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Abstract

Industrialization has led to the substantial release of heavy metals and organic pollutants
into soil and groundwater, resulting in severe contaminated site issues that pose significant
threats to ecosystems and human health. This review aims to systematically review the
current development status and challenges of contaminated site remediation technologies,
and explore the potential of artificial intelligence (AI) applications in site remediation, to
provide a theoretical reference for advancing intelligent remediation. Conventional remedi-
ation technologies mainly include physical methods (e.g., solidification/stabilization (S/S),
soil vapor extraction (SVE), thermal desorption, pump and treat (P&T), groundwater circu-
lation wells (GCWs)), chemical methods (e.g., chemical oxidation/reduction, electrokinetic
remediation (EKR), soil washing), and biological methods (phytoremediation, microbial
remediation), along with combined strategies that integrate multiple approaches. Although
these technologies have achieved certain successes in engineering practice, they still face
common challenges such as risks of secondary pollution, long remediation periods, high
costs, poor adaptability to complex hydrogeological conditions, and insufficient long-term
stability, making it difficult to fully meet the remediation demands of complex contaminated
sites. Subsequently, the potential of emerging technologies—including nanomaterial-based
remediation, bioelectrochemical systems, and molecular biology-assisted remediation—is
introduced. On this basis, the forefront applications of AI in contaminated site remediation
are discussed, covering site monitoring and characterization, risk assessment, remedial
strategy selection, process prediction and parameter optimization, material design, and
post-remediation intelligent stewardship. Machine learning (ML), explainable AI (XAI),
and hybrid modeling approaches have markedly improved remediation efficiency and
decision-making. Looking forward, with advancements in XAI, mechanism-data fusion
models, and environmental foundation models, AI is poised to drive a paradigm shift
toward intelligent and precision remediation. However, challenges related to data quality,
model interpretability, and interdisciplinary expertise remain key barriers to overcome.

Keywords: site remediation; heavy metal contamination; organic contamination; conventional
remediation technologies; artificial intelligence

1. Introduction
1.1. Research Background and Severity

Anthropogenic activities—such as industrial emissions, agricultural fertilization, land-
filling, and mining—have introduced substantial amounts of pollutants into the environ-
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ment, resulting in severe site contamination. Site contamination, primarily encompassing
soil and groundwater pollution, has become a global environmental challenge, posing
significant threats to ecosystems, agricultural sustainability, and human health [1]. Pol-
lutants do not exist in isolation within soil and groundwater; the two media are closely
interconnected through the vadose zone, forming a complex interactive system [2]. Con-
taminants at polluted sites can be broadly categorized as follows [1]: heavy metals, such
as lead (Pb), cadmium (Cd), arsenic (As), nickel (Ni), and chromium (Cr) [3]; organic
pollutants, including polycyclic aromatic hydrocarbons (PAHs), benzene, toluene, ethylben-
zene, and xylenes (BTEX) [4], chlorinated organics [5], halogenated hydrocarbons [6], and
non-aqueous phase liquids (NAPLs) [7,8]; and emerging contaminants, such as micro- and
nanoplastics (NMPs) [9], per- and polyfluoroalkyl substances (PFAS) [10,11], and pharma-
ceutically active compounds (PhACs) [12]. The hazards of contamination are long-term and
often concealed: they not only degrade soil ecological functions and render groundwater
unfit as a drinking water source but also pose risks of carcinogenicity, teratogenicity, and
other health effects through food chain accumulation or direct exposure (e.g., via contam-
inated groundwater). Therefore, the remediation of contaminated sites to restore their
original ecological functions is of paramount importance in the context of increasingly
scarce land and water resources.

1.2. Conventional Remediation Technologies and Limitations

Contaminated site remediation refers to the process of removing, reducing, or im-
mobilizing pollutants in soil and groundwater through physical, chemical, or biological
techniques. Its primary objective is to eliminate contamination sources and associated
health risks, thereby restoring the land to meet prescribed standards for its intended use
(e.g., residential, commercial, or industrial) [13]. Conventional site remediation techniques
encompass both in situ and ex situ approaches, yet they are associated with significant limi-
tations. A primary concern is the potential for secondary pollution, exemplified by leachate
from soil washing, impurities within stabilizing agents, and toxic byproducts from phytore-
mediation [14]. Furthermore, methods like S/S often lack long-term field monitoring data,
leaving the durability of heavy metal immobilization and the sustained effectiveness of
the remediation uncertain [15]. Certain physical or chemical techniques may also disrupt
the ecological functions of soil or groundwater. Although relatively mature in developed
nations such as those in Europe and North America, these traditional technologies have
not yet coalesced into a comprehensive and robust technical framework [16].

1.3. Introduction of Artificial Intelligence (AI) and a Paradigm Shift

The application of AI in contaminated site remediation has garnered significant at-
tention [17,18]. Conventional practices for site investigation, remediation design, and
long-term management are often time-consuming, labor-intensive, and costly. In con-
trast, AI methodologies, particularly Machine Learning (ML), demonstrate considerable
potential to enhance both the efficiency and precision of remediation by effectively mod-
eling complex nonlinear relationships. This capability is applicable to key stages such as
site contamination diagnosis, remediation process optimization, and decision support [9].
Multiple reviews highlight that AI is being progressively integrated into soil pollution
research and practice, enabling tasks such as pollution source identification, contaminant
risk quantification, process optimization, and the reduction in trial-and-error costs [17–19].

2. Status and Challenges of Remediation Technology for Contaminated Sites
Conventional remediation technologies for contaminated sites (including soil and

groundwater) are broadly classified into physical, chemical, and biological methods, as well

https://doi.org/10.3390/environments13040212

https://doi.org/10.3390/environments13040212


Environments 2026, 13, 212 3 of 34

as their combinations. Having matured through long-term development, these technologies
have been widely adopted worldwide [20].

2.1. Physical Remediation Technologies

Figure 1 depicts the main conventional techniques and challenges of the physical
remediation for contaminated sites.

Figure 1. Main techniques and challenges of physical remediation for contaminated sites (S/S
indicates solidification/stabilization; SVE indicates soil vapor extraction).

2.1.1. Solidification/Stabilization Technology

1. Current status

Solidification/stabilization (S/S) technology involves adding solidifying agents (e.g.,
cement, asphalt) or stabilizing agents to contaminated sites. This approach not only reduces
soil permeability and limits the migration of heavy metals, but also immobilizes heavy met-
als into low-solubility forms, thereby decreasing their mobility and bioavailability [21,22].
Commonly used stabilizing materials, such as lime, phosphates, biochar, and industrial
by-products (e.g., red mud), facilitate the formation of stable complexes with heavy metals
through mechanisms including precipitation, adsorption, and ion exchange [21]. Studies
indicate that alkaline industrial residues (e.g., soda residue, steel slag, carbide slag) are
effective for stabilizing soils contaminated with Pb, Cd, zinc (Zn), and copper (Cu), while
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red mud shows specific efficacy for As immobilization [21]. As an in situ remediation
approach, S/S is widely applied for common heavy metal contamination (particularly
Pb and Cd), offering advantages of rapid implementation and convenient operation by
minimizing leaching and plant uptake to enhance environmental safety [23].

2. Challenges

A critical emphasis must be placed on the inherent limitation of stabilization tech-
nology: it does not remove heavy metals from the soil but merely “locks” them in place.
Consequently, the total contaminant mass remains unchanged, and its long-term stability
is contingent upon environmental conditions [15]. A primary concern among researchers is
the reliability of this stability over extended periods. Studies indicate that environmental
factors such as acid rain leaching, shifts in soil pH and redox potential, and microbial
activity can progressively compromise the efficacy of certain passivating agents [23,24]. For
instance, the immobilizing effect of biochar amendments on heavy metals may diminish
after 2–3 years of application. Soil acidification, waterlogging, leaching of alkaline ions,
and the activity of plant roots and soil biota can all contribute to the remobilization of
metals previously fixed by biochar [24]. In practical applications, it is essential to consider
site-specific environmental conditions, the characteristics of contaminants, and the prop-
erties of remediation materials to select the most appropriate stabilization materials and
methods. Long-term environmental management and risk assessment strategies should
also be formulated to ensure the durability of the remediation effectiveness.

2.1.2. Soil Vapor Extraction

1. Current status

Soil vapor extraction (SVE) is an in situ remediation technology designed to treat
volatile organic compounds (VOCs) in the unsaturated (vadose) zone. The core principle
involves applying a vacuum through extraction wells to create a pressure gradient, which
induces the flow of soil gas. This mobilizes VOCs adsorbed to soil particles or present in
pore spaces, extracting them in vapor form for subsequent treatment [25]. A typical SVE
system comprises extraction wells connected to a vacuum pump and an above-ground
treatment unit (e.g., activated carbon adsorption or thermal oxidation) to destroy the
collected contaminants [26]. SVE is highly effective for VOCs, efficiently removing gasoline
components like benzene, toluene, ethylbenzene, xylenes (BTEX) and chlorinated solvents
such as trichloroethylene (TCE) and tetrachloroethylene (PCE) [27]. In certain scenarios,
SVE is often combined with air sparging (AS) to enable simultaneous remediation of
contaminated soil and groundwater [28]. Additionally, when non-aqueous phase liquids
(NAPLs) are present at a contaminated site, multi-phase extraction (MPE) can be employed
to extract gas, liquid (groundwater), and free-phase contaminants simultaneously through
extraction wells [29]. This approach enhances contaminant containment and enables multi-
media remediation.

