the electrodes further enhance the
breakdown of certain organic pollutants [56].

A recent study titled “Controlled Ion Transport in the Subsurface: A
Coupled Advection-Diffusion-Electromigration System”, published on
August 9, 2023 [57], explores the application of electrokinetic remediation
for groundwater pollution. The research introduces a coupled advection-
diffusion-electromigration system to control ion transport in subsurface
environments, utilizing the Lattice-Boltzmann-Poisson method for
simulations in various porous media. The study establishes an ion
transport regime classification based on the Peclet number and a novel
Electrodiffusivity index, identifying four transport regimes: large
channeling, uniform flow, small channeling, and no flow.

Soil Washing with Surfactants

Soil washing with surfactants is an advanced remediation method that
employs aqueous solutions containing surfactants to remove
contaminants from soil [58]. Surfactants, or surface-active agents, lower
surface tension, enhancing the desorption and mobilization of
hydrophobic organic compounds and heavy metals [59]. This technique is
particularly effective for soils contaminated with petroleum hydrocarbons,
pesticides, polychlorinated biphenyls (PCBs), and metals.

The process involves applying a surfactant solution to contaminated
soil, where the surfactants form micelles that encapsulate hydrophobic
pollutants, solubilizing them in water. This enables contaminants to
detach from soil particles [60] and remain suspended in the washing
solution. Heavy metals are removed via ion exchange or complexation
with the surfactants [61]. The contaminated solution is collected, and
pollutants are separated and treated, while the surfactant solution can be
recycled for reuse. Nonionic surfactants, such as Tween and Triton, are
commonly used due to their low toxicity and efficiency in solubilizing
hydrophobic pollutants [62]. Anionic surfactants like sodium dodecyl
sulfate are effective for both metals and organic pollutants, while cationic
surfactants are less frequently used due to their tendency to adsorb onto
soil particles. Soil washing with surfactants is versatile and effective for
various contaminants [63].

A recent study reported by Zhao et al, in 2024 [64] provides a
comprehensive review of surfactant-enhanced soil washing techniques
for remediating oil-contaminated soils. The study examines various
surfactants, including synthetic surface-active agents and biosurfactants,
and their effectiveness in enhancing the solubilization, desorption, and
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separation of petroleum hydrocarbons from soil matrices. Key findings
highlight that surfactant-enhanced soil washing can significantly improve
the removal of hydrophobic organic contaminants, with efficiency
influenced by factors such as surfactant type, concentration, soil
properties, and contaminant characteristics. The authors also discuss the
environmental implications of surfactant use, emphasizing the need for
selecting biodegradable and environmentally friendly surfactants to
minimize secondary pollution.

AOPs

AOPs are cutting-edge chemical treatments designed to degrade
organic and inorganic soil contaminants using highly reactive hydroxyl
radicals (‘OH) [65]. These radicals are non-selective and capable of
breaking down complex pollutants, such as petroleum hydrocarbons,
pesticides, and volatile organic compounds (VOCs), into harmless
substances like carbon dioxide and water [66]. The key mechanisms
involve oxidative cleavage, dehydrogenation, and mineralization, which
destabilize pollutants and convert them into simpler compounds [58,67].
Hydroxyl radicals can be generated through various methods, including
Fenton’s reaction (using hydrogen peroxide and iron salts), ozone
oxidation enhanced by ultraviolet (UV) light, photocatalysis with UV and
titanium dioxide, and electrochemical oxidation [68]. The process begins
with introducing the oxidant into contaminated soil, followed by radical
generation, pollutant breakdown, and post-treatment monitoring to
ensure remediation effectiveness [69]. AOPs are versatile, effective for
organic pollutants and some inorganic contaminants, and adaptable for
complex mixtures. Their advantages include high efficiency, minimal toxic
residue production, and scalability. However, they are cost-intensive and
require specialized equipment and precise pH control for optimal
performance [70]. Soil conditions, such as low permeability or high
organic matter, can reduce effectiveness by consuming hydroxyl radicals
prematurely [71].

A recent study highlighted the use of homogeneous and heterogeneous
AOP systems for remediating creosote-contaminated soils. Homogeneous
systems using sodium persulfate and ferrous ions showed high removal
efficiencies for polycyclic aromatic hydrocarbons (PAHs), while
heterogeneous systems with clay-based iron catalysts enabled catalyst
recovery and reuse, showcasing AOPs’ potential in soil remediation [72].
Simultaneously, another recent review, “Recent Developments in AOPs for
Organics Removal in Water and Wastewater Treatment,” [73] provides
insights into the latest advancements in AOP technologies for managing
organic pollutants in water. It covers methods such as photocatalysis,
Fenton-based processes, ozonation, and sulfate radical-based oxidation.
Innovations in catalytic materials and the integration of unconventional
methods have significantly improved the efficiency of AOPs. Given their
operational cost and complexity, AOPs are largely confined to industrial
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sites or small contaminated zones and are not applicable to broad-acre
farming systems.

Biological and Microbial Techniques

Phytoremediation

Phytoremediation is a sustainable soil remediation technique that uses
plants to extract, stabilize, or degrade contaminants in soil, water, and air
[74]. This eco-friendly method effectively treats pollutants such as heavy
metals, organic compounds, and radionuclides, particularly in sites where
traditional remediation methods are costly or impractical [75].
Phytoremediation performance varies widely depending on pollutant type,
plant species, and conditions. The field studies on heavy metal-
contaminated soils have shown that certain plants can extract on the order
of 50-60% of metals like lead over several months [76]. Likewise, for
organic pollutants such as petroleum hydrocarbons, phytoremediation
using appropriate plant species (e.g., maize) can degrade or remove
roughly 50-70% of total petroleum hydrocarbons under controlled
conditions [76]. Key processes include phytoextraction, where plants
absorb contaminants into harvestable biomass; phytostabilization, which
immobilizes pollutants to prevent leaching and erosion; phytodegradation,
involving enzymatic breakdown of organic pollutants by plants and
microbes; phytovolatilization, which releases absorbed volatile
compounds into the atmosphere in less harmful forms; and rhizome-
filtration, where plant roots filter contaminants from water sources [77].
The plant selection must align with site-specific conditions and pollutant
types [78]. Advancements in phytoremediation include genetic
engineering to create plants with enhanced pollutant uptake and
tolerance, the use of microbial symbionts like mycorrhizal fungi to
improve nutrient and contaminant processing [19,70], and hybrid
methods combining phytoremediation with techniques like soil washing
or electro-kinetics. These developments enhance its efficiency and
broaden its applicability, making phytoremediation a vital tool for
sustainable soil remediation and ecological restoration [79]. Table 1
provides a comparison between biological and microbial techniques
discussed in this article.

