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Abstract

Heavy metal contaminants are posing serious threats to the ecosystem and human beings. Such contami-
nants are produced by different human activities, including industry, farming, and mining. Treatment of
heavy metal contaminants must be implemented by regulatory bodies to preserve the environment. Due
to the stable form of metal contaminants, the solidification and stabilization treatment method is a proven
technique to decrease the harm and stability of these pollutants. Stabilization can be achieved chemically
using binders or mechanically by controlling the drainage conditions of contaminated land. Different
binders to stabilize heavy metals are proposed in the literature, including Portland cement, calcium oxide,
and fly ash. It is very important to classify stabilization binders based on their chemical class as organic or
inorganic. Such classification facilitates a better evaluation of the binder efficiency with different metal
contaminants. The current study provides an overall review of the different types of binders that can be
used to stabilize the soil.

Keywords: Stabilization; Solidification; Toxic metals; Stabilizing agent.

1. Introduction

Soil contamination caused by heavy metals is a recognized environmental issue globally. It is widely
accepted that farming, industrial, and mining practices are the primary anthropogenic contributors
to heavy metal contamination [1], [2]. Metal pollutants from various sources are believed to severely
harm the environment. Studies have proved that excessive heavy metal deposition in soils frequently
endangers public health, food security, and soil environment [3], [4]. Therefore, strong pollution
control regulations must be enforced to preserve the environment. For example, the heavy metal
contamination produced by different industries, factories, or other sources must be treated to specific
tolerance levels before disposal. In such cases, effective wastewater treatment for the efHuent released
from different industries, and factories is becoming increasingly important. That is because stains,
washing chemicals, and other poisons found in wastewater alter chemical and biotic activities, use
dissolved oxygen, destroy aquatic species, and jeopardize human health, clothing factory efHuents
are a major origin of water pollution. Another issue with treatment plants and industries is synthetic
sludge, which is not disposable. Furthermore, in another study, it was found that salinity and the
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presence of sodium can also limit the growth of vegetation [5]. Pollutants including pesticides,
plastics, and other fine sediments also contaminate the soil [6]. Solidification and stabilization (S/S)
treatment has been used for a long time as the last stage in the treatment process before contaminated
and chemically unsafe materials are disposed of. Solidification processes contain the waste in a solid
mass that has a high degree of structural stability. Solidification is not only a chemical process, but it
can be a physical process when the waste is mechanically bonded to the lithosphere. Furthermore, by
controlling the surface drainage and/or covering the surface with an impermeable cap, the flow of
contamination is decreased. Stabilization solutions entail changing pollutants from their least soluble,
mobile, or poisonous states to a more stable and less dangerous state. Sludge, contaminated soils with
dangerous metals and organic materials, boiler remains, and heavy garbage from incinerators are
all treated with S/S regularly [7]. Due to their straightforward operation, low cost, and attractive
qualities, S/S is a popular method [8].

Fly ash, fine particles generated from coal combustion, comprises silicates, unburned char (carbon)
as well as mineral forms like feldspar, quartz, hematite, ettringite, and Thomasite, and metal fragments
exist in considerable amounts [9]-[11]. For many years, fly ash has been the main ingredient in
soil stabilization and ground improvement [12]-[15]. Fly ash was eventually used less often and
disposed of in open spaces or, in some rare cases, landfills as it became evident how damaging fly ash
was over time. Based on the survey, almost 100 million tonnes of fly ash are fabricated every year,
and the disposal of this waste presents significant environmental challenges for developing countries
like India [16]. Different researchers used different kinds of materials to stabilize the soil including
organic, inorganic, and cement-based stabilizers.

The current manuscript revises different materials utilized as a binder in the S/S process. Further-
more, the ability of these binders to remediate contaminated soils, particularly those contaminated
with heavy metals, is investigated.

1.1 Stabilization and Solidification

Stabilization and solidification (S/S) are a soil remediation method that fixes contaminants in place by
chemical reactions or mechanical actions. Pollutants may be chemically bounded or anchored into a
matrix during the S/S procedure, which is also known as immobilization, fixation, or encapsulation.
According to the Environmental Protection Act, solidification and stabilization are processes that
attain the following [2].