Due to its advantages of simple equipment, easy operation, low energy consumption,
high efficiency, and broad applicability, SVE has been widely implemented for the in situ
remediation of volatile petroleum hydrocarbon contamination with significant success [30].
In a diesel-contaminated site in Oman, an SVE system enhanced by air sparging reduced
benzene concentrations in the unsaturated zone from an initial 15 mg/L~60 mg/L to
below detection limits within 7 months. Total petroleum hydrocarbon concentrations
in groundwater also dropped from 25 mg/L~50 mg/L to below 0.5 mg/L [28]. At a
former chemical plant site in Beijing, an SVE application significantly reduced soil VOC
concentrations, extracting approximately 720 L of contaminated liquid over 25 days of
operation and substantially degrading the site’s organic pollution load [31]. Moreover, the
SVE demonstrates high efficacy for moderately volatile organic contaminants (e.g., from
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gasoline spills, chlorinated solvents) and is particularly suited for sites where excavation is
infeasible, such as beneath structures or in densely built environments [30].

2. Challenges

Nevertheless, SVE has inherent limitations that necessitate careful site- and contaminant-
specific evaluation of its applicability. First, SVE is effective only for contaminants with
appreciable vapor pressure and performs poorly for low-volatility or non-volatile or-
ganic compounds [32,33]. For example, persistent pollutants with high boiling points and
extremely low volatility—such as heavy polycyclic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs)—are difficult to remove from soil by SVE alone and
often require complementary technologies (e.g., thermal desorption) [34]. Secondly, soil
performance is highly dependent on soil physics. High moisture content and fine-textured
soils can severely reduce air permeability, leading to flow bypassing and “dead zones” with
poor treatment [35]. Models that ignore slow, resistant contaminant desorption phases may
significantly underestimate remediation timeframes [36]. Thirdly, the induced pressure
gradient must be carefully managed to prevent unintended lateral migration of vapors
to uncontaminated areas, potentially causing secondary pollution. Finally, extracted va-
pors require effective above-ground treatment (e.g., carbon adsorption, thermal oxidation)
before release, adding to system complexity and operational costs.

2.1.3. Thermal Desorption

1. Current status

Thermal desorption is a remediation technology that removes organic contaminants
from soil by applying heat to transfer them from the solid/liquid phase into the vapor phase
for subsequent collection and treatment [5,37]. It can be implemented via two primary
approaches: Ex Situ thermal desorption: Contaminated soil is excavated and fed into a
specialized thermal treatment unit. Heating the soil to a target temperature (typically
200 ◦C~600 ◦C) causes volatilization or thermal desorption of pollutants, with the off-
gas then captured and treated [38]. In Situ thermal desorption: Soil is heated directly
in the subsurface using methods such as electrical resistance heating, electromagnetic
heating, or steam/hot air injection. Heating the soil to temperatures between 100–300 ◦C
mobilizes contaminants, which are then extracted via vapor recovery wells for above-
ground treatment [39].

The advantages of thermal desorption lie In Its wide applicability to various types of
pollutants, thorough remediation, and quick effectiveness. By elevating temperature, it
effectively treats a wide spectrum of volatile and semi-volatile organic pollutants, includ-
ing petroleum hydrocarbons, halogenated solvents, PAHs, PCBs, dioxins, and pesticide
residues [40]. It is particularly recognized as an effective final treatment for recalcitrant
persistent organic pollutants (POPs) [41]. The process operates on a significantly shorter
timescale (hours to days) compared to techniques like bioremediation or vapor extrac-
tion, which can require months [42]. Engineering practice demonstrates that, with proper
process control, thermal desorption can reliably reduce contaminant concentrations to
meet stringent regulatory standards, positioning it as a highly efficient and permanent
remediation solution [43].

2. Challenges

Firstly, the energy consumption and cost are relatively high. Whether it is off-site
or in situ treatment, the processing cost usually increases significantly as the volume of
contaminated soil increases. Secondly, thermal desorption requires high equipment and
operational standards; the high-temperature environment may cause wear and damage
to equipment components [40]. Thirdly, desorption efficiency is notably affected by soil
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characteristics. High moisture content reduces thermal efficiency, as substantial energy
is consumed to evaporate water [44]. Fourthly, it is ineffective for heavy metals. Soils
with co-existing metal and organic pollution require a secondary treatment step (e.g.,
S/S) following thermal desorption [45]. Finally, it needs to strictly control air emissions.
Especially, chlorinated organic substances may decompose at high temperatures to generate
by-products such as dioxins [46].

2.1.4. Pump and Treat

Pump and treat (P&T) is a long-established and widely used approach for ground-
water remediation, operating on the principle of extracting contaminated groundwater
for aboveground treatment, followed by reinjection or discharge [47]. However, the
long-term effectiveness and sustainability of P&T have been subjects of considerable de-
bate [48]. Studies indicate that P&T systems may exhibit reduced contaminant capture
efficiency in low-permeability zones, and are often associated with high long-term opera-
tional costs, extended treatment durations, as well as tailing and concentration rebound
phenomena [49,50]. For instance, after pumping ceases, contaminants may back-diffuse
from low-permeability matrix (inactive zones) into high-permeability channels (active
zones), leading to water quality deterioration—a process that can be simulated and pre-
dicted using coupled mobile–immobile dual-domain models. A comparative study at
an industrial site with a distinct geological framework found that a groundwater circula-
tion well (GCW) system outperformed conventional P&T in terms of sustainability and
efficiency [49].

2.1.5. Groundwater Circulation Wells

Groundwater circulation wells (GCWs) are an in situ remediation approach that
enhances contaminant removal by establishing hydraulic circulation within the contam-
inated zone [51,52]. Through the combination of water extraction and injection, GCWs
create a closed circulation flow field within the aquifer, which flushes contaminants from
low-permeability zones, accelerates their migration toward high-permeability regions,
and improves contact efficiency between remedial agents and pollutants [53]. Compared
with P&T systems, GCWs enable the in situ degradation or removal of contaminants
without extracting large volumes of groundwater for aboveground treatment, thereby
reducing surface treatment burdens and operational costs [49]. For instance, at petroleum
hydrocarbon-contaminated sites, hydraulic circulation technology has demonstrated ef-
fectiveness through laboratory and field studies; by adjusting and optimizing circulation
hydraulic parameters, contaminant removal efficiency can be significantly enhanced, effec-
tively addressing tailing and rebound issues [51].

From a technological development perspective, GCWs are not strictly a novel tech-
nology, but they exhibit continuous innovation and integration in terms of application
breadth and technical coupling, giving them an “emerging” character in specific scenarios.
This is mainly reflected in the following aspects: (1) Coupling and integration with other
remediation technologies: GCWs are no longer applied as a standalone technique but are
increasingly combined with various in situ remediation approaches such as chemical oxi-
dation, bioremediation, electrochemical methods, and nanomaterials to create synergistic
effects, addressing more complex contamination types and geological conditions [51,54].
For instance, coupling circulated groundwater electrolysis with in-well rhizobia bacteria
can effectively remediate aniline-contaminated aquifers [54]. The delivery of reactive nano-
materials, such as nanoscale zero-valent iron (nZVI), through GCW systems into contami-
nated zones has proven effective in removing heavy metals such as chromium(VI) [55,56].
(2) Adaptation to complex hydrogeological conditions: Conventional dual-screen GCWs
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may face challenges related to the disruption of circulation system symmetry and con-
tainment under high hydraulic gradients or in highly heterogeneous aquifers [57,58]. To
address this, novel designs such as multi-screen GCWs have been proposed to enhance
applicability and remediation efficiency [57]. Numerical modeling and high-resolution
aquifer characterization techniques are widely employed to optimize the design and op-
erational strategies of GCWs in complex heterogeneous aquifers [58,59]. (3) Addressing
emerging contaminants and special environmental issues: The application scope of GCWs
is expanding beyond traditional pollutants to include emerging contaminants (e.g., an-
tibiotics [51]) and specific environmental challenges such as seawater intrusion [60]. For
instance, novel approaches combining treated wastewater recharge with GCWs have been
proposed to mitigate seawater intrusion in coastal aquifers [60]. (4) Intelligent and sus-
tainable development: Data-driven modeling approaches and three-dimensional dynamic
models are being applied to optimize GCW operation and deepen the understanding of con-
taminant mechanisms, aiming to improve remediation sustainability and efficiency [59,61].
For example, the IEG-GCW® system, combined with data-driven modeling, has been
successfully applied to remediate arsenic contamination in fractured rock aquifers [61].
Furthermore, the integration of GCWs with pump-and-treat (P&T) systems has also been
investigated to optimize remediation performance in heterogeneous aquifers [58]. Despite
significant advancements, GCW technology still faces several challenges. For instance,
complex hydrogeological heterogeneity within aquifers, particularly the coexistence of
low-permeability zones and high-permeability channels, poses challenges to the effective
delivery of remedial agents and contaminant mass transfer [62,63]. Additionally, the effec-
tiveness of GCWs remains highly dependent on accurate hydrogeological characterization
and optimized well design to prevent hydraulic short-circuiting or uneven circulation,
which could compromise remediation performance [51].