After the Chornobyl nuclear disaster, phytoremediation was employed
using sunflowers to remove radioactive isotopes from contaminated soil
and water. Sunflowers demonstrated a high capacity for absorbing
cesium-137 and strontium-90, reducing soil toxicity and enabling safer
environmental conditions. This case highlights the potential of
phytoremediation for managing heavy metal and radioactive
contamination in agricultural and industrial sites [80].

Microbially-Induced Carbonate Precipitation (MICP) Process for Soil
Strengthening
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Figure 8.
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MICP is an innovative biogeochemical process that utilizes microbial
activity to enhance soil properties by inducing the precipitation of calcium
carbonate (CaCOs) [81]. As depicted in Figure 8 the process is driven by
urease-producing microorganisms, such as cyanobacteria, which facilitate
the hydrolysis of urea (CO(NH),) into ammonia (NHs) and carbon dioxide
(CO) [82]. This enzymatic reaction increases the pH of the surrounding
environment by producing ammonium (NH,4*) and hydroxide (OH") ions.
The elevated pH enables the conversion of dissolved carbon dioxide into
carbonate ions (COs%*), which then react with calcium ions (Ca%) present
in the soil or are added externally to precipitate calcium carbonate in the
form of calcite. The precipitated calcite binds soil particles together, filling
voids and pores within the soil matrix. This transformation converts loose,
untreated soil into a denser and more stable material, significantly
improving its mechanical properties, including strength, durability, and
erosion resistance [83]. The treated soil becomes more compact and
cohesive due to the formation of calcite bridges between particles [76,84].
The effectiveness of the process depends on factors such as the uniform
distribution of microorganisms, the availability of calcium and urea, and
environmental conditions like temperature and pH. The process requires
careful optimization to ensure efficient calcite precipitation and soil
stabilization [85].

____________________ 1
MICP pr
i
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7 Cyanobacteria CO; + H,0 - H,COs

2NH; + 2H,0 = 2NH," 20H
Tle
20H + H,CO; -» CO:* 2H,0

Calcite precipitation

Treated soil

CO4%+ Ca?* - CaCO;
Calcium
carbonate |

representation (Created in BioRender. DEPARTMENT, B. (2025)

https://BioRender.com/t42b146) [86].

Bioaugmentation

Bioaugmentation is a biological remediation strategy involving the
introduction of specific microorganisms into contaminated soils to
enhance the degradation or transformation of pollutants [87]. These
microorganisms are chosen for their ability to metabolize contaminants
such as hydrocarbons, pesticides, heavy metals, and other hazardous
compounds. This technique is particularly useful when the native
microbial community lacks the metabolic capacity or sufficient
populations to remediate the site effectively [88]. The bioaugmentation
process starts with analyzing the contaminants and site conditions,
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followed by selecting microorganisms, often bacteria or fungi, tailored to
the specific pollutants. These microbes are introduced into the soil,
typically as liquid or solid formulations, and environmental conditions
such as pH, oxygen, and nutrients are optimized to support their activity
[89]. The introduced microbes then metabolize the pollutants through
enzymatic processes, breaking them down into less harmful compounds.
In some cases, bioaugmentation is combined with bio-stimulation, which
involves adding nutrients to enhance microbial activity further [90].
Bioaugmentation offers several benefits, including cost-effectiveness,
environmental friendliness, and the ability to target specific contaminants.
It is particularly suitable for in-situ applications, preserving soil structure
and minimizing the need for excavation [91].

Mycoremediation

Myco-remediation is an eco-friendly remediation method that uses
fungi to degrade or transform environmental pollutants in soil and water
[84,92]. Fungi, such as Pleurotus spp., Trametes versicolor, and
Phanerochaete chrysosporium, are chosen for their robust enzymatic
systems, including lignin peroxidase, manganese peroxidase, and laccase
[93]. These enzymes effectively break down pollutants like hydrocarbons,
pesticides, dyes, PAHs, and synthetic polymers [94]. The fungi are
cultivated on substrates such as sawdust or compost and introduced into
contaminated areas, where they metabolize organic pollutants into less
harmful compounds or mineralize them into carbon dioxide and water
[95]. For heavy metals, fungi use biosorption and bioaccumulation to
immobilize contaminants, reducing their mobility. Myco-remediation has
several advantages, including its ability to degrade a wide range of
pollutants, low cost due to the use of agricultural byproducts, and
applicability in both in-situ and ex-situ scenarios [88,96]. It also enhances
soil health through nutrient cycling and structural improvements and is
effective in extreme environmental conditions where other methods fail
[97]. However, the process can be slow and is influenced by environmental
factors like temperature, moisture, and pH. Additionally, incomplete
mineralization of pollutants and the disposal of contaminated fungal
biomass pose challenges [98]. Table 1 gives the case studies on biological
and microbial remediation techniques.
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Table 1. Case studies on biological and microbial remediation techniques.
Case Study Contaminants Environment Key Findings Key Remediation Challenges Encountered Reference
Technologies Efficiency
Used
Phytoremediation of Petroleum Polluted Soil Echinacea purpurea effectively reduced Phytoremediation  Significant Soil heterogeneity; [20]
Heavy Metals Using Hydrocarbons petroleum hydrocarbon concentrations in supported by contaminant maintaining plant health in
Echinacea Purpurea contaminated soils; bioaugmentation bioaugmentation  reduction contaminated conditions.
enhanced remediation efficiency.
MICP for Soil N/A Sandy Soils MICP treatment improved soil strength; MICP Enhanced soil Controlling uniformity of -
Strengthening: A Micro to micro-scale experiments informed macro- strength carbonate precipitation;
Macro Scale Study scale applications, optimizing treatment scaling up from laboratory
protocols. to field applications.
Bioaugmentation-Assisted Heavy Metals,  Landfill- Fungal consortia enhanced the removal of  Bioaugmentation  Up to 48% Soil physicochemical [99]
Mycoremediation of Metalloids Contaminated heavy metals from contaminated soils; and metal removal  variability; maintaining
Heavy Metal Soil bioaugmentation improved remediation Mycoremediation fungal activity over time.
Contaminated Soil efficiency compared to control treatments.
Mycoremediation of Organic Contaminated Fungal strains demonstrated high Mycoremediation  Up to 98.4% Environmental conditions [21]
Organic Pollutants Using Pollutants Ecosystems degradation rates of organic pollutants; degradation affecting fungal activity;
Fungal Strains mycoremediation is considered a scalability of treatment
promising technology for environmental methods.
cleanup.
MICP Treatment of Lead- Lead (Pb) Loess Soil MICP effectively reduced lead MICP with Improved Toxicity of lead to [100]
Contaminated Loess bioavailability in contaminated loess; biochar remediation microbial activity;
biochar addition enhanced microbial amendment efficiency optimizing biochar

activity and carbonate precipitation.

properties for enhanced
performance.
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Physical Remediation Processes

Soil Flushing

Leaching is a method of soil healing that allows the user to eliminate
already existing soil from the vadose zone, as seen in the Figure 9, as well
as the saturated zone, aiming to eliminate probable pollutants within the
soil [101]. The efficiency is dependent on the parameters of the soil such
as the permeability and porosity, which govern the movement of flushing
agents. Even though soil flushing can be an effective remediation
technique, there are limitations such as low permeability soils, pollutants
that have diffused into areas that are not allowed, and that can hinder its
success pollutant levels [102].