1) Decrease the dissolvability of toxic elements.

2) Reduce the permeability of waste.

3) Stabilized very toxic chemicals like heavy metals and organic contaminants.

Some organic and inorganic binders may affect the soil’s properties and limit the growth of plants
and other species. In this work, a detailed model is proposed to provide comprehensive information
regarding the use of an appropriate binder that leads to soil decontamination without compromising
soil qualities as shown in Figure 1. During a feasibility study to remediate contaminated land, the
selection of a remedial method depends on the land’s characteristics. If the S/S method is opted for, it
is crucial to evaluate the effect of the binder on the soil properties. The binder should not negatively
alter soil properties; otherwise, an alternative binder must be chosen.

2. Procedures of Solidification and Stabilization Method

Even without extra additives, cement-based solidification and stabilization technology is successful
in deactivating toxic metals [17]. For example, researchers stabilized lead (Pb) contaminated soil
with Ordinary Portland Cement (OPC) and examined the leachability of lead. They found that at a
high acidity environment, i.e., a pH of 2.0, a greater amount of Pb has leached [3]. The investigators
showed that OPC has a prolonged capacity for stabilizing polluted soils. They conducted a Toxicity
Characteristic Leaching Procedure (TCLP) test on 17-year-old stabilized soils. Copper, nickel,
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Figure 1: A detailed illustration for selecting an appropriate binder for the solidiﬁcation/stabilization process.

zinc, lead, and cadmium levels in the leachate met the portable water safety levels [4]. Researchers
employed OPC to treat soil polluted with lead, zinc, copper, iron, and manganese. They claimed
that samples treated with OPC leached a small amount of lead at a pH of 12 [18]. Furthermore, the
concentrations of other metals such as zinc, copper, iron, and manganese in the leachate are lower in
an alkaline environment, showing the importance of pH in metal leaching properties. Comparable
findings were outlined [19]. Moreover, investigators used calcium aluminate cement (CAC) and
pozzolanic cement (PC) as S/S binders [20]. The results showed that soil leachability of cadmium,
lead, zinc, copper, nickel, and arsenic in mineralized water is significantly reduced beneath the
quantification standard. Similarly, another researcher reported that utilizing calcium aluminate
cement in S/S treatment for soil samples results in increased application of mechanical strength of
up to 7.65 N/mm? [7]. They also claim that combining solidification stabilization with calcium
aluminate cement lowers the leachability of cadmium, lead, zinc, copper, nickel, and arsenic. Some
researchers observed the absorbent capabilities of calcium aluminate cement for poisonous metals and
discovered that total absorption of lead, zinc, and copper could be found at up to 3% by weight [8].
However, some investigators focused on replacing the cement component with alternative additives
such as pulverized fuel ash, calcium oxide, and pozzolan minerals. Researchers used OPC, fly ash, and
calcium oxide and examined lead leachability in the solidification and stabilization technique, and
found that specimens containing 10% calcium oxide showed a significant lead concentration depletion
of 43 mg/L compared to samples containing 10% OPC alone, which had a value of 699 mg/L at 28
curing days [21]. Furthermore, the researcher examined the results with different combinations of
lime and fly ash and discovered that after 28 days of curing the reduction in lead intensity was best at
8 mg/L. The treatment of polluted soil using various binders is shown in Table 1.
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Table 1: Relationship between climatic and hydrological parameters.

