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Soil contamination by heavy metals and metalloids has been a major concern for human
health and environmental quality. While many remediation technologies have been
tested at the bench scale, there have been only limited reports at the field scale. This
paper aims to provide a comprehensive overview of the field applications of various soil

remediation technologies performed over the last decade or so. Under the general
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categories of physical, chemical, and biological approaches, ten remediation techniques
were critically reviewed. The technical feasibility and economic effectiveness were
evaluated, and the pros and cons were appraised. In addition, attention was placed on
the environmental impacts of the remediation practices and the long-term stability of the

contaminants, which should be taken into account in the establishment of remediation
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goals and environmental criteria. Moreover, key knowledge gaps and practical
challenges are identified.

1. Introduction

Rapid industrialization and urbanization have resulted in
widespread contamination of soil with a host of heavy metals
and metalloids, such as chromium (A. Alshahrani et al.),
arsenic, cadmium (Lapworth et al.), copper (Cui et al.),
mercury (Hg), lead (Pb), selenium (Mouratiadou et al.), zinc
(Zn), and nickel. Over 10 million major contaminated sites
worldwide, of which more than 50% were contaminated with
heavy metals and/or metalloids (Khalid et al., 2017). In the
U.S., around 600,000 ha of land (especially at the brownfield
sites) have been found contaminated with heavy metals, and
the U.S. Environmental Protection Agency (EPA) has
designated more than 50,000 heavy metals-polluted sites as
national priority sites, which require urgent remediation
actions (Clark & McCormick, 2021). In China, the average
contents of Cd, Hg, As, Cu, Pb, Cr, Zn, and Ni in soil have
been found to have exceeded the regulation levels by 7.0%,

1.6%, 2.7%, 2.1%, 1.5%, 1.1%, 0.9%, and 4.8%,
respectively, according to the Ministry of Environmental
Protection and Ministry of Land and Resources of China
(Contamination, 2014). Heavy metals and metalloids have
been a major threat to human and environmental health due
to their non-biodegradability, toxicity, persistence, and
bioaccumulation in the food chain. They have been found
responsible for causing various disorders in humans,
including cardiovascular diseases, cancer, cognitive
impairment, chronic anemia, and damage to the kidneys,
nervous system, brain, skin, and bones (Bhavani et al., 2024).
For instance, exposure to lead has been associated with
improper hemoglobin synthesis and tumor infection, elevated
blood pressure, and dysfunction of the reproductive system
(Wang et al., 2021). Consequently, it is imperative to develop
and deploy innovative and site-specific remediation
technologies for efficient clean-up of heavy metals or
metalloids contaminated sites. To remediate soil
contaminated with heavy metals or metalloids, many studies
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have been carried out at the bench scale and under well-
controlled conditions (Raffa et al., 2021). However, due to
the complexity of the actual soil biogeochemical conditions,
the technical effectiveness and feasibility can greatly deviate
from laboratory results. In addition, many practical issues,
such as material deliverability, soil phase mass transfer and
reaction rates, impacts of delivered chemicals on the local
biogeochemical conditions, and the long-term stabilities of
immobilized contaminants, remain to be addressed through
systematic field-scale studies and long-term monitoring
under real-world environmental conditions. Over the last
decade or so, various physical, chemical, and biological
processes have been aimed at reducing the total
concentrations and/or bioavailable fractions of heavy metals
or metalloids to mitigate the subsequent accumulation along
the food chain (Jayakumar et al., 2021). To reduce the total
contaminant mass in soil, a number of remediation methods
have been practised, including soil replacement,
electrokinetic removal (Sun et al., 2023), thermal treatment
(Heidari et al., 2025), soil washing (Zheng et al., 2022), and
phytoextraction (Awa & Hadibarata, 2020). On the other
hand, to mitigate bioavailability or bioaccumulation, various
chemical immobilization techniques are often employed
using a range of chemical compounds, such as lime (Cui et
al., 2024), phosphate compounds (Li et al., 2025), and
organic compounds (Wang et al., 2024); in addition,
vitrification (Trifunovi¢, 2021), solidification/stabilization
(Li et al., 2022), and phytostabilization (Shackira & Puthur,
2019) have also been investigated at the field. However, most
of'the field cleanup actions are often practised by remediation
industries. As a result, information is often less systematic
and long-term monitoring of completed sites is lacking. In
addition, the environmental impacts of the remediation
practices are often ignored. To our knowledge, most
documents and reviews on the heavy metal remediation
technologies have been focused on lab-scale results (Viotti et
al., 2024).

2. World Scenario

Arsenic is a ubiquitous metalloid introduced into the
environment through geological sources and anthropogenic
activities such as mining, usage of arsenic-based pesticides or
herbicides (Genchi et al., 2022). Arsenic contamination of
soil, especially in farmlands, is the primary source of arsenic
in crops.