2.2. Chemical Remediation Technologies

Chemical remediation technologies involve the addition of chemical substances to
contaminated environmental media to degrade, transform, or remove pollutants through
chemical reactions [64]. Figure 2 depicts the main conventional techniques and challenges
of chemical remediation for contaminated sites.

2.2.1. Chemical Oxidation

1. Current status

Chemical oxidation remediates organic contamination by injecting strong oxidants
into the subsurface to degrade pollutants into harmless or less toxic products, a common
in situ approach known as In Situ Chemical Oxidation (ISCO). Common oxidants—such
as permanganate, hydrogen peroxide (Fenton’s reagent), and persulfate—generate potent
free radicals that rapidly decompose organic molecules [65,66]. This method is broadly
applicable, particularly effective against recalcitrant organics like chlorinated solvents, aro-
matic hydrocarbons, and PCBs. ISCO offers rapid and thorough degradation, significantly
shortening remediation timelines and reducing contaminant mass [66]. Its in situ nature
minimizes soil excavation and site disturbance [67]. The technique is highly adaptable in
the field, allowing oxidants to be distributed via injection wells to target specific zones. It is
especially suitable for treating high-concentration source areas, where it can quickly reduce
contaminant levels to facilitate subsequent remediation steps [66].

2. Challenges

Despite its advantages, ISCO faces significant limitations and challenges. Firstly, oxi-
dants are susceptible to rapid consumption by soil matrix components (e.g., natural organic
matter, reduced minerals), reducing their efficiency for target pollutant degradation [68].
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Secondly, the transport and distribution of oxidants in the subsurface are constrained by
site hydrogeological conditions. Low-permeability zones can severely restrict oxidant pen-
etration and contact with contaminants, diminishing treatment effectiveness [69]. Thirdly,
the expense of oxidants and activators, combined with the frequent need for multiple injec-
tion rounds in complex sites, can substantially increase overall remediation costs. Finally,
some highly recalcitrant pollutants, such as polycyclic aromatic hydrocarbons (PAHs),
exhibit strong adsorption to soil and resistance to conventional oxidants, making them
exceptionally difficult to degrade via ISCO [70]. Furthermore, another limitation is that
incomplete degradation processes may lead to the formation of by-products with higher
toxicity than the parent compounds.

Figure 2. Main techniques and challenges of chemical remediation for contaminated sites (EKR
indicates electrokinetic remediation).

2.2.2. Chemical Reduction

1. Current Status

Chemical reduction technology removes contaminants primarily through reduction
reactions, with typical reagents including zero-valent iron (ZVI), ferrous iron salts, and
sulfides. This technology is mainly employed for reductive dichlorination (e.g., converting
trichloroethylene (TCE) and tetrachloroethylene (PCE) to ethylene/ethane) or for the reduc-
tion of heavy metals (e.g., reducing Cr(VI) to Cr(III)) [71,72]. The core mechanism of chemi-
cal reduction relies on the electron transfer capability of reducing agents to transform target
pollutants from a high oxidation state to a low oxidation state. In chromium-contaminated
remediation, FeSO4 has been demonstrated as an effective reducing agent for Cr(VI) in
soil [73]. Under anaerobic conditions, the combined addition of FeSO4 (30%, w/w) and
enzyme residue (30%, w/w) achieved a Cr(VI) reduction efficiency of 93.02% after 45 days,
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significantly higher than that of FeSO4 (72.39%) or enzyme residue (75.47%) alone [74].
Zero-valent iron (ZVI) is widely used in soil and groundwater remediation due to its strong
reducing capacity and high specific surface area, particularly excelling in the treatment of
Cr(VI)-contaminated groundwater [55,75]. Nanoscale zero-valent iron (nZVI), as an in situ
remediation material, has demonstrated advantages in various applications; for example,
carboxymethyl cellulose-stabilized biochar-supported nZVI (CMC-nZVI@BC) achieved
99.9% Cr(VI) removal within 180 min, outperforming nZVI@BC and CMC-nZVI [56].

2. Challenges

Although chemical reduction holds significant promise for contaminated site reme-
diation, it faces several challenges: (1) Long-term stability of reduction products: Cr(III)
may be re-oxidized to Cr(VI) under certain oxidizing conditions [76]. (2) Limited transport
in heterogeneous media and rapid passivation of reducing agents: Reductants such as
ZVI exhibit restricted mobility in groundwater and soil, and are prone to aggregation,
corrosion, and surface passivation [77]. (3) Competition from coexisting redox-sensitive
species: Groundwater and soil often contain redox-sensitive substances such as nitrate
(NO3

−), sulfate (SO4
2−), oxygen (O2), and natural organic matter (NOM), which com-

pete with target contaminants for reducing equivalents, thereby diminishing remediation
efficiency [78,79].

2.2.3. Electrokinetic Remediation

1. Current status

Electrokinetic remediation (EKR) technology utilizes an applied direct current (DC)
electric field to mobilize charged contaminants within the pore water of soil, facilitating
the extraction of heavy metals from in situ soil [80]. The primary mechanisms involved
are electromigration (driving metal ions towards the electrodes), electroosmosis (inducing
pore water flow to transport solutes), and electrophoresis. In a typical setup, electrodes
(anode and cathode) are inserted into the contaminated soil matrix. Upon energization,
heavy metal cations migrate towards the cathode, where they are subsequently collected
and removed via pumping or precipitation methods [81]. EKR is recognized as one of
the most promising separation technologies for low-permeability contaminated soils [82].
Its key advantages include: (1) Strong in situ remediation capability, allowing direct field
application without extensive soil excavation [81]; (2) Broad applicability to both inorganic
contaminants and certain organic pollutants, enabling co-removal [82]; (3) High efficiency
and relatively low environmental impact, as it relies on electric field-driven transport
instead of extensive chemical reagents, minimizing secondary contamination risks [83];
(4) Good compatibility for hybrid remediation, allowing integration with other technologies
to overcome the limitations of standalone EKR [84].

2. Challenges

Despite its potential, EKR faces three primary technical bottlenecks in practical ap-
plication: (1) Limited metal mobilization: It struggles to effectively dissolve and mobilize
heavy metals that exist in insoluble forms within the soil, constraining overall removal
efficiency [81]. (2) Focusing effect: Metals can accumulate and re-precipitate in localized
zones (e.g., near electrodes) during migration, which blocks transport pathways and ham-
pers removal [83]. (3) High energy consumption: Maintaining a continuous current results
in significant power costs and heat generation, escalating project expenses [85,86]. While
research into solutions—such as integrating renewable energy, developing novel electrodes,
and optimizing voltage regimes—aims to reduce specific energy consumption [84], the
economic feasibility for large-scale projects remains a key challenge. Furthermore, im-
proper field application can disturb soil pH, cause electrode side-reactions (e.g., hydrogen
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evolution at the cathode), and degrade soil properties, necessitating auxiliary measures for
soil preservation [87].

2.2.4. Soil Washing Technology

1. Current status

Soil washing is a remediation technology designed to separate heavy metals from
contaminated soil by transferring them from the solid phase to a liquid washing solution,
which is then treated or disposed of to achieve soil purification [88,89]. This process can
be implemented either ex situ or in situ. Common washing agents include inorganic
acids, organic acids, chelating agents (e.g., ethylenediaminetetraacetic acid (EDTA), citric
acid), and surfactants [90–92]. Surfactants play a particularly significant role in heavy
metal remediation by (i) reducing interfacial tension to enhance metal desorption from soil
particles, and (ii) forming soluble complexes with metal ions to improve their mobility and
removal from the aqueous phase [93]. The primary mechanisms for metal removal via soil
washing involve acid dissolution, complexation with chelating agents or surfactants, and
ion exchange [89].

Compared to stabilization methods that merely alter contaminant form, soil washing
can physically remove a significant proportion of heavy metals from the soil, achieving
a net reduction in total contaminant mass [94]. Consequently, this technique plays an
indispensable role in the thorough remediation of heavily contaminated sites where per-
manent decontamination is required. The process is rapid-acting, with typical treatment
cycles achieving substantial metal extraction within hours to days [88]. Furthermore, its
application can be customized through the selection of specific washing agents and process
parameters tailored to target different metals. An additional strategic benefit lies in the
potential to recover valuable metals from the resultant eluate or to treat the wastewa-
ter to meet discharge standards, enabling a dual approach of resource recovery and risk
management [95].