Heavy Metal

Binding materials Observation Country Reference
contaminants
According to TCLP, Pb’s final
. pH is categorized as acidic, .
Ordinary Portland . United States
neutral, or alkaline. It was
Cement (OPC), CaO Lead of [21]
observed that the lead was .
and fly ash ) . America
percolated out in a mean aggregation
of 4.8 mg/l.
. All metals examined have diffusion
Lead, zinc, ficient ter than 115
coefficients greater than 11.5, .
OPC coppetr, iron, o & ) India [18]
specifying low potency in the
manganese .
cement casting.
The leaching test results showed United States
Cao, Fly ash Lead that the S/S method was of [22]
successful in deactivating Pb. America
The results show that using
. OPC in conjunction with rice
Rice husk ash . .
Lead husk ash to rectify lead levels Malaysia [0l
and OPC . .
in the S/S technique showed
better results than OPC alone.
Cd, Pb, Zn, and Ni concentrations
. were generally reduced by toxicity
Cadmium, lead, haracteristics leachi d
characteristics leaching procedure, :
OPC coppetr, nickel, . &P . Slovenia [19]
. whereas arsenic concentrations
arsenic .
stayed unchanged while Cu
concentrations increased.
. With the utilization of OPC and
Cadmium, lead, - .
OPC, CAC) and . CAC, the leachability of soil was .
. zinc, copper, . Slovenia [20]
pozzolanic cement . . reduced, and the mechanical strength
nickel, arsenic .
was increased up to 12 N/mm2
The compressive strength was
Rice husk ash Chromium improved, and the maximum strength india (10]
and OPC was obtained with mixed samples
of 20% rice husk ash.
Cement-based S/S had an unconfined
. . compressive strength ranging from
Chromium, iron,
OPC, Bottom . 0.55 to 16.12 MPa -ultimate stress of
nickel, copper, . Greece [23]
ash, fly ash ) ) concrete (UCS) declined as cement
cadmium, barium
content decreased - S/S UCS reduced
with partial addition of fly ash and bottom ash.
. CAC enhanced the mechanical strength
CAC, and Zinc, copper, .
. ] of S/S soil to 7.65 N/mm2 - TCLP results .
sulphate-resistant lead, arsenic, Slovenia [71

Portland cement (SRC)

cadmium, nickel

reveal that S/S with CAC reduced leachability

more than SRC.




Knowledge-based Engineering and Sciences 21

Heavy Metal

Binding materials Observation Country  Reference

contaminants

Calcium elite cement demonstrated

good sorbent capabilities for hazardous

Calcium alite cement  Lead, zinc, copper Spain [8]

metals, with metals entirely retained when
applied at less than 3% (w/w) by cement.
At the pH of 2.0, the acidic leachate
OPC Lead influenced the soil’s leaching behavior China (3]
in a semi-dynamic leaching test.
Lead was leached from 109, 83,
OPC Lead and 71 mg to 37, 30, and 25 mg in China [11]
a semi-dynamic leaching test, respectively.
The results demonstrate that S/S treatment
Copper, nickel, zinc met the TCLP standard level after 17
OPC 777 years of stabilization, with Ni being the UK (4]
lead cadmium . .
most stable, with around 40% remaining
in the soil.

o According to the results, the additions
Fly ash, sepiolite,

lime, diatomite, OPC,  Lead
montmorillonite

with the cement to fly ash ratio: quicklime China [12]

is the most effective. A lead pollution level

of 10,000 mg/kg may be successfully rectified.

2.1 Various Applications of S/S Methods [2].

The S/S approach can be used in situ as well as ex-situ. In situ, treatment entails injecting s/s indicators
into the earth utilizing soil-mixing appliances or force injection. Ex situ processes are those that are
implemented to excavate the soil and treat it either on-site or off-site.

1) The S/S treatment approach can be utilized on a variation of materials involving soils, mud,
and residues.

2) Metals, radioactive, other synthetic chemicals, and vaporous or non-vaporous organic compo-
nents can be stabilized using the S/S method.

3) The S/S technique can encapsulate organic and inorganic pollutants in a network and impend-
ing their potency.

3. Utilisation of Inorganic Materials for Heavy Metal Stabilization and Solidification

Because of their remarkable ability to store heavy metals through varied methods, several inorganic
elements, such as mud, lime (CaO) materials, phosphate (PO3), oxides of metals, iron/aluminum
content, and waste from industry, are globally consumed as coherent stabilizing factors in the soil
restoration. Recent case studies, as indicated in Table 2, explored the impact of several inorganic
stabilizers on heavy metals in damaged soils.