Arsenic is an ancient poison and one of the first elements
known to man. It was mined by early Greek, Chinese and
Egyptian civilizations and its poisonous qualities were
recognized early (Nriagu, 2002). Arsenic originally takes its
name from the ancient Persian word zarnikh, which was
adopted into Greek as arsenikon and later anglicized as
arsenic. In the 18th Century, arsenic was understood enough
to be classified as a semi-metal. But today it is more famous
worldwide as a toxic killer, as many Southeast Asian
countries have arsenic-contaminated water supplies. Even till
this day, arsenic crowns the list of hazardous substances by
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the Agency for Toxic Substances and Disease Registry and
the United States Environmental Protection Agency
(Charitos et al., 2022).

Arsenic is a highly toxic metal element that annually
threatens the health of millions of people in the world
(Genchi et al., 2022). Arsenic is a toxic metalloid, widely
distributed due to natural and anthropogenic activities in the
environment. It occurs in four oxidation states (+5, +3, 0, and
3), although the arsenate (Khalid et al.) and arsenite (AsIII)
are the most common forms, and AslII is more toxic than
AsV (Ghosh et al., 2015; Lenoble et al., 2015).

Arsenic has been recognized as one of the most
hazardous contaminants on Earth for over a decade (Murcott,
2012). In Bangladesh and West Bengal, elevated arsenic
concentrations are often associated with high iron and
manganese levels. Human exposure to arsenic may come
from a variety of sources, where drinking water poses the
greatest threat (Adeloju et al., 2021). The scale of the
problem is grave and unprecedented in the Bengal delta
basin, covering a geographic area of 0.173 million km2 and
putting 31 million people at risk. Since groundwater is also
used extensively for crop irrigation in the belt of West
Bengal, arsenic uptake by crop plants has been reported by
several workers. The deposition of arsenic in soil from the
contaminated water may also add to the plant uptake and
increase the toxicity beyond the limiting values.

Contamination of soils with heavy metals and
metalloids, such as lead, cadmium, arsenic, etc., represents a
serious threat to the ecosystem and human health and requires
the implementation of appropriate remedial measures. Multi-
contaminated soils usually require more than one single
treatment option so that all contaminants which may be
present in the soil are efficiently removed (Sharma et al.,
2018).

High arsenic levels can also come from several arsenic-
based pesticides, fertilizers and animal feeding operations.
Methyl arsonic acid and dimethyl arsinic acid are used as
selective herbicides, insecticides, fungicides, etc. To this day,
lead arsenate, copperacetoatoarsenite, sodium arsenite,
calcium arsenate and organic arsenic compounds are still
used in agriculture as pesticide components. Commercial
arsenic-containing pesticides used in orchards, vineyards,
and cotton desiccants give arsenic a free passport into foods
and beverages (like wine), tobacco, etc. Accumulation of
arsenic in surrounding soils contaminates the soil and
increases the risk of arsenic uptake by plants and
subsequently the herbivores. In the wood industry, chromated
copper arsenite (CCA), sodium arsenate and zinc arsenate are
used as wood preservatives (Atiang’ et al., 2025).

Arsenic is an omnipresent toxic element in the Earth's
crust, in which it is generally present at a low level (0.0001%)
(Kar, 2022). Bacteria can play an important role in mediating
redox transformations in extreme environments, and arsenic-
resistance (Shakoor et al.) operons are commonly found in
terrestrial microorganisms. Arsenic exists in a variety of
forms such as As (-III), As (2014), As(I), As(V),
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monomethylarsonic acid (MMA; V), dimethylarsinic acid
(DMA; V), and trimethylarsine oxide, and bacteria are
involved in biochemical degradation, detoxification
mechanisms, and redox transformation in the natural
environment (Hamza et al., 2022).

A systematic screening of groundwater for arsenic
contamination started in Pakistan relatively late, in early
2000. The First screening was undertaken in the Attock and
Rawalpindi districts of Punjab jointly by UNICEF and
PCRWR. Covered approximately 60 % of the districts, and
the remaining area was still untouched. Detailed testing was
carried out only in eight out of 34 districts. Twelve districts
were still untouched. A detailed study was carried out in
2004-5 by UNICEF and PCRWR covering all the remaining

Table 1. Natural sources of arsenic and their concentrations.

burning also release arsenic in the environment. A major
source of anthropogenic arsenic mobilization is weathering
of mine waste rock and tailings (Wang et al., 2019).
3.1 Natural Sources

Arsenic is odorless and tasteless, and is naturally
occurring in rocks, water, air, and even plants and animals.
Its presence is very common in most geological
environments, e.g.  geothermal  springs, igneous,
metamorphic and sedimentary rocks, etc. Levels of arsenic in
the soil range from 0.1 to 40 ppm. Its crustal abundance is 1.8
ppm, ranging from 0.1 to several hundred ppm. Arsenic is
abundant throughout the earth’s crust and is leached into the
groundwater by erosion, dissolution, and weathering of
minerals and ores (Ardini et al., 2020).