2. Challenges

The application of soil washing is constrained by several notable challenges: (1) High
operational costs, especially for ex situ processes requiring soil excavation, transport, and
specialized equipment, leading to significant capital and operational expenditure [96].
(2) Degradation of soil properties, as aggressive agents (e.g., strong acids, chelators) can
leach essential nutrients and organic matter alongside heavy metals, impairing soil fer-
tility and structure [88,90]. (3) Secondary pollution management, necessitating extensive
treatment of the generated metal-laden wastewater or sludge to prevent it from becom-
ing a new contamination source [89]. (4) Difficulties in field implementation: for in situ
applications, incomplete recovery of the flushing solution poses a risk of contaminant
migration via groundwater flow. (5) Soil dependence: compared with sandy soil, it is
always challenging to remove pollutants from soil with high clay content or high organic
carbon content. Therefore, soil washing is generally most suitable for scenarios requir-
ing substantial mass reduction of heavy metals in severely contaminated sites, such as
industrial brownfields [89].

2.3. Bioremediation Technologies

Bioremediation employs the biological activities of organisms—primarily microor-
ganisms and plants—to degrade, transform, or remove pollutants. Recognized for its
environmental friendliness, cost-effectiveness, and low risk of secondary pollution, biore-
mediation is considered a sustainable approach for managing various contaminants [97,98].
Figure 3 depicts the main conventional techniques and challenges of bioremediation for
contaminated sites.
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Figure 3. Main techniques and challenges of the bioremediation for contaminated sites (The arrows
indicate the direction of pollutant transport).

2.3.1. Phytoremediation

1. Current status

Phytoremediation utilizes plants and their associated rhizosphere microorgan-
isms to remove, immobilize, transform, or degrade contaminants in soil and wa-
ter, representing a sustainable and green remediation technology [99,100]. Its pri-
mary mechanisms include phytoextraction [14], phytostabilization [101], phytodegra-
dation, phytovolatilization [99,100], rhizodegradation [99,102], and aquatic phytoreme-
diation [103]. Through these processes, plants uptake contaminants—primarily heavy
metals—from the soil and accumulate them in harvestable aboveground tissues, thereby re-
moving the pollutants from the site via plant harvesting. Over 500 plant species are known
to naturally hyperaccumulate one or more heavy metals; for instance, hyperaccumulators
such as Noccaea caerulescens and Brassica juncea exhibit exceptionally high bioconcentration
factors for Cd and Zn, making them suitable for phytoextraction [104]. The most significant
advantages of phytoremediation are its environmental friendliness and low cost [105,106].
It is widely regarded as one of the most sustainable remediation technologies, as it harnesses
natural plant growth with minimal energy and chemical inputs [106]. Compared with
physicochemical methods, phytoremediation causes minimal soil disturbance, improves
soil structure and biological activity in situ, and leaves the soil viable for continued use
after remediation [104]. Economically, it can be integrated with agricultural practices by
selecting high-value hyperaccumulator species, enabling a dual benefit of remediation and
revenue generation [107].

2. Challenges

Traditional phytoremediation also presents distinct limitations: (1) Extended reme-
diation duration: Compared to engineered methods, annual metal uptake by plants is
limited, often requiring multiple years of cultivation and harvesting to achieve significant
soil cleanup. (2) Inherent biological constraints: The technique is generally suitable for sites
with low to moderate contamination levels [101]. Hyperaccumulator plants often exhibit
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slow growth and low biomass, whereas high-biomass crops typically have limited metal
tolerance and accumulation capacity [14]. (3) Shallow treatment zone: Plant root systems
are mostly confined to the topsoil layer (tens of centimeters), rendering them ineffective
for deeper contamination. (4) Post-harvest contaminant management: Metals absorbed by
plants accumulate primarily in the above-ground biomass, which is classified as hazardous
waste and requires safe disposal or valorization [14]. (5) Environmental susceptibility:
Phytoremediation efficiency is highly sensitive to climatic and soil conditions; for example,
drought or low-fertility soils can limit plant growth, while the low bioavailability of certain
heavy metals under high soil pH conditions can further reduce plant uptake efficiency [101].
In summary, despite their sustainable profile, the widespread application of phytoremedia-
tion and bioremediation is constrained by challenges related to biomass yield, treatment
rates, and applicability scope.

2.3.2. Microbial Remediation

1. Current status

Microbial remediation employs the metabolic activities of microorganisms—such as
bacteria, fungi, and algae—to degrade, transform, or immobilize pollutants, thereby re-
ducing their toxicity or eliminating them entirely [108,109]. In the remediation of heavy
metal contamination, indigenous or exogenous microorganisms immobilize heavy metals
or reduce their toxicity through mechanisms such as biosorption, precipitation, and redox
transformation [110]. Here, biosorption refers to the removal and immobilization of heavy
metals from soil solutions onto microbial cell surfaces through physical adsorption or chem-
ical complexation with functional groups (e.g., carboxyl, hydroxyl, amino, and phosphate
groups) on the cell walls [111]. Bioprecipitation involves microbial metabolic activities that
alter the chemical environment of heavy metal ions, inducing their precipitation as insolu-
ble compounds. Key mechanisms include the precipitation of sulfides, phosphates, and
carbonates [89,112]. Representative mechanisms include the reduction of toxic hexavalent
chromium to less toxic trivalent chromium by certain bacteria, and the transformation of
soluble metals into insoluble metal sulfide precipitates by sulfate-reducing bacteria [113].

In the remediation of organically contaminated sites, it is typically applied in situ, rely-
ing on either the innate degradative capacity of indigenous microbial communities or its en-
hancement through interventions like aeration, nutrient addition, or bioaugmentation [114].
The fundamental mechanism involves microbes utilizing organic pollutants as a carbon
or energy source, enzymatically breaking them down into carbon dioxide, water, and
simple inorganic compounds. In some cases, incomplete mineralization results in the
transformation of pollutants into intermediate products or their incorporation into biomass,
thereby reducing their bioavailability and toxicity in the environment [115]. Compared
to physicochemical methods, microbial remediation offers advantages of lower cost and
minimal secondary pollution, positioning it as one of the most sustainable remediation
strategies [116]. The applicability of microbial remediation is largely determined by the
chemical structure and biodegradability of the contaminants. Generally, petroleum hydro-
carbons (e.g., alkanes and aromatics in diesel and gasoline), various pesticides, phenols, and
organic cyanides are susceptible to microbial degradation in the environment, making them
key targets for bioremediation [117]. Moreover, microbial remediation offers rapid action
and diverse mechanisms; many microorganisms are capable of simultaneously treating
multiple contaminants and can self-amplify through proliferation, eliminating the need
for repeated manual addition. This renders it a self-sustaining remediation approach [113].
Furthermore, Biologically Driven Reductive Dechlorination (BRD) is a key in situ bioreme-
diation technology that employs anaerobic microorganisms to achieve stepwise reductive
dichlorination of chlorinated organic pollutants into less toxic or non-toxic products in the
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presence of electron donors. It is widely applied for the remediation of soil and groundwa-
ter contaminated with chlorinated hydrocarbons [118–120]. This approach is recognized
as an effective strategy for treating chlorinated organic contaminants due to its environ-
mental friendliness, cost-effectiveness, and potential for complete mineralization [121].
Remediation is typically achieved by injecting electron donors, nutrients, or pH buffering
agents into the contaminated site to stimulate the growth and dichlorination activity of
indigenous microbial communities [122]. For instance, gamma-polyglutamic acid (γ-PGA)
has been successfully used as both a carbon and nitrogen source for the remediation of
trichloroethylene (TCE)-contaminated groundwater [123].

2. Challenges

Nevertheless, there are significant limitations to the microbial remediation technolo-
gies. Firstly, Contaminants must be biodegradable by the target microorganisms. Struc-
turally stable, low-solubility compounds like PCBs and high-molecular-weight PAHs are
often highly persistent due to their resistance to microbial metabolism [124,125]. Sec-
ondly, the process is highly dependent on optimal environmental conditions (e.g., temper-
ature, moisture, pH). Deviations from these ranges can significantly suppress microbial
activity [126]. Thirdly, high contaminant concentrations can be toxic to microorganisms,
potentially inhibiting the growth, reproduction, or enzymatic activity of degrading strains,
thereby preventing the initiation of bioremediation. Fourthly, microbial degradation may
generate intermediate metabolites that are sometimes more toxic than the parent contam-
inants [127]. Finally, the microbial degradation process faces challenges related to the
limited availability of electron donors and acceptors in both the core of the contaminant
plume and its margins [128]. In addition, another critical issue is the instability of the target
microbial community and its rapid displacement by indigenous species [129].