3.1 Clay mineral binder

Clay minerals have long been recognized as intrinsic hunters of hazardous heavy metal contaminants
in the soil [14]. Clay minerals such as bentonite are used widely due to their lower cost and high
performance. Researchers found that as a waste—struvite/diatomite compound’s functional rates and
soil development time rose, the hydrochloric acid extractable lead content declined considerably
[16]. Another researcher used physisorption, complexation, and electrostatic contact in stabilization
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mechanisms. Tetramethylammonium (TMA) and dodecyl trimethylammonium (DTMA) amended
bentonites [26].

These modified bentonites exhibit lower stability efliciencies for heavy metals like cadmium,
zinc, and copper. Furthermore, some researchers modified the bentonite with struvite-supported
palygorskite (S-PAL) and found it effective for copper, lead, and cadmium retention in polluted
soil [27]. That is because phosphate groups may react directly with these metals to generate metal-
phosphate precipitates. According to a group researcher rising hexadecyltrimethylammonium
(HDTMA) filling-up concentrations resulted in a notable rise in zeta potential and an apparent
improvement in the stabilization of chromium function, also the montmorillonite was modified with
HDTMA for the adsorption of hydrogen chromate [30].

3.2 Utilization of CaO for S/S

For the stabilization of harmful metals in polluted soil, different types of calcium oxide were im-
plemented. Lime is considered the most ancient and commonly used metal stabilizer. Different
researchers found that the experimental implication of lime to the soil not only raises the pH but
also reduces the solubility of metals present in the soil [31], [32]. Several environmentally friendly
lime-based stabilizer minerals have been generated in recent years to improve metal stabilization
efficiency, with additional public, financial, and environmental benefits [33], [34]. For example, in a
recent study arsenate-bearing gypsum was successfully proven as a safe stabilizer for contaminated
soil and provided sufficient calcium to the soil and vegetation [35]. Research group did a similar
investigation and they discovered, during a 754-day development period, a novel metal sorbent called
FIXALL. It is mostly made of ferrihydrite and gypsum which could consistently lower arsenate and
lead levels that are water soluble in polluted soil [36].

3.3 Phosphate (PO3) compounds are consumed as stabilizers.

Phosphate (PO3) compounds have lately been demonstrated to be well-organized stabilizing material
for metal-contaminated soils [30], [37]-[39]. Natural phosphate rock, calcium dihydrogen phosphate,
superphosphate, and hydroxyapatite are the most prevalent phosphate minerals [40]-[42]. Some
researchers checked the suitability of phosphate-based stabilizers in treating lead-bearing soils
collected from different sources, i.e., Schlepp Farm and Black Rock Slough near Rose Lake, Idaho
[41]. They found that the concentration of lead was reduced to 3-10 mg/kg and 52-200 mg/kg,
respectively. Researchers checked the lead stabilization in the polluted soil by comparing two
stabilizing agents: rock phosphate (RP) and phosphate solubilizing bacteria (PSB) [43]. At 800
mg/kg dosage of RP, the stabilization rate of RP and PSB was found to be 13.7% and 26.4%,
respectively. Some researchers investigated the mechanochemical stabilisation of mono-chemical
phosphate for lead in polluted soils using mechanochemical ball milling trials, and the outcome
showed that the concentration of lead in the soil was 4.36 mg/L under maximum conditions, whereas
54.96% of lead was present in the residual fraction [44]. Due to the higher amounts of lead stabilizing
agents, the chances of eutrophication increases by dumping an excessive amount of P into the water

bodies [45].

3.4 Metal oxides as a stabilizer

Decontamination of soil using diverse types of metal oxides as a stabilizing agent is widely practiced
because of their higher absorption capability. However, most metal oxides may degrade the environ-
ment [46],[47]. For example, research decontaminated the arsenate-polluted soil by employing an
efficient stabilizing agent, i.e., amorphous manganese oxide (AMO), and found that it has a maximum
adsorption capacity of 1.79 mmol/g at pH equal to 7 and 8 [48]. However, some researchers reported
that a nanoscale carbon black (CB) was modified with magnesium oxide (MgO) coated corncob
biochar and found that it reduced the toxicity characteristics of leaching procedure (TCLP) leached
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Table 2: Stabilization ofheauy metals in soil using clay minerals.
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Type of Type of

clay mineral experiment

Type of soil

Type of
mineral

Heavy metal
immobilization

efficiency

References

Sepiolite .
Experiment

Sep) init
(Sep)inits in the field

natural state

Bentonite (Bn) Incubation

in soil

TMA-Ben and
DTMA-Ben

organo-bentonites

Incubation
in soil

Palygorskite (Pal)
and struvite (S-Pal)
were used to support

Incubation
in soil

palygorskite.