Location Concentration
Crust 1.5ppm
Sea water 1.5 ppb
Fresh water
Normal 1-10 ppb
Polluted 10-1000 ppb
Soil
Normal 1-10 ppm
Contaminated Up to 200 ppm
Atmosphere Trace
Human body
Average 0.25 ppm
Hair 1 ppm

districts (Javed et al., 2021).

Samples collected from all districts of Punjab up to date
are 36,304. The samples having arsenic less than 10ug/L or
nil were 60.0% of the total samples. The samples in the range
of 10-50 pg/L were 31.0% of the total samples. The samples
greater than 50pg/L were 9.0% of the total samples. The
maximum arsenic 250-500pg/L was found in Bahawalpur,
Layyah, Multan, Muzaffar Garh, Okara and Sahiwal districts.

3. Sources of Arsenic Contamination

Due to global industrialization, war, and nuclear
processes, a large amount of toxic compounds have been
released into the biosphere. The heavy metals released
through the various industries as effluent, nuclear radiation
and releases of heavy metals by other processes in the
environment may contaminate the soil. The soil contaminants
were divided into two major classes, i.e. inorganic and
organic. Inorganic pollutants comprise heavy metals such as
arsenic, cadmium, mercury, and lead, while organic
contaminants include petroleum, hydrocarbons, phenolic
compounds, fertilizers, herbicides, and pesticides (Borah et
al., 2020). Arsenic can also be released into the environment
by brines that are used to produce natural oil and gas, as a by-
product of gold and lead mining and the combustion of coal.
Industry practices such as copper smelting, mining and coal
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3.2 Anthropogenic sources of arsenic

Increased level of arsenic (Mouratiadou et al.) is a threat
to mankind, affecting millions of people every year
worldwide (Genchi et al., 2022). The middle Gangetic plain,
including several districts of Bihar and West Bengal, seems
to be the worst-affected area, affecting around 40 million
people. In this region, total arsenic concentration is much
greater than the prescribed limit (0.01 mg/l) by the WHO.
Geochemical weathering of rocks, anthropogenic activities
and volcanic emissions are the primary causes of
groundwater arsenic (Mouratiadou et al.) contamination.
Geo-microbial ecotoxicology is gaining prime importance in
the field of environmental science and research (Joshi et al.,
2025).

Rapid industrialization and urbanization have resulted in
widespread contamination of soil with a host of heavy metals
and metalloids, such as chromium (Genchi et al.), arsenic
(Mouratiadou et al.), cadmium (Lapworth et al.), copper (Cui
et al.), mercury (Hg), lead (Pb), selenium (Mouratiadou et
al.), zinc (Zn), and nickel (Khalid et al.). There have been
over 10 million major contaminated sites worldwide, of
which more than 50% were contaminated with heavy metals
and/or metalloids (Meduni¢ et al., 2019).
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In the U.S., around 600,000 ha of land (especially at the
brownfield sites) have been found contaminated with heavy
metals, and the U.S. Environmental Protection Agency
(EPA) has designated more than 50,000 heavy metal-polluted
sites as the national priority sites, which require urgent
remediation actions (Ma et al., 2022).

In China, the average contents of Cd, Hg, As, Cu, Pb, Cr,
Zn, and Ni in soil have been found to have exceeded the
regulation levels by 7.0%, 1.6%, 2.7%, 2.1%, 1.5%, 1.1%,
0.9%, and 4.8%, respectively, according to the Ministry of
Environmental Protection and Ministry of Land and
Resources of China (Huang et al., 2019).

Arsenic still silently plays havoc in our daily lives by its
presence as component of pigments in many domestic
supplies including fancy and colored papers in magazines and
children's books, sheets for cardboard boxes, labels of all
kinds, advertising cards, wrappers for candies, confectionary
and sweetmeats, playing cards, lamp shades, artificial leaves
and flowers, artificial wreaths, wax ornaments for Christmas
trees and other purposes, children's toys, printed or woven
fabric intended for use as garment, curtains, furniture
coverings, painted India rubber dolls etc (GREENING).

4. Impacts of Arsenic on Humans and Animals, and
Plants

In India, about 40 lakhs of people in West Bengal alone
suffer from arsenic poisoning due to drinking water
contamination (Ghosh et al., 2015). The diagnosis of chronic
arsenicosis in West Bengal was first detected by K C Saha
(1999) from patients of Gangapur village of North 24
Paraganas. Most of the arsenicosis occurred from the intake
of groundwater. More than 2,00,000 people in 1206 rural
areas of 76 blocks of 9 districts of West Bengal have been
found to be affected with arsenicosis. Arsenicosis manifests
itself first through gastrointestinal symptoms, and the table
below shows the annual estimate of child deaths due to
gastrointestinal diseases and compares it to known cases of
arsenicosis.