Spray application
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Figure 9. Soil flush technique (Created in BioRender. @ DEPARTMENT, B. (2025)
https://BioRender.com/t42b146) [97,103].

Although soil flushing is often associated with groundwater
remediation, recent pilot studies have demonstrated its feasibility in
agricultural soil contexts, particularly in sandy loam soils contaminated
with heavy metals. For example, Klik et al. (2021) performed column-scale
flushing on contaminated agricultural soil and achieved significant
amount of removal of Cu, Pb, and Zn using sewage-sludge derived washing
agents, simultaneously improving soil fertility and microbial health post-
treatment [104]. These examples underscore that, while uncommon in
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mainstream farming, soil flushing can be adapted for localized
agricultural contamination scenarios under specific conditions [105].

Thermal Desorption

Thermal desorption is a soil remediation technique that uses controlled
heat to volatilize and remove organic and some inorganic contaminants
[106]. By elevating soil temperature, this method targets pollutants with
low boiling points, such as hydrocarbons, VOCs, SVOCs, and certain
pesticides, which are evaporated, captured, and treated. It is classified into
Low-Temperature Thermal Desorption (LTTD), operating at 90 °C to 320 °C,
ideal for volatile and semi-volatile compounds, and High-Temperature
Thermal Desorption (HTTD), above 320 °C, suitable for persistent
pollutants like PCBs. LTTD preserves soil integrity, while HTTD may alter
soil properties [107]. Thermal desorption is effective for treating organic
contaminants and offers a relatively quick treatment process with flexible
application in situ or ex-situ. However, the method is energy-intensive,
making it costly, and high temperatures can affect soil fertility and
structure [108]. It is less effective for non-volatile contaminants like heavy
metals. Recent innovations include microwave-assisted heating, hybrid
systems that combine thermal desorption with other remediation
techniques, and the use of renewable energy to improve energy efficiency
and sustainability [109]. Table 2 gives case studies on soil flushing and
thermal desorption methods.
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Table 2. Case studies on soil flushing, and thermal desorption.
Case Study Contaminants Environment Key Findings Key Remediation Challenges References
Technologies Efficiency Encountered
Used

Electrokinetic Soil 2,4- Pilot Plant Soil ~ Effective removal of 2,4-D from Electrokinetic High removal Scale-up challenges; [110]
Flushing with Dichlorophenoxyacetic soil using electrokinetic soil soil flushing efficiency energy consumption
Facing Rows of acid flushing with facing rows of considerations.
Electrodes electrodes; achieved significant

contaminant reduction.
Thermal Per- and Polyfluoroalkyl  Laboratory- Thermal desorption effectively Thermal High removal Energy-intensive [109]
Desorption of Substances (PFAS) Scale Study removed PFAS from desorption efficiency process; potential
PFAS- contaminated soil at formation of volatile
Contaminated Soil temperatures around 350 °C; byproducts.

higher temperatures increased

removal efficiency.
Thermal PAHs Industrial Site  Thermal desorption at Thermal Effective Soil quality [111]
Desorption of PAH- Soil temperatures between 300- desorption remediation degradation; need for
Contaminated Soil 500 °C successfully reduced PAH post-treatment soil

concentrations; soil properties amendments.

were altered post-treatment.
Thermal Petroleum Industrial Site  Applied thermal desorption to Thermal Significant High energy [112]
Desorption of Hydrocarbons, PAHs Soil soil contaminated with mixed desorption contaminant consumption;
Mixed Organic organic pollutants; achieved reduction management of off-gas
Contaminants significant contaminant emissions.

reduction, facilitating site

redevelopment.
Thermal Chlorinated Organic Industrial Site  Thermal desorption effectively Thermal Effective Potential release of [113]
Desorption of Compounds Soil remediated soil contaminated desorption remediation toxic byproducts;
Chlorinated with chlorinated organics; and ensuring complete
Organic met regulatory cleanup levels. contaminant removal.
Compounds
Thermal Dioxins Industrial Site HTTD successfully reduced Thermal High removal Strict temperature [113]
Desorption of Soil dioxin concentrations in desorption efficiency control is needed; the
Dioxin- contaminated soil; required potential formation of

Contaminated Soil

careful temperature control to
prevent byproduct formation.

secondary pollutants.
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Integrated Remediation Approaches

Biochar Application

The sustainable agricultural innovation that incorporates biochar in
the soil in order to retain its long-term productivity is known as biochar
application [107]. Biochar is produced through the heat treatment of
organic material in an oxygen-deprived setting which results in locking
carbon which transforms biochar into a useful soil-enhancing product
[109]. Biochar makes particles such as wood, crop residues, and animal
manure [114]. One of the best uses of biochar is its ability to enhance the
structure of soil and retain moisture [115]. Biochar’s pored composition
serves as an air channel for the soil which promotes the retention of water,
as a result, biochar is great to use with other sandy soils that fail to retain
water [116]. Enhanced water retention helps plants sustain themselves
during droughts and as a result, the frequency of irrigation is reduced
[117]. Another great benefit that biochar provides is the higher
concentration of nutrients and for improving soil quality. Biochar
possesses a large surface area and an increased CEC which allows it to
withhold nitrogen, phosphorus, and potassium within the soil rather than
letting these nutrients leach [118]. Biochar also plays a very important role
in increasing microbial activity and the diversity of soil [119]. Enhanced
water retention helps sustain the plants during droughts as a result the
required frequency of irrigation is reduced. Increased activity of the
microbes improves the fertility of the soil and aids the growth of the plants
[120].

The soil remediation procedure involving biochar application involves
complex chemical processes that typically encompass physical, biological,
and chemical interactions [121,122]. Below is a simplified representation
of the key chemical reactions associated with biochar’s role in soil
remediation, particularly in binding and immobilizing contaminants and
enhancing nutrient dynamics.