2.4. Development and Challenges of Combined Remediation Technologies

Remediation of co-contaminated soils presents a complex and challenging issue, as
traditional single-technology approaches often fail to achieve satisfactory outcomes. Con-
sequently, combined remediation technologies, which integrate the strengths of different
methods to enhance efficiency, reduce cost, and mitigate environmental risks, have gained
increasing attention [130–132]. Unlike single-technology treatments, combined strategies
typically synergize physical, chemical, and biological processes to address the distinct
properties of both heavy metals and organic pollutants [131,133]. The core advantage of
combined remediation technologies lies in functional complementarity: physical methods
provide pathways for contaminant migration or enrichment, chemical methods enable
rapid transformation or immobilization, and biological methods contribute targeted degra-
dation and ecological restoration. The following outlines key combined technologies, their
principles, and applications.

2.4.1. Physicochemical Combined Remediation

Physicochemical combined remediation technologies focus on enhancing contaminant
migration and regulating contaminant speciation.

1. S/S combined with chemical oxidation/reduction

Chemical oxidation or reduction is first applied to degrade or transform organic con-
taminants, reducing their toxicity and mobility. Subsequently, solidification/stabilization
(e.g., using cement, lime, or phosphate-based agents) immobilizes heavy metals, decreasing
their bioavailability and leachability [112,134,135]. For instance, at industrial sites with
mixed heavy metal–organic contamination, Fenton oxidation can degrade organics prior to
phosphate stabilization of lead and cadmium. Fenton oxidation has been demonstrated
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to effectively degrade petroleum hydrocarbon contaminants [136,137]. For heavy metal
stabilization, biochar, as an organic amendment, can effectively adsorb heavy metals and
reduce their bioavailability [135,138].

2. EKR combined with chemical washing

Incorporating chemical washing agents, such as ethylenediaminetetraacetic acid
(EDTA) and citric acid (CA), during EKR enhances the solubility and mobility of heavy met-
als while promoting electro-migration or electro-osmosis of organic pollutants [139–141].
Studies have shown that combining activated carbon (AC) and citric acid (CA) can signifi-
cantly improve lead removal efficiency, achieving approximately 4% removal after 480 h
of treatment [89]. This indicates that chemical washing agents can effectively enhance the
desorption efficiency of heavy metals, thereby improving the performance of EKR [142].

3. EKR combined with physical barriers

The combination of EKR with physical barriers, such as permeable reactive barriers
(PRBs), represents an important synergistic strategy in contaminated site remediation. This
approach integrates the advantage of EKR in driving contaminant migration through an
electric field with the capacity of physical barriers to limit contaminant diffusion, demon-
strating significant potential for treating low-permeability soils [143,144]. Physical barriers
can utilize waste or recyclable materials (e.g., biochar, charcoal, cork) as fillers for EKR-PRB
systems, enabling efficient and cost-effective removal of heavy metals from soil, which
represents an important direction toward achieving green soil remediation goals [145].
Li et al. employed immobilized yeast to prepare a permeable reactive barrier coupled with
electrokinetics (IMEK-PRB) for the remediation of cadmium-contaminated soil. The results
showed that the highest removal efficiency (53.70%) was achieved at a voltage gradient of
2.5 V/cm, and the removal rate using fly ash-based yeast particles increased by more than
10% compared with the simple embedding method. This technique effectively reduces
soil cadmium toxicity and exhibits promising application prospects [146]. Wang et al.
utilized waste cotton fibers as a substrate to green-synthesize MIL-100(Fe)@cotton fiber
(CM100) for EKR-PRB remediation of heavy metal-contaminated soil. CM100 achieved
removal efficiencies of 96.1% for Pb2+ and 78.7% for Cd2+; under KCl/citric acid electrolyte
conditions, the remediation efficiency increased to 98.0%, providing a novel approach for
the resource utilization of waste textiles [147].

2.4.2. Physical–Biological Combined Remediation

Physical–biological combined remediation technologies emphasize the suppression of
bioavailability and the synergy of in situ containment and degradation.

1. Phytoremediation combined with biochar/stabilizers

Integrating biochar or other stabilizers (e.g., phosphate, iron-based materials) with
phytoremediation rapidly reduces the bioavailability of heavy metals and organics through
adsorption or chemical stabilization. This mitigates plant toxicity, promotes plant growth,
and enhances remediation efficiency [111,138,148]. In agricultural soils, Maceiras et al.
combined biochar with phytoremediation to treat lead-contaminated shooting range soil.
The results showed that mixing biochar with soil at a 10% ratio achieved the best perfor-
mance, outperforming surface application. After one month of cultivation with rapeseed
and ryegrass, soil lead concentrations decreased by over 70%, significantly reducing lead
bioavailability. Among the treatments, the combination of rapeseed and biochar exhibited
the highest lead removal efficiency [138]. Furthermore, the combined use of plants and
microorganisms represents an important development direction. Tu et al. found that
corn biochar loaded with Pseudomonas NT-2 effectively stabilized cadmium- and copper-
contaminated soil: it increased soil pH, reduced heavy metal bioavailability, increased
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the residual fraction, and enhanced soil enzyme activity and microbial community qual-
ity, providing a green approach for biochar–microbe combined remediation [149]. Plant
growth-promoting rhizobacteria (PGPR) enhance both plant growth and heavy metal
remediation efficiency by secreting chelating agents and regulating genes involved in
metal transport and tolerance. Given that the precise molecular mechanisms underlying
PGPR-mediated plant growth promotion and heavy metal phytoremediation remain un-
clear, Manoj et al. provided a critical theoretical foundation for elucidating the regulatory
networks of PGPR-synergized phytoremediation through a comprehensive review [150].

2. Biodegradation combined with physical barriers

The installation of physical barriers—such as clay, high-density polyethylene (HDPE)
membranes, or permeable reactive barriers (PRBs)—within contaminated zones can control
the migration and diffusion of contaminants [151]. Concurrently, the introduction of spe-
cialized microbial consortia or biostimulation within the barriers or along the contaminant
plume pathways facilitates the degradation of organic pollutants and immobilizes heavy
metals through mechanisms including microbial adsorption, precipitation, and redox trans-
formation [152]. For example, an enriched microbial consortium was introduced into an
anaerobic continuous-flow column to achieve the dichlorination of TCP to 2,4-DCP and
further to 4-CP. Based on first-order kinetic modeling, the dichlorination rate constants
for each step were obtained, and the corresponding biological barrier widths required
for complete remediation were determined to be 126, 130, and 689 cm, respectively [153].
In column experiments simulating aquifer recharge, compost used as a reactive barrier
significantly influenced microbial community structure. The results demonstrated effective
removal of acetaminophen and ammonium, while sulfamethoxazole was removed only
under a high compost ratio, and other micropollutants such as carbamazepine showed
limited removal. The compost ratio also dictated the nitrate removal pathway (denitri-
fication versus dissimilatory nitrate reduction to ammonium), and the net water quality
improvement varied depending on the pollutant type [154].

2.4.3. Chemical Oxidation/Reduction Combined with Bioremediation

1. Chemical oxidation/reduction combined with bioremediation

Chemical oxidation or reduction rapidly reduces initial concentrations and toxicity
of organic pollutants, transforming them into more biodegradable intermediates [155].
Follow-up bioremediation utilizes microbial degradation for residual organics or immo-
bilizes heavy metals through biosorption, bioprecipitation, and redox processes [131,156].
For example, at petroleum-contaminated sites, chemical oxidation can first be applied to
remove the bulk of hydrocarbon contaminants, followed by bioaugmentation (inocula-
tion with degrading microorganisms) or biostimulation (addition of nutrients) to promote
the biodegradation of residual organics [157,158]. In a pilot-scale study, Němeček et al.
combined chemical reduction using nanoscale zero-valent iron (nZVI) with whey-based
bioreduction to treat Cr(VI)-contaminated groundwater. The results showed that nZVI
rapidly reduced Cr(VI) concentrations, and subsequent whey addition sustained contin-
uous biological reduction, with effects persisting for 10 months at a distance of 22 m. A
synergistic effect was observed between the two stages: Fe(III) generated from nZVI ox-
idation was microbially reduced to Fe(II), which was recycled as a reductant for Cr(VI).
Community analysis confirmed that iron-reducing and sulfate-reducing bacteria dominated
this process [159].