Arsenic exposure is a consequence of natural or
anthropogenic sources. Ingestion, inhalation and skin
absorption are some of the crucial routes for arsenic entering
the human body. Both pentavalent and trivalent arsenic
compounds are rapidly and extensively absorbed from the
gastrointestinal tract. Moreover, sodium arsenate absorption
is higher and inorganic tetravalent arsenic is poorly absorbed.
However, arsenic disulfide and lead arsenate are some of the
arsenic compounds with the lowest rate of oral absorption (Yi
et al., 2020).

Distribution of arsenic in the body is fairly constant but
widely distributed in organs such as skin, lungs, liver and
kidneys (Balali-Mood et al., 2021). In the liver, the
metabolism of arsenic involves enzymatic and non-
enzymatic methylation. Inorganic arsenic is reduced from
pentoxide to trioxide via enzymatic or non-enzymatic
(glutathione)processes. About 70% Arsenic (both organic
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and inorganic types) is excreted through the renal system via
urine (Balali-Mood et al., 2021).

Exposure to arsenic has been linked to several diseases,
including arsenical dermatitis, arsenical neuropathy, and
cancer in different organs, liver diseases, cardiovascular,
pulmonary, gastrointestinal disorders and diabetes mellitus.
This has stimulated experimental and clinical research in
arsenic metabolism. Rapid progress in analytical chemistry,
genetics and proteomics is providing new research tools for
advancing and wunderstanding of arsenic exposure,
metabolism and biological effects (Ghosh et al.,, 2015).
Inorganic arsenic is a well-documented potent human
carcinogen, causing cancer in skin, lungs, urinary bladder,
kidney and, possibly, liver (Liu, 2025).

The skin system, along with its appendages such as hair
and nails, forms the Integumentary system. It is commonly
described as the largest storage of the body. Skin is
considered to be more susceptible and highlights initial
manifestations of arsenicosis (Liu, 2025). Skin abnormalities
hold the hallmark of chronic arsenic exposure in adults.
Moreover, men are likely to develop arsenic-induced skin
disorders compared to women (Martinez-Castillo et al.,
2021).

High arsenic exposure and cardiovascular diseases
(CVD), along with their concord risk factors (i.e.
atherosclerosis, hypertension, arrhythmia and diabetes), have
shown a strong association with each other, affecting in a
dose-dependent manner (Chain et al., 2024). Arsenic
exposure from either drinking water or occupational sources
may lead to respiratory complications over time. Arsenic
exposure from drinking water exhibited an association with a
high mortality rate in the Bangladeshi population (Tan et al.,
2010). On the other hand, correlation of arsenic exposure
related lung dysfunction and increased mortality rate due to
respiratory diseases has been overwhelming (Invally et al.,
2017).

Arsenic dust or fume inhalation during mining or milling
of ores often produces respiratory complications such as
chronic cough, laryngitis, bronchitis and rhinitis. Some of the
common clinical respiratory symptoms observed in a cohort
study include chronic cough, chest sounds, shortness of
breath, blood in sputum and other breathing problems
(Fadeev et al., 2024).

Arsenic exposure affects the hematopoietic system,
including bone marrow, spleen and erythrocytes. Highest
rates of arsenic accumulation were observed in the spleen,
with 2—3 fold higher accumulation compared to other organs
such as heart, liver and kidney. Due to arsenic accumulation,
epigenetic modifications were observed in the spleen via 5-
hydroxymethylcytosine, and it is considered to be a possible
explanation for the organ-specific arsenic-induced toxicity
(Pereira & Law, 2018).

Immediately after exposure, arsenic enters into systemic
circulation. The majority of the arsenic primarily binds to
hemoglobin and accumulates in the erythrocytes, inducing
hemolysis. Likewise, curtailing the longevity of erythrocytes
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leads to a reduced number of healthy erythrocytes and causes
the development of anemia. Anemia is one of the most
common symptoms in the arsenic-exposed population.
However, a significantly negative association was observed
between arsenic exposure during pregnancy and the
occurrence of anemia (Shi et al., 2022).

Arsenic is a well-known disruptor of the endocrine
system (Chatterjee et al., 2021), including thyroid, thyroid
hormone (Sun et al., 2016), pancreas (Lu et al., 2011), gonads

pesticide components. Commercial arsenic-containing
pesticides used in orchards, vineyards, and cotton dessicants
give arsenic a free passport into foods and beverages (like
wine), tobacco, etc. Accumulation of arsenic in surrounding
soils contaminates the soil and increases the risk of arsenic
uptake by plants and subsequently the herbivores. In the
wood industry, chromated copper arsenite (CCA), sodium
arsenate and zinc arsenate are used as wood preservatives
(Alietal., 2019).