Nutrient Retention and Cation Exchange: Biochar has a high CEC and
can adsorb nutrients, such as ammonium (NH,") and potassium (K*),
making them available to plants over time:

Biochar-Cation Exchange Site + NH," — Biochar - NH* (5)

Biochar-Cation Exchange Site + K* — Biochar - K (6)

Heavy Metal Immobilization: Biochar can immobilize heavy metals,
such as lead (Pbh?*), cadmium (Cd?"), or arsenic (As*"), by binding them to its
surface through ion exchange or precipitation:

Biochar-OH + Pb** - Biochar-O-Pb + H* @)

For arsenic, precipitation with calcium ions (from biochar or other
sources) can occur:

Ca®* + 2AsO} - Ca;(AsO,), (Calcium Arsenate Precipitate) (8)
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Soil pH Buffering: Biochar, especially if derived from alkaline
feedstocks, can neutralize acidic soils by releasing hydroxide ions (OH"):
Biochar-CO%™ + 2H* - H,C0, (Carbonic Acid) 9)
H,C0; —» H,0 + CO, (Gas Release) (10)
Organic Pollutant Adsorption: Biochar’s porous structure adsorbs
organic pollutants like pesticides or hydrocarbons, reducing their
bioavailability:
Organic Pollutant 4+ Biochar-Pore Surface — Biochar-Pollutant Complex an
Carbon Sequestration: Biochar contributes to long-term carbon
sequestration by stabilizing carbon in a recalcitrant form:
Biomass — Biochar + Volatile gasses + Bio - oils (12)
These reactions illustrate biochar’s multifunctional role in soil
remediation, addressing issues like nutrient loss, contamination, acidity,

and poor carbon storage. Table 3 gives case studies on biochar
remediation.
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Table 3. Case studies on biochar for environmental remediation.
Case Study Contaminants Environment Key Findings Key Technologies Remediation Challenges References
Used Efficiency Encountered
Biochar as a Green Sorbent for Heavy Metals, Soil and Biochar effectively immobilizes  Biochar derived Significant Variability in [123]
Remediation of Polluted Soils and Organic Water heavy metals and organic from various reduction in biochar
Water Pollutants pollutants, reducing their feedstocks contaminant properties based
bioavailability and mobility on feedstock and
environmental risks. production
conditions.
Production, Characterization, and Heavy Metals Aquatic and Phosphorus-rich biochar Phosphorus-rich Enhanced Optimization of [124]
Environmental Remediation Soil exhibits high adsorption biochar/hydrochar heavy metal production
Application of Phosphorus-Rich Environments capacity for heavy metals, adsorption methods for
Biochar/Hydrochar suitable for remediating water stability and
and soils. efficacy.
The Role of Modified Biochar for Heavy Metals Mine- Modified biochar composites Functionalized Effective heavy Long-term effects [125]
the Remediation of Coal Mining Impacted immobilize pollutants and biochar metal on soil
Contaminated Soil Soils improve soil health, with composites immobilization ecosystems need
various modification methods evaluation.
enhancing biochar
performance.
Evaluation of Sustainable Green Lead (Pb?), Groundwater  Pinecone-derived biochar in Permeable Significant Optimization of [126]
Materials: Pinecone in Permeable Methylene Systems adsorptive barriers effectively adsorptive reduction in production
Adsorptive Barriers for Blue reduces Pb?* concentrations in barriers Pb* levels parameters for
Remediation of Groundwater groundwater. consistency.
Selective Copper Recovery from Copper (Cu) Industrial Sustainable biosorbents, Biosorption using  High copper The impact of co-  [127]
Ammoniacal Waste Streams Using Wastewater including biochar, biochar recovery occurring ions on

a Systematic Biosorption Process

demonstrated high selectivity
and efficiency in recovering
copper from waste streams.

selectivity needs
optimization.
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Electro-Bioremediation

Electro-bioremediation is an advanced hybrid soil remediation
technique that combines electrokinetic processes with bioremediation to
enhance the degradation or removal of contaminants [128]. This
innovative approach leverages the strengths of both methods: the ability
of electrokinetics to mobilize contaminants and nutrients through an
electric field, and the metabolic capabilities of microorganisms to degrade
or transform these contaminants into less harmful compounds [129].
Electro-bioremediation is particularly effective for treating a wide range
of organic pollutants, such as hydrocarbons and pesticides, as well as
inorganic contaminants like heavy metals [130]. Electro-bioremediation
offers several advantages over conventional methods [131]. It enhances
the efficiency of bioremediation by ensuring the even distribution of
nutrients, contaminants, and microbial populations across the treatment
zone, particularly in low-permeability soils like clay, where diffusion is
limited. The electric field accelerates the degradation process, reducing the
time required for remediation [132,133].

A recent study titled “Electro-bioremediation of nitrate and arsenite
polluted groundwater” [134] explores the application of this method for
treating groundwater contaminated with nitrate and arsenite. The
research demonstrates that electro-bioremediation effectively reduces
concentrations of these pollutants, leveraging the synergistic effects of
electrokinetic transport and microbial activity. Another study, “Electro-
bioremediation: An Advanced Remediation Technology for the Treatment
of Textile Dye-Contaminated Soil,” discusses the wuse of electro-
bioremediation to address soil contamination from textile dyes. The
research highlights the process’s efficiency in degrading complex organic
compounds present in dyes, facilitated by the combined action of electric
fields and microbial degradation. Similarly, Table 4 gives comprehensive
details of recent case studies on Electro-Bioremediation.
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Table 4. Electro-bioremediation case studies.
Case Study Contaminants Environment Key Findings Key Technologies Remediation Challenges Source
Used Efficiency Encountered
Electro-bioremediation of  Nitrate, Groundwater Demonstrated effective Electrodes with ~85% nitrate High energy [134]
nitrate and arsenite- Arsenite reduction of nitrate and controlled DC reduction requirements and
polluted groundwater arsenite concentrations using  current uneven
combined electrokinetic and contaminant
bioremediation techniques. transport.
An advanced remediation  Textile Dyes Soil Enhanced degradation of Electrodes, ~90% dye Managing microbial  [135]
technology for the complex organic compounds biosurfactants degradation viability in highly
treatment of textile dye- in textile dyes through the polluted conditions.
contaminated soil synergistic effects of electric
fields and microbial activity.
Enhancement of Hydrocarbons  Soil Provided an overview of the Electrodes, nutrient ~75% hydrocarbon  Limited [136]
Bioremediation enhanced applicability of electrokinetic amendments removal effectiveness in
methods in enhancing heterogeneous soils.
bioremediation of
hydrocarbon-contaminated
soils.
Electrokinetic Hydrocarbons  Soil Achieved significant Controlled DC ~80% hydrocarbon  Potential for soil [137]
bioremediation of reduction in hydrocarbon electric fields removal heating and
hydrocarbon- concentrations by applying an moisture loss.
contaminated soil electric field to stimulate
microbial degradation.
Electro-bioremediation of  Heavy Metals Soil Enhanced removal of heavy Electrokinetic ~85% heavy metal Long treatment [138]
heavy metal- metals through the combined  gradient, chelating removal times for deeply
contaminated soil application of electrokinetic agents contaminated soils.
and bioremediation processes,
improving metal mobility and
microbial activity.
Electrokinetic-enhanced Chlorinated Groundwater Improved degradation rates Electrodes, reductive  ~90% solvent Limited microbial [139]
bioremediation of Solvents of chlorinated solvents by microbes degradation activity in extreme
chlorinated solvents integrating electrokinetic PH or salinity
transport with microbial conditions.
dechlorination.
Electro-bioremediation of = PAHs Soil The increased degradation Controlled electric ~88% PAH removal Energy-intensive [140]