2. EKR combined with bioremediation

EKR mobilizes heavy metals and organics toward electrode zones for centralized
treatment. Although electric fields may initially inhibit microbial activity, optimizing
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EKR parameters, introducing buffer systems, or applying microbial agents post-EKR can
restore soil microbial communities and enable synergistic remediation [141,160]. For ex-
ample, electrobioremediation combines electrokinetics with bioremediation to utilize soil
microorganisms for pollutant degradation or immobilization [160]. Studies have shown
that immobilizing bacteria with biochar can enhance the efficiency of electrokinetic (EK)
remediation in soils co-contaminated with total petroleum hydrocarbons (TPH) and hex-
avalent chromium (Cr(VI)) [161]. In an electric field-assisted composting system (EACS),
carbon felt electrodes increased humic acid content by 48.57%, while reducing the bioavail-
ability of copper and chromium by 18.00% and 7.61%, respectively, with no risk of metal
leaching. Additionally, the electric field increased the abundance of beneficial microbial
groups such as Actinobacteria and stimulated the proliferation of heavy metal-resistant
bacteria [162].

3. Biochar amendment combined with EKR

Biochar’s porous structure and abundant surface functional groups effectively adsorb
both heavy metals and organic pollutants [111,163]. Adding biochar to contaminated soil
pre-adsorbs contaminants, reducing mobility. Subsequent EKR benefits from biochar’s
conductivity, which improves soil electrical conductivity, enhances electric field effects,
and may alleviate negative impacts on microbes [112,161]. This is particularly effective for
soils co-contaminated with hydrophobic organics and heavy metals. For example, biochar-
immobilized yeast used as a PRB can enhance the effectiveness of EKR for cadmium-
contaminated soil [146].

2.4.4. Challenges Faced by Combined Remediation Technologies

Combined remediation technologies leverage the advantages of individual meth-
ods to overcome limitations, improving efficiency and completeness for complex
contamination [131,133,156]. Multitechnology integration can shorten remediation time-
lines, lower costs, and reduce secondary pollution risks [133]. However, the challenges of
combined remediation technologies lie in the following aspects: (1) The synergistic mecha-
nisms among multiple technologies are complex, necessitating a thorough understanding of
the interactions between different remediation approaches to achieve optimal performance.
For instance, environmental conditions such as pH, redox potential, organic matter content,
and soil heterogeneity may influence individual technologies differently and require precise
regulation [131,141]. (2) The selection, dosage, and application method of remediation
agents, along with the long-term stability assessment of remediation outcomes, are also
critical issues [112,131]. Secondary risks, such as nanomaterial transport and the formation
of oxidation byproducts, lack systematic evaluation. For example, although biochar is ben-
eficial, its source and pyrolysis temperature can affect both its effectiveness in heavy metal
stabilization and its potential environmental risks [164]. (3) Contaminated sites are typically
highly heterogeneous, with significant variations in contaminant type, concentration, dis-
tribution, and soil physicochemical properties, which increase the complexity of designing
and implementing combined remediation strategies [157]. (4) In addition to heavy metals
and organic pollutants, emerging contaminants such as antibiotic-resistant bacteria (ARB)
and antibiotic resistance genes (ARGs) pose new remediation challenges [165].

3. Emerging Site Remediation Technologies
Recent advances in materials science, molecular biology, and electrochemistry have

spurred the development of innovative remediation technologies for complex contaminated
sites. These approaches—including nanomaterial-based remediation, microbial electro-
chemical systems, molecular biology-assisted strategies, and the coupling of biodegradation
with physical barriers—offer significant potential to enhance remediation efficiency and
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minimize environmental risks. However, their application is accompanied by substantial
challenges [166].

3.1. Nanomaterial-Based Remediation

Nanoremediation employs nanomaterials with unique physicochemical properties to
treat pollutants in soil and groundwater, garnering widespread attention due to its high
efficiency, rapid action, and environmental friendliness [167–169]. Nanomaterials (e.g.,
nanoscale zero-valent iron, nano-TiO2, and nano-hydrox-yapatite) are widely employed
for the adsorption, reduction, or catalytic degradation of heavy metals and organic pol-
lutants, owing to their high specific surface area and strong reactivity [170]. For instance,
nanoscale zero-valent iron can effectively reduce chlorinated hydrocarbons and immobilize
hexavalent chromium, while nano-TiO2 facilitates the photocatalytic degradation of or-
ganic contaminants such as polycyclic aromatic hydrocarbons under light irradiation [171].
Carbon nanotubes (CNTs) and metal oxide nanomaterials also exhibit excellent adsorption
and catalytic properties, making them suitable for the removal of petroleum contaminants
and heavy metals [167].

3.2. Bioelectrochemical Remediation Technologies

Bioelectrochemical systems (BES), particularly microbial fuel cells (MFCs), combine
biological approaches with electrochemical principles by utilizing electroactive microor-
ganisms to drive in situ redox reactions, thereby enhancing the degradation of organic
pollutants and the immobilization of heavy metals [172–174]. MFCs drive the redox
transformation of pollutants through electron transfer between microorganisms and elec-
trodes [166]. This technology enables the in situ degradation of organic contaminants such
as petroleum hydrocarbons and chlorinated hydrocarbons, while simultaneously reducing
hexavalent chromium and nitrates. Its advantages include energy self-sufficiency or low
energy consumption, strong sustainability, and particular suitability for the in situ reme-
diation of low-permeability soils and groundwater [175]. Bioelectrokinetic remediation
combines electrokinetic technology with bioremediation, applying an electric field to en-
hance contaminant migration and microbial activity, thereby enabling effective remediation
of contaminated soil and groundwater [160].

3.3. Molecular Biology-Assisted Remediation

Leveraging functional gene mining, genome editing, and synthetic biology, researchers
can directionally modify or construct efficient degrading strains to enhance their metabolic
capacity for recalcitrant organic pollutants [176]. For example, CRISPR/Cas9 technol-
ogy has been employed to enhance the degradation of polychlorinated biphenyls, and
engineered strains with multi-tolerant traits have been developed for the remediation of
complex contamination [177].

3.4. Challenges Faced by Emerging RemediationTechnologies

Despite their significant potential, emerging remediation technologies face multiple
challenges: the ecotoxicity, transport behavior, and environmental fate of nanomaterials
remain poorly understood [170]; the scale-up and long-term stability of microbial electro-
chemical systems require further validation [166]; and the environmental release risks of
molecularly modified strains necessitate rigorous assessment [178]. Future efforts should
focus on fostering interdisciplinary integration to advance these technologies from the
laboratory to field-scale applications, while establishing corresponding environmental
safety evaluation frameworks.
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4. Current Status and Prospects of AI in Contaminated Site Remediation
Artificial intelligence (AI) is being increasingly applied across the entire lifecycle of con-

taminated site remediation—from preliminary assessment and decision-making, through
process prediction and optimization, to post-remediation stewardship—encompassing
site characterization, risk assessment, remedial technology selection and design, process
monitoring, and predictive modeling [18,179,180]. Currently, AI methodologies such as
machine learning (ML) and deep learning (DL) are transforming conventional approaches
to contaminated site remediation by leveraging their capabilities in handling complex data,
identifying patterns, and optimizing decisions, thereby making remediation more efficient,
cost-effective, and sustainable [18,180–183]. Figure 4 shows the current status, prospects,
and challenges of AI in contaminated site remediation.

Figure 4. The current status, prospects, and challenges of AI in contaminated site remediation (XAI
indicates Explainable Artificial Intelligence).

4.1. AI in Pre-Remediation Assessment and Decision-Making

Site monitoring and characterization: AI technologies play a pivotal role in initial site
monitoring and characterization. AI and machine learning models can integrate multi-
source heterogeneous data—including historical contamination records, remote sensing
imagery, and geological survey data—to enable more accurate identification of pollution
sources and achieve real-time monitoring and prediction of contaminant types, distribu-
tion, concentrations, and their temporal dynamics [18,180,184]. For example, Zhang et al.
reviewed the application of machine learning models for spatial prediction of soil con-
tamination. The study indicated that optimizing model performance requires meeting
four conditions: selecting an appropriate model architecture, screening independent vari-
ables related to contamination sources, conducting comprehensive model evaluation, and
integrating with geostatistical methods. With the accumulation of data and advances in
algorithms, machine learning is poised to become an important tool for spatial prediction
and source apportionment of soil contamination [185]. Li and Sun [186] employed a data-
driven causal inference approach to develop an interpretable Random Forest (RF) model
for identifying contaminated sites in China, achieving over 85% accuracy. This methodol-
ogy enables more precise understanding of contamination mechanisms and identification
of key driving factors. Furthermore, AI techniques reduce analytical complexity while
maintaining predictive accuracy. For instance, AI/ML/DL models can transform sparsely
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sampled groundwater or soil monitoring data [185], or feature-based micro-scale/drone im-
agery [187], into high-resolution contaminant spatial distributions. Janga et al. synthesized
multiple studies focused on contaminant concentration prediction, spatial distribution anal-
ysis, or their integration, along with associated risk assessment activities, and elaborated
on how researchers worldwide have employed AI techniques to address challenges in site
characterization [18]. Furthermore, AI has significantly enhanced the identification and
bioremediation of persistent pollutants by improving contaminant detection accuracy (e.g.,
achieving over 90% accuracy in microplastic classification) and accelerating the design
of efficient enzymes (e.g., enhancing PET degradation rates by a factor of 46), thereby
providing innovative solutions for environmental sustainability [182].