Remediation

Strategies

Biological
Approaches

N
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Approaches

| | B |
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Figure 1. Remediation strategies for heavy metals

(Kim & Kim, 2015) and disrupts the hypothalamic-pituitary-
adrenal axis (Sun et al., 2016). Impaired thymic functions
were evident with prenatal exposure, possibly via arsenic-
induced oxidative stress and apoptosis (Ahmed et al., 2012).
However, information about the specific effects of arsenic on
the adrenal gland and pituitary gland is rather limited. The
thyroid plays a critical role in regulating metabolism in the
human body and is responsible for the production of tri-
iodothyronine (T3) and thyroxine (T4) hormones.
Interactions between arsenic and the thyroid are not well
established; however, a recent study reported a positive
relationship between occupational exposure to arsenic in
outdoor workers and its effects on thyroid hormones and the
thyroid gland. Exposure to low levels of arsenic through
groundwater (2—-22 g/L) was associated with hypothyroidism
among the population living in rural West Texas counties
(Egalini et al., 2022; Mihai, 2011).

High arsenic levels can also come from several arsenic-
based pesticides, fertilizers and animal feeding operations.
Methyl arsonic acid and dimethyl arsinic acid are used as
selective  herbicides, insecticides, fungicides, etc
(Tchounwou et al., 2023). To this day, lead arsenate,
copperacetoato arsenite, sodium arsenite, calcium arsenate
and organic arsenic compounds are still used in agriculture as
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Bioaccumulation of arsenic (Mouratiadou et al.) in staple
crops such as rice (Oryza sativa) grains is one of the serious
concerns in many Southeast Asian Countries, India, China,
and Bangladesh (Biswas et al., 2020; Hoang et al., 2021). Due
to the widespread use of As-contaminated groundwater for
irrigation of crop fields, As-accumulation increases in surface
soils and eventually into the plants and grains (Khalid et al.,
2022).

5. Different strategies are involved to remediate Arsenic
Contamination.

Remediation of heavy metals is necessary to protect the
environment from their toxic effects and conserve the
environment for future generations (Bhat et al., 2024).
Numerous physicochemical and biological techniques have
been adopted for the elimination of heavy metals, which is
regarded as a challenging job with respect to cost and
technical complexity (Rafique et al., 2022).

Physicochemical approaches

Physicochemical approaches include excavation,
landfill, thermal treatment, leaching and electro-reclamation.
These techniques are rapid but inadequate, costly, cause
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Table 2. Studies documenting the toxic effects of chronic arsenic exposure (adapted after Kapaj,2006).

System Effect References
Skin lesions, diffuse hyperpigmentation,
localized hyperpigmentation, prickly
Skin freckled ‘rain-drop ‘pattern- (He et al., 2025)
pigmentation, (Sun et al., 2019)
allergic contact dermatitis and
conjunctivitis.
Hepatomegaly, cirrhosis, altered heme
Hepatic metabolism, Non-cirrhotic portal (Bibha et al., 2024)
fibrosis and portal hypertension.
. Chronic bronchitis, bronchiectasis and (Garcia-Vargas & Cebrian,
Respiratory interstitial lung disease 2023)
(Ren et al., 2021)
Hematological Bone marrow depression (Galvez-F; (;geil;dez ctal,
Endocrine Diabetes, thyroid disease (Gal(légfpi)ﬁl}é?;it ;%)’25;) 19)
Polyneuropathy, encephalopathy,
Nervous peripheral neuropathy, sensory motor (Mochizuki, 2019)
neuropathy, cerebrovascular disease
Table 3. Arsenic content in rice, vegetables and fruits in arsenic affected area of West Bengal.

Crop Arsenic(mg/kg) Crop Arsenic (mg/kg)
Paddy (Grain) 0.10-0.89 Pointed Ground (Fruit) 1.20-3.65
Potato (Tuber) 0.05-1.05 Kachu (Tuber) 11.6-33.2
Wheat (Grain) 0.45-1.08 Cabbage (Head) 2.50-5.60
Mustard (seed) 1.37-1.60 Chili(Fruit) 1.05-3.80

Sesame(seed) 0.31-1.02 Banana (Fruit) 1.20-4.80
Brinjal (Fruit) 1.50-2.55 Papaya (Fruit) 1.80-5.60

Table 4. Comparative costs for different types of heavy metal soil remediation.

Type of remediation

Cost/cubic meter

Time required

Excavation and removal $100-$400 6-9 months
In situ fixation $90-$200 6-9 months
Phyto-extraction $15-840 18-60 months

adverse effects on soil physical, chemical and biological
properties, and cause secondary pollution (Rahidul Hassan,
2023). Physicochemical approaches only change the problem
from one form to another and do not completely remediate
the pollutants.

5.1 EX-Situ techniques
5.1.1 Excavation treatment

Excavation and physical removal of the soil is perhaps
the oldest remediation method for contaminated soil
(Rahman et al., 2023). It is still in use at many locations,
including residential areas contaminated with lead in
southwestern Missouri. Advantages of excavation include the
complete removal of the contaminants and the relatively
rapid cleanup of a contaminated site. Disadvantages include

Agriculture, Ecosystem and Economics

the fact that the contaminants are simply moved to a different
place, where they must be monitored; the risk of spreading
contaminated soil and dust particles during the removal and
transport of contaminated soil; and the relatively high cost.
Excavation can be the most expensive option when large
amounts of soil must be removed or disposal as hazardous or
toxic waste is required (Kanel et al., 2023; Rahidul Hassan,
2023).