PAHSs in soil

efficiency of PAHs in the soil
through the application of an
electric field to enhance
microbial activity.

fields, nutrient
inputs

process, requiring
careful electrode
spacing.
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Electrokinetic Diesel Soil Effective remediation of Electrokinetic ~85% diesel Challenges in [141]
bioremediation of diesel- diesel-contaminated clay soil system with reduction dealing with low-
contaminated clay soil by combining electrokinetic amendments permeability clay

treatment with soils.

bioremediation, resulting in

significant contaminant

reduction.
Electro-bioremediation of ~ Perchlorate Soil Enhanced perchlorate Electrodes, ~90% perchlorate Difficulties in [142]
perchlorate-contaminated degradation in soil by perchlorate-reducing degradation maintaining
soil applying an electric field to microbes microbial activity

stimulate microbial reduction over long periods.

processes.
Electrokinetic-enhanced Phenol Soil Increased removal rates of Electrokinetic ~82% phenol Potential for [143]
bioremediation of phenol- phenol from contaminated gradient, microbial removal electrode corrosion
contaminated soil soil through the synergistic inoculants and secondary by-

effects of electrokinetic products.

transport and microbial
degradation.
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Green Stabilization

Green stabilization is an eco-friendly soil remediation and stabilization
technique that utilizes vegetation, natural additives, and microbial
interactions to improve soil structure, reduce erosion, and immobilize
contaminants [144]. This approach leverages natural processes involving
plant roots, organic materials, and soil microorganisms to achieve
stabilization and remediation sustainably [145]. Plants with extensive root
systems, such as grasses and shrubs, bind soil particles, prevent erosion,
and reduce the mobility of contaminants. These roots also enhance soil
structure by increasing organic matter and facilitating aeration and water
infiltration [146]. In addition to vegetation, natural additives like biochar,
compost, and natural clays are incorporated to improve soil cohesion,
nutrient content, and contaminant immobilization. Soil microorganisms
play a crucial role by transforming and immobilizing pollutants,
enhancing nutrient cycling, and improving soil fertility [147]. In some
cases, chemical stabilization occurs as plants and microbes interact to
sequester heavy metals and other pollutants, transforming them into less
bioavailable forms. Green stabilization is widely applied in scenarios such
as erosion control on slopes, riverbanks, and construction sites, where it
prevents soil loss and improves stability [148]. It is also effective for
immobilizing contaminants, and reducing the leaching of heavy metals
and organic pollutants into groundwater. Table 5 gives case studies on
green stabilization.
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Table 5. Case studies on green stabilization for environmental remediation.
Case Study Contaminants Environment Key Findings Key Technologies Remediation Challenges Source
Used Efficiency Encountered
Green and Sustainable = Heavy Metals, Urban Developed a green remediation Phytoremediation, Effective Long-term [149]
Remedial Strategy for Organic Brownfield Site  strategy achieving compliance in-situ stabilization contaminant monitoring is
Contaminated Site Pollutants with regulations while reduction required to ensure
minimizing environmental effectiveness.
impact.
Environmental Impacts Heavy Metals Industrial Assessed environmental impacts Stabilization and Identified Need for [150]
of Stabilization and Waste Sites of stabilization technologies using  solidification potential comprehensive life
Solidification life cycle assessment; identified benefits cycle assessments.
Technologies benefits and drawbacks of S/S
methods.
Green and Sustainable  Various Multiple Sites Analyzed the policy framework Green remediation Enhanced Variability in policy [151]
Remediation in the USA  Contaminants across the USA and case studies of GSR; (in-situ, ex-situ) understanding of adoption across

highlighted governmental roles in
promoting sustainable
remediation practices.

GSR

regions.
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Nano-Remediation Techniques

Nano Zero Valent Iron (nZVI)

nZVIis an advanced remediation technology employing nanoscale iron
particles, less than 100 nanometers in size, to treat contaminants in soil
and groundwater [152]. With a high surface area and strong reactivity,
nZVI is particularly effective in degrading organic pollutants,
immobilizing heavy metals, and addressing persistent contaminants like
chlorinated solvents and pesticides [153]. The primary remediation
mechanism involves redox reactions, where the zero-valent iron donates
electrons to transform or reduce pollutants into less toxic forms while
oxidizing itself to ferrous or ferric ions [154]. The nanoscale nature of nZVI
allows for penetration into porous media, making it effective in treating
contaminants in diverse soil and groundwater matrices [155]. Its
advantages include high reactivity, versatility across a range of pollutants,
and the ability to perform in situ applications, minimizing site disruption
and reducing remediation costs. Additionally, nZVI performs well in
anaerobic or low-pH environments [156].

While nano-scale materials (e.g., nanoscale zero-valent iron) show high
reactivity in lab settings, their efficacy in real soils is often limited by issues
like particle aggregation, rapid oxidation, and persistence in the
environment. Such aggregation can drastically reduce the available
reactive surface area and nanoparticle mobility [157]. Moreover, field
deployments have revealed challenges with higher costs and only
comparable performance relative to conventional bulk materials, along
with uncertainties about long-term ecotoxicity and human health risks
[157].