Risk assessment and decision support: Risk assessment represents a critical phase
following site characterization, where ML frameworks can identify contamination hotspots
and driving factors to comprehensively elucidate associated risks [188]. AI technologies are
increasingly being integrated into contaminated site management decisions, demonstrat-
ing substantial potential, particularly in environmental impact assessment approval and
remedial alternative optimization. For instance, ML algorithms have been employed to
construct decision tree models that support sustainable decision-making in contaminated
site risk management and optimize remedial strategy selection [189]. Zhang et al. [190]
developed a ML-assisted approach for optimizing site remediation strategies: reaction-
transport mechanistic models (RTM) were first used to simulate performance and cost data
for numerous remedial scenarios; these data subsequently trained an ML model (eXtreme
gradient boosting, XGBoost) to establish relationships between remediation outcomes and
parameters; finally, an optimization algorithm (SCE-UA) identified the most cost-effective
solution under constraints. Li et al. [191] employed decision tree classifiers to analyze com-
mon contaminants and corresponding remediation technologies across 144 contaminated
sites in four U.S. states based on the CERCLA database, revealing physical remediation
technologies as the most widely applied. Shafie et al. employed artificial neural networks,
TOPSIS, and fuzzy methods to prioritize remediation approaches for soils surrounding an
oil pumping station in southwestern Iran. By measuring soil physicochemical properties
and establishing evaluation criteria, they found that bioextraction was the most effective
method. The outputs of the radial basis function (RBF) neural network were highly con-
sistent with the TOPSIS rankings and demonstrated greater efficiency compared with the
fuzzy method (r = 0.931), although it required a complete dataset for support [192]. Beyond
analyzing existing remediation technology data, AI techniques can also precisely match
site-specific remediation requirements based on field conditions—including soil microbial
data, physicochemical properties, contaminant speciation, and pollution levels—thereby
enabling tailored technology selection [193].

4.2. Application of AI in Prediction and Optimization of Remediation Process

Remediation performance prediction and material design optimization: After complet-
ing a comprehensive site assessment and carefully selecting the remediation technology,
the critical next step is the efficient design of the chosen remedial strategy. Janga et al.
demonstrated multiple models for designing or optimizing specific remediation technolo-
gies, confirming the application of AI/ML/DL-based models in remediation design and
optimization [18]. Wang et al. proposed an optimization framework integrating machine
learning with process-based models to achieve low-cost, high-efficiency remediation at an
arsenic-contaminated site through the synergistic combination of active remediation and
natural attenuation potential, providing a transferable optimization pathway for similar
sites [194]. Furthermore, Rabbi developed a unified AI framework incorporating graph
neural networks, generative adversarial networks, reinforcement learning, and physics-
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informed neural networks for contaminant transport simulation and remediation strategy
optimization. In synthetic environmental scenarios, the hybrid AI-physics model achieved
a prediction accuracy of 89%, significantly outperforming conventional methods, while
offering interpretability and computational scalability, thereby providing effective support
for precise and sustainable contaminant modeling [183]. For the development of remedi-
ation materials for contaminated sites, AI offers a novel “design-on-demand” paradigm
for developing remediation materials, enabling performance prediction through big data
analytics and guiding material selection and modification. Using biochar for heavy metal
immobilization as an example, researchers have developed ANN and random forest (RF)
models based on hundreds of experimental datasets to predict the immobilization effi-
ciency of various biochars for Pb, Cd, As, Cu, and Zn [195]. These models not only achieve
accurate prediction of remediation performance but also identify key factors influencing im-
mobilization efficacy. For instance, Sun et al. [195] identified contaminant type, biochar pH,
application rate, and contact time as the primary determinants of passivation effectiveness.
Furthermore, XAI methods such as ensemble learning and Shapley Additive exPlanations
(SHAP) values have elucidated both direct and indirect mechanistic contributions of indi-
vidual factors to heavy metal immobilization rates [196]. These advances provide scientific
basis for rapidly screening optimal biochar types and application strategies for diverse
contaminated sites, enabling customized design of remediation materials [196–198].

Process parameter optimization: In specific remediation processes like chemical ox-
idation or bioremediation, AI enables the construction of data-driven process models
to optimize key parameters and reduce trial-and-error costs [17]. For instance, in EKR,
ML models have been employed to predict efficiency and identify critical parameters.
Barkhordari et al. [199] developed an interpretable XGBoost model to predict heavy metal
removal rates via EKR. Through SHAP analysis, they identified electrode spacing, elec-
trode area, electrolyte type, and treatment time as the most significant influencing factors.
Similarly, data-driven models show significant potential for optimizing chemical oxidation
processes. Zhang et al. [200] trained an XGBoost model on over 1400 experimental datasets
to predict ISCO efficiency. The model quantitatively assessed the contribution of factors
such as oxidant dosage, reaction time, contaminant type, and soil properties. Such models
provide a quantitative basis for field engineering, assisting practitioners in determining
the optimal oxidant dosage and treatment duration while balancing cost-effectiveness.
In phytoremediation, AI enables analysis of omics data to precisely identify key genes,
proteins, and metabolic pathways involved in pollutant metabolism and plant-microbe
interactions [201]. Furthermore, AI-based techniques can predict suitable plant species for
specific contaminant types and determine optimal amendment conditions from limited
experimental data, thereby enabling efficient phytoremediation.

4.3. AI in Post-Remediation Monitoring and Maintenance

The role of AI in intelligent post-remediation stewardship and long-term operation
and maintenance is increasingly prominent, primarily manifested in real-time monitoring
and early warning, as well as optimization of remediation strategies [180,202–204].

Real-time monitoring and early warning: Continuous environmental monitoring
is critical during post-remediation phases to verify long-term remediation efficacy and
sustained contaminant reduction [205]. Conventional monitoring approaches are often
time-consuming, labor-intensive, and geographically limited. AI technologies enable
real-time, high-frequency monitoring of remediation sites through integration of diverse
sensor data, coupled with predictive analytics. By combining IoT sensor networks with
AI algorithms—such as Long Short-Term Memory (LSTM) networks and graph neural
networks—dynamic prediction of contamination indicators and anomaly early warning can
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be achieved [206,207]. Smart sensors can monitor key parameters including contaminant
concentrations (e.g., heavy metals, petroleum hydrocarbons, pesticides), pH, oxidation-
reduction potential, temperature, and moisture [206,208]. AI models learn patterns from
historical data to identify potential issues—such as contaminant migration, changes in
biodegradation rates, or amendment failure—and issue advance warnings [207]. For
instance, a groundwater heavy metal prediction system integrating pH, oxidation-reduction
potential, and dissolved oxygen sensors with ML algorithms enables real-time monitoring
and prediction of heavy metal contamination [209].

Optimizing maintenance strategies and adaptive control: AI plays a pivotal role in
optimizing post-remediation maintenance strategies, particularly for long-term approaches
such as bioremediation and phytoremediation [210,211]. (1) Bioremediation optimization:
AI systems continuously collect real-time data from contaminated sites, analyzing variables
including microbial activity, contaminant concentrations, and environmental conditions.
Through processing these data, AI models optimize bioremediation conditions by adjust-
ing pH, temperature, and nutrient levels to maximize microbial degradation efficiency
while avoiding resource waste or secondary pollution from excessive amendment applica-
tion [207]. (2) Phytoremediation optimization: AI facilitates identification of key factors
influencing phytoextraction efficiency—including soil properties, plant species, and con-
taminant bioavailability—and guides efficient phytoremediation by identifying optimal
hyperaccumulator plants and elucidating their underlying remediation mechanisms [212].
Integrated with remote sensing data, AI enables real-time monitoring of vegetation health
and biomass, optimizing irrigation, fertilization, and harvesting strategies. For instance,
predictive models allow maintenance adjustments before plants experience stress, ensuring
sustained and effective contaminant uptake and immobilization [213]. (3) Adaptive control:
Integrating AI with automated control systems enables adaptive control of remediation
processes. Duan et al. [214] developed a novel AI-based Self-Adaptive Dynamic Process
Control (SADPC) system for in situ bioremediation of benzene-contaminated ground-
water, employing stepwise reasoning and genetic algorithm optimization. This system
effectively captures the dynamic and complex nature of bioremediation processes and
controls remediation systems based on feedback information. Furthermore, AI models
predicting contaminant concentration changes during remediation can automatically adjust
amendment dosage or initiate auxiliary remediation measures to ensure sustained achieve-
ment of remediation goals, thereby reducing operational costs and enhancing remediation
efficiency [207].

To summarize the aforementioned applications of AI, Table 1 lists the applica-
tion fields, specific directions, key technologies and corresponding references of AI
in contaminated site remediation. Overall, AI is driving a paradigm shift in site re-
mediation from traditional “monitoring–assessment” approaches toward an integrated
“monitoring–diagnosis–intervention” model of intelligent stewardship across the entire
lifecycle: preliminary assessment and decision-making, in-process prediction and optimiza-
tion, and post-remediation monitoring and maintenance [215].