5.1.2 Landfill treatment

Landfilling, or “dig and haul,” is the simplest soil
remediation technique through which the contaminated soil
is removed from its original site and transported to a secure
landfill for disposal. A secure landfill is an engineered
structure with impermeable liners, leachate drains, and dike
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enclosures (Aziz et al., 2023). The double liners (a plastic
layer and a clay layer) and the leachate collection and
monitoring system are integral components of the facility to
prevent potential leakage and groundwater contamination.
The top cap/liner system is to minimize rainfall infiltration
and keep surface runoff away from the fill. Design,
construction, and use of a secure landfill are subject to
governmental laws and regulations. Landfilling is a well-
established technique for cleaning up hazardous waste sites.
It was the most common waste disposal method used in the
U.S. before 1984. Depending on the distance between the
contaminated site and the secure landfill, the overall U.S. cost
of soil landfilling ranges from $300 ton—1 to $500 ton—1
(FRTR, 2012). To reduce the disposal cost, landfilling should
be considered only for soils excavated from the high-
contamination areas (‘“hotspots”).

5.1.3 Thermal treatment

Thermal treatment is a physical process based on the
volatility of contaminants. While the process is more suitable
for volatile organic compounds, it has been used for the
removal of volatile metals such as Hg (Devesa et al., 2008).
It is performed by heating contaminated soil via steam,
microwave, or infrared radiation without combustion or
melting of the media or contaminants. The volatilized metals
are then collected under negative pressure or with a carrier
gas (Yu et al., 2024). Compared to wverification or
incineration, thermal treatment is much less energy-intensive
and has the advantage that it can simultaneously remove
volatile compounds that are often co-present with metals/
metalloids. Inorganic mercury is usually present in soil in the
elemental state or as mercurial compounds such as HgS,
HgO, and HgCO3. Thermal treatment can convert the
mercurial compounds into the gaseous elemental mercury.
The main components of a thermal desorption system include
a pre-treatment and material handling unit, a desorption unit,
and a post-treatment unit for treatment of off-gas and
processed soil (Yu et al., 2024). The pre-treatment involves
physical screening to remove extraneous matter such as
plastic or rubber and dewatering to achieve a suitable
moisture content. A thermal desorption unit was employed to
remove Hg from the pre-treated media, which was operated
at temperatures from 320 to 700 °C. The high temperature
converts mercury into its gaseous form, which is then
collected and further treated. It is one of the few methods that
have been applied to the field for removing very high
concentrations of Hg (>260 mg/kg) in soil (Celebi et al.,
2021).

Temperature and treatment time are the main factors
determining the decontamination levels as well as the process
cost Temperature and treatment time are the main factors
determining the decontamination levels as well as the process
cost (Rahidul Hassan, 2023). Greater efficiency is achieved
at relatively higher temperatures, e.g. from 460 to 700°C
(Neisan et al., 2023) reported that heating soil to 550°C for 1
h was able to remove 99% of Hg. Moreover, thermal
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treatment at high temperatures may alter the soil properties
and cause the coexisting contaminants, especially trace
metals, to transform and repartition (Su et al., 2021) found
that thermal treatment at >550 °C reduced the mercury
content from 1320 to 6 mg/kg, and altered the binding forms
of Cr, Cu, and Ni from those associated with Fe/Mn oxides
into acid-extractable, organic-matter bound, and residual
forms, which are less mobile. High energy consumption has
been a major concern with this technology. To reduce energy
consumption, thermal treatment may be operated at a lower
temperature for a longer time. Operated thermal treatment at
100 °C for 10 days for remediation of a mercury-
contaminated soil, and was able to achieve 32% mercury
removal without negative effects on the growth properties of
the soil (Zhou et al., 2024).

The advantages of this method include easy and safe
implementation, mobility of treatment devices, effective
extraction and recovery of mercury, and in particular,
simultaneous removal or immobilization of co-contaminants.
The major shortcoming is the high energy consumption and
capital costs due to the high temperature requirement and the
specialized facilities required. Consequently, this technology
has been solely used for soil containing very high mercury,
as far as heavy metals are concerned. Thermal treatment
alters soil properties, which can affect certain functions of
soil. It can cause degradation of SOM and changes of soil
texture and mineralogy. Combustion of SOM leads to the loss
of C and N, altering the available nutrients and elements for
plants. Moreover, soil heating is detrimental to
microorganisms such as pathogens, bacteria, and fungi
(Babaniyi et al., 2024).