Nanoclays

Nanoclays, derived from naturally occurring clays, are nanostructured
materials known for their layered structure, high surface area, and
remarkable adsorptive and catalytic properties [158]. These properties
make them effective in soil remediation by adsorbing, immobilizing, and
degrading contaminants such as heavy metals, organic pollutants, and
persistent chemicals [159]. The remediation process involves adsorption,
ion exchange, and catalytic reactions [160]. Nanoclays’ layered structure
provides abundant active sites for binding pollutants, and their ion
exchange capabilities allow the replacement of harmful ions with less
harmful ones, stabilizing contaminants and reducing mobility.
Functionalized nanoclays, such as organo-clays or polymer-clay
composites, are further tailored to target specific pollutants and catalyze
the breakdown of complex organic molecules into less toxic forms [161].
Nanoclays are advantageous due to their high adsorption capacity,
environmental friendliness, cost-effectiveness, and versatility in both in-
situ and ex-situ remediation strategies [162]. They also improve soil
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properties, enhancing its structure and water retention, contributing to
both remediation and agricultural productivity [163].

Carbon Nanotubes (CNTs) and Graphene Oxides (GO)

CNTs and GO are advanced nanomaterials with remarkable properties
such as high surface area, mechanical strength, and strong adsorptive
capabilities, making them highly effective for soil remediation [164]. These
materials can target a range of contaminants, including heavy metals,
hydrocarbons, pesticides, and pharmaceuticals [165]. Their remediation
mechanisms include adsorption, catalytic degradation, and
immobilization. The high surface area and functional groups of CNTs and
GO provide active sites for adsorbing contaminants [166]. Heavy metals
are removed through chemical bonding or ion exchange, while organic
pollutants are adsorbed via -1 interactions, hydrophobic effects, or van
der Waals forces [167]. Additionally, these nanomaterials serve as
catalysts in AOPs, breaking down complex pollutants into less toxic
compounds [168].

Table 6 gives the case studies that highlight the significant potential of
nanomaterials for environmental remediation, focusing on soil and water
pollutants. Nanomaterials, such as metal and metal oxide nanoparticles,
demonstrate enhanced pollutant removal capabilities compared to
conventional methods, but environmental and health risks remain a
concern.
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Table 6. Case studies on nano-remediation techniques.
Case Study Contaminants Environment Key Findings Key Remediation Challenges References
Technologies Efficiency Encountered
Used

Advancement in Various Pollutants Soil and Nanomaterials enhance Metal and Enhanced Environmental and [169]
Nanomaterials for Water pollutant removal compared metal oxide pollutant removal  health risks of
Environmental Pollutants to conventional techniques; nanoparticles nanomaterials; need
Remediation potential environmental for sustainable

risks exist. synthesis methods.
Nanoremediation of Polluted Organic Soil and TiO: nanoparticles degrade TiO2 and silver Effective Potential toxicity and  [170]
Environment: Current Compounds, Heavy = Water organic compounds under oxide degradation of scalability of
Scenario and Case Studies Metals sunlight; silver oxide nanoparticles organic nanoparticles.

nanoparticles treat pollutants and

microbial contamination. microbes
Removal of Industrial Dye Methylene Blue, Wastewater Platinum-studded PS Platinum (Pt) Complete Optimization of [171,172]
and Pharmaceutical Tetracycline particles achieved 100% nanoparticles removal of particle size and
products using Nano and removal of methylene blue contaminants scalability for
Micron-Sized PS Rough and tetracycline; different
Particles Studded with Pt performance was influenced contaminants.
Nanoparticles by particle size and

concentration.
End-to-End Integrated Trichloroethylene Groundwater  The modeling framework nzZvl Predictive Complexity of
Simulation for Predicting the (TCE) simulated contaminant and modeling subsurface
Fate of Contaminant and nZVI behavior in effectiveness environments; need
Remediating Nanoparticles groundwater, aiding for field data

remediation design. validation.
Synthesis of nZVI/PVP Pathogenic Soil and Zero-valent iron Zero-valent Antimicrobial The stability and long-
Nanoparticles for Microorganisms Water nanoparticles stabilized iron (nZVI) with  activity observed  term effects of
Bioremediation Applications with PVP exhibited PVP nanoparticles need

antimicrobial activity; further study.

suggested for

bioremediation applications.
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For example, TiO, and silver oxide nanoparticles effectively degrade
organic compounds and treat microbial contamination, particularly under
sunlight. However, potential toxicity and scalability challenges must be
addressed. Platinum-studded PS particles have achieved 100% removal of
industrial dyes like methylene blue and pharmaceuticals like tetracycline,
showcasing the efficiency of size-optimized nanoparticles. However,
scalability and particle size optimization for diverse contaminants remain
challenges. nZVI is particularly effective in groundwater remediation, as
demonstrated through predictive modeling of TCE behavior, aiding in the
design of effective remediation strategies. Nevertheless, the complexity of
subsurface environments necessitates field data validation. Further, nZVI
stabilized with PVP shows antimicrobial properties, suggesting potential
for bioremediation of pathogenic microorganisms in soil and water.
Despite its promise, the long-term stability and ecological impacts of such
nanoparticles require further exploration. These case studies underscore
the transformative potential of nanomaterials in environmental
remediation while highlighting the need for sustainable synthesis
methods and risk mitigation strategies to ensure safe and effective
applications.