Table 1. Application fields and key technologies of AI in contaminated site remediation.

Application
Fields Specific Direction Key Technologies Ref.

Pre-
remediation

Site monitoring and
characterization

RS and IoT data + AI algorithm; Explainable RF model;
Prediction of contaminant spatial distribution.

[18,182,
185–187]

Risk assessment and
decision support

Decision tree model; RTM + XGBoost + SCE-UA for
strategy optimization; CERCLA database + Decision

tree classifier.
[188–193]
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Table 1. Cont.

Application
Fields Specific Direction Key Technologies Ref.

During
remediation

Performance prediction
and optimization of

material design

Artificial neural network (ANN) and RF model; RFR +
SCE-UA algorithm; AI framework incorporating GNN,
GAN, RL, PINNs; Ensemble learning and SHAP values

[18,183,
194–198]

Optimization of
remediation process

parameters

XGBoost for predicting remediation efficiency; SHAP
analysis of key parameters; Omics data analysis

in phytoremediation.
[199–201]

Post-
remediation

Real-time monitoring and
early warning

IoT sensor networks; LSTM and graph neural networks;
Dynamic prediction and anomaly early warning. [206–209]

Optimization of
maintenance strategies and

adaptive control

Optimization of bioremediation environmental
parameters; Identification of key factors in

phytoremediation; Self-adaptive dynamic process
control (SADPC)

[207,212–
214]

Note: RS, Remote Sensing; IoT, Internet of Things; AI, Artificial Intelligence; RF, Random Forest; RTM, Reaction-
Transport Mechanistic; SCE-UA, Shuffled Complex Evolution - University of Arizona; CERCLA, Comprehensive
Environmental Response, Compensation, and Liability Act; RFR, Random Forest Regression; GNN, Graph Neural
Network; GAN, Generative Adversarial Network; RL, Reinforcement Learning; PINNs, Physics-Informed Neural
Networks; SHAP, SHapley Additive exPlanations; LSTM, Long Short-Term Memory.

4.4. Prospects and Challenges
4.4.1. Prospects

Enhancing model transparency with XAI: When applying AI in environmental engi-
neering, model interpretability (XAI) is crucial, as it directly affects the trust of engineers
and regulators in AI-driven decisions [216,217]. Future research will prioritize the devel-
opment of transparent and highly interpretable AI models [218]. For example, current
explorations use methods like SHAP to elucidate the internal logic of ML models for soil re-
mediation [196,199]. Such efforts lay the groundwork for building trustworthy AI-powered
decision support systems in this field.

Mechanism-data fusion via hybrid modeling: Purely data-driven models perform
well when training data is sufficient but often lack generalizability beyond their training
domain or in data-scarce scenarios [219]. To address this, hybrid modeling that integrates
physicochemical mechanistic models with AI models is emerging as a key development
direction [219,220]. Such mechanism-informed AI models are anticipated to be more
robust for predicting contaminant transport/transformation and simulating remediation
processes. By incorporating mechanistic constraints, these models can not only predict
outcomes (“What”) but also partially reveal the underlying drivers (“Why”), thereby
enhancing adaptability across diverse site conditions and scenarios.

The rise of environmental domain-specific foundation models: With advancements
in AI, domain-specific foundation models for environmental remediation are poised to
emerge. These models would first be pre-trained on vast, interdisciplinary datasets to
acquire general environmental science knowledge and reasoning capabilities, then fine-
tuned for specific site applications. Future environmental foundation models may possess
multimodal capabilities: the ability to interpret textual reports, sensor data, spatial geoinfor-
mation, and historical cases, thereby functioning as a comprehensive “intelligent advisor”
for contaminated site remediation [179,221].

4.4.2. Challenges

Data quality and heterogeneity: Contaminated site data frequently suffer from poor
quality, high heterogeneity, and lack of standardized formats [18]. Environmental datasets
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often contain missing values, inconsistencies, and measurement errors that compromise
AI model training and predictive accuracy [180]. Transforming field data into structured
formats suitable for AI analysis requires substantial manual processing and domain ex-
pertise [222]. Furthermore, many historical remediation projects have incomplete or non-
digitized records, with prevalent data missingness and imbalance [223]. In the foreseeable
future, data remains a primary bottleneck constraining AI deployment, necessitating sus-
tained investment to address these challenges.

Model reliability and interpretability: Many current AI models, particularly DL ap-
proaches, remain “black boxes” with opaque internal decision-making processes that are
difficult to interpret [224]. This inherent opacity conflicts with the demand for mechanis-
tic understanding and interpretability in contaminated site remediation [225]. Effective
remedial strategy design requires clear comprehension of contaminant transport and trans-
formation mechanisms—understanding that AI’s black-box nature may impede [226]. The
emergence of XAI aims to enhance transparency and comprehensibility of AI decision
processes [224]. However, in environmental remediation, regulators and stakeholders
require trust in AI recommendations, demanding not only accurate predictions but also in-
terpretable reasoning [218]. Currently, XAI applications in environmental domains remain
in early developmental stages.

Barriers in interdisciplinary talent and team collaboration: The deep integration of
AI into contaminated site remediation faces challenges in personnel and teamwork. En-
vironmental science and computer science are distinct fields, and the relative scarcity of
professionals with a hybrid background creates communication gaps and collaboration
barriers [227]. On one hand, many environmental engineering practitioners lack specialized
knowledge in AI modeling. On the other hand, AI engineers typically have limited under-
standing of contaminant behavior mechanisms and environmental regulations. Only by
overcoming this talent barrier and fostering an integrated “Environment + AI” innovation
model can the full potential of AI in environmental remediation be realized.

5. Conclusions and Prospects
This review systematically examines the current state of remediation technologies for

contaminated sites, the associated challenges, and the application prospects of AI. Con-
ventional remediation technologies have evolved into relatively mature technical systems.
Physical methods (e.g., S/S, SVE, thermal desorption) can rapidly reduce contaminant con-
centrations but are associated with risks of secondary pollution, high energy consumption,
and insufficient long-term stability. Chemical methods (e.g., chemical oxidation/reduction,
EKR, soil washing) offer rapid reactions and thorough degradation, yet face limitations
such as non-target consumption, restricted transport, high costs, and potential disruption
of soil ecological functions. Biological methods (phytoremediation, microbial remediation)
are regarded as sustainable strategies due to their environmental friendliness and low cost;
however, their engineering application is severely constrained by long remediation periods,
sensitivity to contaminant types, and dependence on environmental conditions. Combined
remediation technologies leverage synergistic effects among multiple approaches and show
promising potential for treating co-contaminated sites, but challenges remain—including
the complexity of synergistic mechanisms, difficulties in regulating environmental con-
ditions, and unclear secondary risks associated with remediation agents—that require
further investigation. Concurrently, emerging technologies such as nanomaterial-based
remediation, bioelectrochemical remediation, and molecular biology-assisted remediation
are advancing rapidly; nevertheless, their ecological safety, engineering scalability, and
environmental release risks necessitate systematic evaluation.

https://doi.org/10.3390/environments13040212

https://doi.org/10.3390/environments13040212


Environments 2026, 13, 212 24 of 34

The integration of AI heralds a paradigm shift in contaminated site remediation. Dur-
ing preliminary assessment, ML fuses multi-source data to enable high-precision spatial
prediction of contaminants and intelligent selection of remediation strategies. In process op-
timization, AI-driven data modeling accurately predicts remediation performance, guides
material design, and optimizes operational parameters, substantially reducing trial-and-
error costs. For post-remediation stewardship, deep integration of AI with the IoT enables
dynamic contaminant prediction, anomaly early warning, and adaptive control, facilitating
a transition toward intelligent supervision. Nevertheless, critical challenges persist: data
quality and heterogeneity remain primary bottlenecks due to prevalent missing values, in-
consistencies, and lack of standardization in environmental datasets; model interpretability
requires urgent enhancement, as “black-box” issues conflict with the demand for mechanis-
tic understanding in remediation; and the scarcity of interdisciplinary expertise constrains
“environmental + AI” integration.

Future remediation technologies will evolve toward intelligent, precision, and green
paradigms. XAI will enhance model transparency and stakeholder trust. Hybrid modeling
integrating mechanistic knowledge with data-driven approaches will overcome the gener-
alization limitations of purely data-driven models. Domain-specific foundation models
for environmental remediation hold promise as comprehensive “intelligent advisors.” The
deep integration of combined and emerging technologies with AI will enable dynamic
optimization and adaptive control of remediation strategies. Leveraging big data analyt-
ics and intelligent decision-support systems, future site remediation will precisely match
optimal technology combinations, minimizing environmental risks and economic costs
while ensuring remediation effectiveness, thereby providing robust support for soil quality
improvement and sustainable land utilization.
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