5.2 Biological approaches

Plants and microorganisms are used to remove toxic
contaminants from the environment; this is known as
biological remediation (Abdullahi et al., 2021). Biological
remediation is considered the most effective method of toxic
metal removal because it is a natural process,
environmentally friendly, has a low cost, and high public
acceptance. Biological remediation techniques include
bioremediation, phytoremediation, bioventing, bioleaching,
land farming, bioreactors, composting, bioaugmentation and
biostimulation. Among these approaches, bioremediation and
phytoremediation are the most useful techniques. These
methods have advantages over physicochemical methods
because they preserve natural soil properties and depend on
solar energy. Bioremediation is a biological technique used
for the remediation of heavy metals (Gayathiri et al., 2022).

5.2.1 Phytoremediation

Phytoremediation is an emerging green technology that
is used for the uptake of vast quantities of heavy metals from
soil and storage of these in a harvestable (removable)
component (Sharma et al., 2023). Plants typically cope with
contaminants by changing the properties of soil, which
conserves soil efficacy and fertility (Mudgal et al., 2023).
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After growing the hyper-accumulating plants on a
contaminated site, the biomass can be treated to recover the
contaminant. Phytoremediation could be a feasible option to
decontaminate heavy-metal polluted soils, particularly when
the biomass produced during the phytoremediation process
can be economically valorized in the form of bio-energy, e.g.,
biodiesel production. The use of metal accumulating bio-
energy crops (such as Brassica spp.) might be suitable for this
purpose. Certain plants are capable of accumulating
contaminants in their tissues (PP & Puthur, 2021), for
example, Eleocharis acicularis can accumulate As,Cu, Zn and
Pb (Wijekoon et al., 2025).

Phytoremediation the use of plants to remove or degrade
contamination from soils and surface waters, has been
proposed as a cheap, sustainable, -effective, and
environmentally  friendly  approach  alternative to
conventional remediation technologies (Puthur & Dhankher,
2022). Plants use solar energy (through photosynthesis) to
extract chemicals from the soil and to deposit them in the
above-ground part of their bodies, or to convert them to a less
toxic form. These plants can then be harvested and treated,
removing the pollutants (Puthur & Dhankher, 2022).

5.3 Microbial Remediation

Microorganisms are found almost everywhere in the
environment. They grow in and tolerate soil, air, water, and
desert conditions, as well as extreme temperatures. The soil
near plant roots (i.e., the rhizosphere) is an important habitat
and ecosystem for microorganisms, including bacteria, fungi,
algae, and protozoa. These microorganisms are naturally
associated with plants in various ways (William &
Magpantay, 2023). Microbial cells can generate and sense
signal molecules, which allows the entire population to

can also reduce the noxious effects of metals on plants. Some
of these rhizosphere microorganisms can work directly on
organic and inorganic pollutants using their own degradation
capabilities, for instance, volatilization, transformation and
rhizo degradation (Mbachu et al., 2020). The resistance
mechanisms of bacteria involve efflux, impermeability to
metals, volatilization, EPS sequestration, metal complexation
and enzymatic detoxification, which are released from cells,
e.g., Hg(Il) reduction to Hg (Patil et al., 2024). Moreover,
bacterial plasmids have resistance genes to many toxic/heavy
metals and metalloids, e.g., Ag+, Cd2+, Hg2+, Ni2+, Co2+,
Zn2+, Cu2+, and Sb3+ (Nnaji et al., 2024).

Microorganisms, especially PGP bacteria, can lessen a
number of limiting factors with respect to phytoremediation
technology, such as metal solubility, level of contamination,
and soil chemistry (Wang et al., 2022). The bacteria that
promote plant growth are known as PGP bacteria. These may
be free-living bacteria, in symbiotic associations, or
endophytic bacteria. Some important genera of PGP bacteria
include Serratia, Bacillus, Pseudomonas, Burkholderia,
Enterobacter, Erwinia, Klebsiella, Beijerinckia, Flavo,
bacterium and Gluconacetobacter (Gupta et al., 2024).

The PGP bacteria improve plant growth by atmospheric
nitrogen fixation (diazotrophs), phytohormone production,
specific enzymatic activity, and plant protection from
diseases by the production of antibiotics or other pathogen-
depressing substances such as siderophores and chelating
agents (Timofeeva et al., 2023). In addition, some PGP
bacteria have the ability to decrease the level of ethylene in
plants, which increases plant growth. This is attributed to
ACC deaminase, which hydrolyzes ACC, the biosynthetic
precursor for ethylene in plants, into ammonia and a
ketobutyrate (Mandal et al., 2021). Consequently, vigorous
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expand as a biofilm over the root surface and commence a
concerted action after a particular population density is
attained. This phenomenon is recognized as quorum sensing
(Mohsin et al., 2023). Microorganisms, which are highly
beneficial and play an important role in providing nutrients,

Agriculture, Ecosystem and Economics

(7) Soil washing

Soil particles

and healthier plants are better able to phytoremediate heavy
metals in metal-contaminated soils (Qin et al., 2024).