The Table 7 provides a comparison of various remediation techniques.
Chemical-based techniques like electrokinetic remediation and AOPs offer
high efficiency for removing heavy metals, hydrocarbons, and organics
but often come with high energy demands and operational costs. On the
other hand, biological approaches, including phytoremediation and myco-
remediation, emphasize eco-friendly and cost-effective solutions, though
they are often time-consuming and limited by environmental conditions.
Physical remediation processes, such as thermal desorption and soil
flushing, are highly effective for specific contaminants like VOCs and
hydrocarbons, yet they require significant resource inputs, including
energy and water. Integrated approaches, such as biochar-amended
remediation and electro-bioremediation, combine techniques to enhance
efficiency and sustainability but necessitate precise optimization to
maximize effectiveness. Emerging nano-remediation techniques show
great promise due to their high reactivity and versatility. Materials like
nZVI and GO demonstrate exceptional pollutant removal capabilities,
especially for heavy metals and organic pollutants. However, concerns
regarding cost, stability, and potential environmental risks associated with
nanoparticle use remain critical challenges.
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Table 7. Comprehensive comparison of all the soil remediation techniques discussed in this article.
Category Technique Mechanism Target Pollutants Advantages Limitations References
Chemical-Based Electrokinetic Remediation  Uses electric fields to mobilize Heavy metals, Effective in low-permeability High energy demand; pH [173,174]
Remediation contaminants via electromigration, hydrocarbons. soils; in-situ application. imbalances near electrodes.
electroosmosis, and electrophoresis.
Soil Washing with Surfactants mobilize and remove Hydrocarbons, heavy Effective for hydrophobic Limited by soil type; surfactant [58]
Surfactants hydrophobic contaminants by forming metals, organics. pollutants; can recover recovery can be costly.
micelles. surfactants.
AOPs Generates hydroxyl radicals to degrade Hydrocarbons, VOCs, Fast, versatile, and effective for Energy-intensive; requires [175]
organic pollutants via chemical or pesticides. organic pollutants. chemical handling.
photochemical oxidation.
Biological and Phytoremediation Plants extract, degrade, or stabilize Heavy metals, Eco-friendly, cost-effective, and Time-consuming; depth limited to [176,177]
Microbial Techniques pollutants in soil. hydrocarbons, organics.  enhances soil fertility. root systems.
MICP Microorganisms precipitate calcite to Heavy metals, Stabilizes soil structure; reduces Limited to specific microbial [178-181]
immobilize heavy metals. radionuclides. pollutant mobility. strains and site conditions.
Bioaugmentation Introduces specific microorganisms to Organics, Targets specific pollutants; Competition with native -
degrade pollutants. hydrocarbons, enhances biodegradation. microbes; requires nutrient
pesticides. supplementation.
Mycoremediation Uses fungi to degrade organic Hydrocarbons, heavy Effective for recalcitrant Slow process; limited to specific [92,93]
contaminants or immobilize metals. metals, pesticides. pollutants; eco-friendly. environmental conditions.
Physical Remediation Soil Flushing Flushes contaminants using water or Heavy metals, salts, Effective for a wide range of High water demand; requires [182,183]
Processes chemical solutions to extract pollutants. hydrocarbons. pollutants; can be combined with effluent treatment.
other methods.
Thermal Desorption Heats soil to volatilize and remove VOCs, SVOCs, Fast and effective for volatile Energy-intensive; alters soil [106,184,185]

Integrated
Remediation
Approaches

Nano-Remediation
Techniques

Cryogenic Remediation

Biochar-Amended

Remediation

Electro-Bioremediation

Green Stabilization

nzZvI

Nanoclays

CNTs

GO

organic pollutants.
Freezes soil to immobilize and extract
volatile pollutants.

Uses biochar to adsorb contaminants and
improve soil fertility.

Combines electric fields with microbial
activity to enhance contaminant
degradation.

Uses plants, microbes, and natural
additives to stabilize contaminants and
reduce erosion.

Reduces and immobilizes pollutants
through redox reactions.

Adsorbs pollutants via ion exchange and
immobilization.

Adsorbs and degrades contaminants
through catalytic and physical
interactions.

Adsorbs and degrades pollutants via
oxidation and adsorption mechanisms.

hydrocarbons, PCBs.
VOCs, hydrocarbons.

Heavy metals,

hydrocarbons, organics.

Organics,
hydrocarbons, metals.

Heavy metals,
hydrocarbons.

Heavy metals,
halogenated organics.

Heavy metals,

hydrocarbons, organics.

Organics, heavy metals.

VOCs, heavy metals,
hydrocarbons.

pollutants.

Prevents pollutant migration;
effective for volatile
contaminants.

Enhances soil health; cost-
effective and eco-friendly.

Accelerates biodegradation;

effective in low-permeability soils.

Eco-friendly, restores vegetation,
and cost-effective.

Highly reactive; cost-effective for
metals.

Eco-friendly, enhances soil
structure.

High adsorption capacity; durable.

Versatile, easily functionalized.

properties.
High energy costs; are limited by
soil type and contaminant.

Limited adsorption for some
pollutants; biochar disposal is
required.

Requires optimized microbial and
electrical conditions.

Time-consuming; limited for
heavily contaminated sites.

Short lifespan; potential
secondary pollution from iron
oxides.

Limited catalytic potential for
some organics.

Expensive; prone to aggregation.

Costly; environmental risks if not
managed properly.

[186-188]

[189]

[190]

[191]

[192]

[193]

[194,195]

[196,197]
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Table 8 provides a detailed overview of soil remediation techniques,
their environmental risks, key concerns, and mitigation strategies.
Chemical-based and biological remediation techniques emphasize the
importance of precise application and monitoring to minimize secondary
contamination and disruption of native microbial communities. Physical
and nano-remediation methods, though effective, underline the need for
careful assessment of their long-term environmental impacts, particularly
in maintaining soil structure and preventing nanoparticle toxicity. Energy-
intensive methods and their reliance on fossil fuels pose a significant
challenge, advocating for a shift toward renewable energy integration and
optimization of energy use. The integration of remediation with
sustainable farming practices showcases the importance of balancing soil
recovery efforts with agricultural productivity. Additionally, waste
management strategies, focusing on the sustainable disposal and recycling
of residues, highlight a critical area for reducing secondary pollution and
enhancing environmental outcomes. There is a need for multi-disciplinary
approaches that combine technological advancements, renewable energy
solutions, and sustainable farming practices. Addressing these challenges

requires robust policies,

stakeholder collaboration,

and adaptive

management frameworks to ensure the success of remediation efforts
while promoting environmental sustainability and resilience.

Table 8. Environmental risks and mitigation strategies in advanced soil remediation.

Technique Environmental Risks Key Concerns Mitigation Strategies References
Chemical-Based Residual byproducts in soil/water; Improper application or Use controlled dosing; conduct [198]
Remediation potential secondary contamination overuse of chemicals. risk assessments before

affecting soil microbiota and water application.

sources.
Biological Disruption of native microbial Introduction of non-native Use site-specific organisms; [199,200]
Remediation communities; incomplete remediation microorganisms or fungi. monitor microbial balance post-

leaving pollutants partially untreated. remediation.
Physical Alteration of soil structure, porosity, Thermal desorption reduces Monitor soil health post- [201]
Remediation and moisture retention; depletion of fertility; soil flushing generates treatment; recycle water from

water resources. contaminated effluents. flushing; adopt minimal impact

methods.

Nano- Nanoparticle leaching into water; Uncertainty about long-term Conduct comprehensive risk [202]
Remediation bioaccumulation and toxicity to soil and  environmental impacts. assessments; use biodegradable

aquatic life. nanomaterials.
Energy- High energy inputs lead to carbon Dependence on fossil fuels in Use renewable energy sources; [198,203]
Intensive footprints; and potential greenhouse energy-intensive regions. optimize energy use in
Methods gas emissions. remediation technologies.
Integration with ~ Potential inhibition of crop growth; Conflict between remediation Balance application of agents with ~ [204,205]
Farming reduced effectiveness of sustainable agents and sustainable methods  crop needs; integrate holistic

farming practices. like crop rotation. approaches.
Waste Residues like contaminated water and Risk of secondary pollution Develop sustainable disposal and [206,207]
Management spent biochar require proper disposal from unmanaged waste. recycling methods for residues.

or further treatment.