In addition to plant growth, PGP bacteria have the
ability to affect heavy metals' mobility and availability to the
plant through the release of chelating agents, acidification,
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phosphate solubilization, and redox changes (Ahemad,
2019). Moreover, these bacteria also discovered various
metal tolerance mechanisms, including exclusion,
biosorption, active removal, precipitation or bioaccumulation
both in external and intracellular spaces (Wang et al., 2022).
Bacterial resistance mechanisms also involve enzymatic
detoxification, e.g., Hg(Il) reduction to Hg As a
consequence of all these processes, insoluble metal
compounds and minerals transform into bioavailable and
soluble forms. For example, in a case, Solanum nigrum was
inoculated with the PGP bacteria, Pseudomonas sp. LK9,
which increased Cd uptake from 230 mg kg *! to 292 mg kg -
! in shoots and roots as compared with inoculated plants
(Singh & Kumar, 2020). They concluded that metal
accumulation increased due to the production of bio-
surfactants, siderophores and organic acids (Rastogi &
Kumar, 2020).

Electrokinetic Remediation

The electrokinetic process has been widely applied for
decontaminating soil in laboratory and field studies. To
achieve the desired process efficiency and system
performance, studies have reported enhancement schemes
via electrolyte conditioning with acid catholyte for heavy
metals (Sun et al., 2023) or alkaline anolyte for anionic
contaminants such as As (Yuan & Chiang, 2008). Several
studies have examined the electrokinetics enhanced by
chelating agents, such as ethylene diaminetetraacetic acid
(EDTA) which has most often been tested
(Wanitsawatwichai & Sampanpanish, 2021). As the major
transport mechanism for the charged compounds in the
electric field is electro migration, the anionic EDTA is mainly
added in the cathode compartment. Based on the results of
previous investigations, EDTA has good selective chelation
with Pb, Cu, and Zn and has occasionally achieved competent
removal efficiency (Jiang et al., 2023).

6. Conclusions

This comprehensive review of field-scale applications
over the past decade underscores that while a diverse toolkit
of physical, chemical, and biological technologies exists for
the remediation of heavy metal and metalloid-contaminated
soils, a significant disparity remains between laboratory
promise and field-scale efficacy. The technical feasibility and
economic effectiveness of each method are highly context-
dependent, varying with the specific contaminant spectrum,
soil characteristics, and site hydrology. Crucially, this
analysis reveals that field practices often prioritize rapid
contaminant concentration reduction or immobilization,
while overlooking the long-term environmental impacts of
the remediation process itself and the stability of the
treatment. The lack of systematic long-term monitoring data
at many completed sites poses a substantial risk of treatment
failure or unforeseen ecological consequences over time.
Therefore, establishing realistic remediation goals and robust
environmental criteria must extend beyond initial cleanup
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targets to encompass the long-term leachability,
bioavailability, and ecosystem recovery, ensuring that the
remedy does not become a future liability.

7. Future Studies Focus

To bridge the current knowledge gaps and advance the field

of soil remediation, future research and development should

be strategically directed toward the following critical areas:

1. Bridging the Lab-to-Field Gap: There is an urgent need
for more systematic, well-documented field pilots that
explicitly test the scalability of bench-scale results.
Research should focus on overcoming field-specific
challenges such as material deliverability in
heterogeneous soils, achieving uniform reactions at the
field scale, and managing the influence of fluctuating
environmental conditions (e.g., rainfall, temperature) on
treatment efficiency.

2. Long-Term Monitoring and Stability Assessment: A
paradigm shift is required to mandate and fund long-term
post-remediation monitoring programs. Future work
must systematically evaluate the longevity of
immobilization agents, the potential for remobilization
of metals due to biogeochemical changes (e.g., pH shifts,
organic matter decomposition), and the ecological
recovery of treated sites over decadal timescales.

3. Integrated and Hybrid Remediation Strategies: Given
the complexity of mixed contamination at most real-
world sites, future efforts should prioritize developing
and optimizing sequential or combined remediation
approaches. For instance, coupling gentle chemical
immobilization to reduce immediate toxicity with
subsequent phytostabilization or enhanced
phytoextraction could offer a more sustainable and
resilient solution than any single technology.

4. Environmental Impact and Life-Cycle Assessment
(LCA): A comprehensive evaluation of the secondary
environmental impacts of remediation technologies is
essential. Future studies must incorporate full Life-Cycle
Assessments to compare the energy consumption,
carbon footprint, and potential for groundwater pollution
or soil ecosystem disruption associated with different
remediation strategies, moving beyond a sole focus on
cleanup efficiency.

5. Development of Smart and Sustainable
Amendments: Research should focus on designing next-
generation, cost-effective amendments derived from
waste streams (e.g., biochar, modified industrial by-
products) that are highly efficient at sequestering
multiple metals simultaneously. Furthermore, exploring
"smart" amendments that respond to environmental
triggers to release stabilizing agents could provide long-
term, self-regulating containment.

By addressing these priorities, the scientific and
remediation communities can develop more reliable,
sustainable, and economically viable solutions to mitigate the
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global challenge of heavy metal and metalloid contamination
in soil.
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