RESULTS AND DISCUSSION

The evaluation of individual and integrated soil remediation
techniques reveals distinct performance characteristics across varying
soil types and contaminant profiles. Chemical methods such as gypsum
reclamation showed high efficacy in sodic soil improvement by lowering
the ESP and enhancing soil permeability. Studies by [47-52] support these
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findings, demonstrating reductions in both soil pH and SAR post-treatment
with gypsum amendments. These outcomes align with Hypothesis 1, which
proposes that targeted chemical interventions can significantly improve
soil structure and hydraulic conductivity. Biological methods, especially
phytoremediation and microbial augmentation, demonstrated
sustainability and ecological balance. For example, the use of Echinacea
purpurea in petroleum-contaminated soils led to significant pollutant
reduction, supported by recent evidence [20].

Electro-bioremediation emerged as a particularly effective hybrid
approach, achieving up to 90% degradation of persistent organic
pollutants such as textile dyes and hydrocarbons. This synergy of
electrokinetic stimulation with microbial action supports Hypothesis 1,
indicating superior performance of integrated methods over standalone
techniques. Likewise, biochar application—especially when enriched with
microbial or nutrient amendments—significantly improved SOC content,
microbial biomass, and nutrient retention [123].

The immobilization of heavy metals through sorption and pH
regulation further confirms its multifunctional utility. Nano-remediation
strategies, including the use of nZVI and GO, consistently achieved over
85-90% removal efficiency of contaminants such as chlorinated solvents
and heavy metals in lab-scale studies. While these outcomes affirm
Hypothesis 2 regarding the high removal efficiency of nano-materials,
they also raise valid concerns about ecological toxicity, nanoparticle
persistence, and regulatory constraints—thus partially refuting the
blanket applicability of such methods without thorough risk assessment.
The MICP not only stabilized heavy metals but also improved soil shear
strength and erosion resistance. These methods are consistent with long-
term fertility enhancement, validating Hypothesis 3, which emphasizes
the benefits of ecosystem-based approaches.

The evaluation of individual and integrated soil remediation
techniques reveals distinct performance characteristics across varying
soil types and contaminant profiles. Chemical methods, such as gypsum
reclamation, showed high efficacy in sodic soil improvement by lowering
the ESP and enhancing soil permeability. Studies by [47-52] support these
findings, demonstrating reductions in both soil pH and SAR post-treatment
with gypsum amendments. These outcomes align with Hypothesis 1, which
proposes that targeted chemical interventions can significantly improve
soil structure and hydraulic conductivity. Electro-bioremediation emerged
as a particularly effective hybrid approach, achieving up to 90%
degradation of persistent organic pollutants such as textile dyes and
hydrocarbons. This synergy of electrokinetic stimulation with microbial
action supports Hypothesis 1, indicating superior performance of
integrated methods over standalone techniques. Biological methods,
especially phytoremediation and microbial augmentation, demonstrated
sustainability and ecological balance. For example, the use of Echinacea
purpurea in petroleum-contaminated soils led to significant pollutant
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reduction, supported by recent evidence [20]. Likewise, biochar
application—especially when enriched with microbial or nutrient
amendments—significantly improved SOC content, microbial biomass,
and nutrient retention [123]. The immobilization of heavy metals through
sorption and pH regulation further confirms its multifunctional utility.
Nano-remediation strategies, including the use of nZVI and GO,
consistently achieved over 85-90% removal efficiency of contaminants
such as chlorinated solvents and heavy metals in lab-scale studies. While
these outcomes affirm Hypothesis 2 regarding the high removal efficiency
of nano-materials, they also raise valid concerns about ecological toxicity,
nanoparticle persistence, and regulatory constraints—thus partially
refuting the blanket applicability of such methods without thorough risk
assessment. The MICP not only stabilized heavy metals but also improved
soil shear strength and erosion resistance. These methods are consistent
with long-term fertility enhancement, validating Hypothesis 3, which
emphasizes the benefits of ecosystem-based approaches.

Comparison with Literature and Sustainability Considerations

The comparative matrix (Table 7) illustrates that while physical and
chemical remediation methods offer rapid results, biological and
integrated strategies are more aligned with sustainability and SDG
frameworks. Physical approaches such as thermal desorption are effective
but energy-intensive, limiting their feasibility in low-resource settings.
Biological methods, although slower, enhance long-term resilience and
support soil biodiversity. These observations are in line with findings by
[121,122] who advocate for combining multiple techniques tailored to site-
specific soil profiles.

CONCLUSIONS

The review presents a comprehensive assessment of chemical,
biological, physical, integrated, and nano-based soil remediation strategies,
emphasizing their comparative efficiencies, environmental sustainability,
and practical applicability. The following key conclusions are drawn:

e Chemical remediation methods such as gypsum amendment and AOPs
are effective in rapidly improving soil structure and removing heavy
metals or organics, but they may lead to secondary impacts and require
careful dosage control.

e Biological techniques, particularly phytoremediation, bioaugmentation,
and MICP, offer long-term benefits by enhancing soil fertility and
ecosystem functioning, although they are often limited by time and
environmental conditions.

e Physical methods like soil flushing and thermal desorption provide
high contaminant removal efficiency but are resource-intensive and
less sustainable for widespread agricultural application.
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o Integrated approaches, such as electro-bioremediation and hiochar-
assisted remediation, deliver synergistic benefits by improving both
remediation efficiency and soil health. These are particularly suitable
for site-specific and multi-contaminant scenarios.

e Nano-remediation techniques, notably using nZVI, GO, and nanoclays,
demonstrate superior contaminant removal in laboratory conditions.
However, they present ecological and regulatory challenges that must
be addressed before large-scale deployment.

e Hypotheses tested in this review were largely validated, confirming
that integrated and ecosystem-based methods are superior in
sustainability and long-term applicability, while nano-remediation
demands further environmental scrutiny.

Directions for Future Research

e Field-scale validation of nano-remediation techniques under varying
soil textures and climatic conditions is needed to assess scalability and
ecological risks.

o Development of standardized protocols for integrating biological and
electrochemical methods to optimize performance in heterogeneous
soils.

o Life-cycle assessments (LCA) and cost-benefit analyses should be
conducted to determine the economic feasibility of combined and
nano-based remediation methods.

e Policy frameworks and risk assessment models must evolve to regulate
and safely implement advanced materials in agricultural soil
remediation.

e Exploration of Al-driven monitoring systems, smart sensors, and 0T
technologies for real-time decision-making in site-specific soil recovery.
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