Modified attapulgite
(ATTP) (ZVI-Attp)

and Clay containing

Experiment
with a pot
zero-valent iron (ZVI)

Rice soil

Atype of
agricultural
soil

Soil that has
been tainted
artificially

Soil that has
been tainted
artificially

Soil from
the suburbs

Cadmium

Cadmium

Chromium, zinc,
coppetr, arsenic,
cadmium

and magnesium

Cadmium, lead,
and copper

Chromium,
cadmium,

and lead

The effluent fractions rose
even though the cadmium [24]
fraction fell in sepiolite-

amended soil.

CO3 fraction of cadmium

increased because of the [25]
addition of bentonite.

Because of the involvement

of bentonite-DTMA and
bentonite-TMA leachability ~ [26]
of heavy metals

was improved.

1)For 10% of S-Pal Copper
(0.77 mg/kg), lead (0.24 kg),
and cadmium (0.24 kg), and
10% of PAL copper
(1.45mg/kg), lead (0.32kg)
and cadmium (2.06 mg/kg)
were reduced by calcium [27]
chloride extractable
concentrations in

amended soils.

2)With the increase in S-Pal

and Pal from 1% to 10%,

the acid solubility of these

metals reduced.

1)The ZVI-Attp therapy
outperformed the nFe0

and ATTP treatments in

terms of Cd, Cr, and Pb
immobilization.With the (28]
increase in fractions of

ZVI, Attp, and ZVI-Attp,

the TCLP extractable

amounts of these examined
metals were reduced.
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Type of Type of Heavy metal

Type of soil Type of mineral References
clay mineral experiment immobilization efficiency
HA-Mont at 5% dosage
o reduced TCLP leached
Montmorillonite .
o . . cadmium and mercury
based humicacid  Experimentsin Atype of . .
. . Cadmium concentrations by 94.1%,
(HA-Mont) and batch adsorption  agricultural [29]
o . ] and mercury 93.0%, and 69.5%, 65.9%,
montmorillonite and leaching soil .
respectively, when
(Mont)
compared to no and
Mont-treated soils.
Cadmium leachability
decreased significantly
TMA-Mont and . . . in HDTMA-Mont and
Experiments with ~ Soil that has . .
HDTMA-Mont . o . Chromium TMA-Mont treated soils
immobilization been tainted . . N (30]
organo- . . and cadmium chromium leachability
L and leaching artificially o
montmorillonites maintained 17.3% for

the control using the
new TCLP method.

lead concentration in the soil from 10.63 to 5.24 mg/L [49]. Furthermore, research employed an
electrochemical method to deactivate amorphous Fe-oxide from wastewater can stabilize arsenate-
based polluted soil [50]. After implementing column studies, it was found that the concentration of
arsenic in the leachate was much lower than in the control sample.

3.5 Utilisation of silicon-based content as stabilizers

Different silicate-based wastes such as steel slag, tailings, and blast furnaces are effective soil stabilizers
[51]-[53]. Through co-precipitating interactions between silicate ions and heavy metals, silicon
content is not only reducing heavy metal bioavailability but offering nutrients for crop growth [51],
[54]. Some researchers used the steel slag-based silicon stabilizer and found that the exchangeable
amount of cadmium in crop soil was reduced [55]. Research outcomes discovered that due to the
modification of magnesium silicate (MS-C), there was a reduction in the pH That is because of the
reaction of the MS-C with heavy metals [52].

3.6 Industrial waste as a stabilizer

Industrial waste proved as an efficient stabilizer for contaminated soils [56], [57]. Moreover, the
utilization industrial waste in stabilization is a sustainable approach to reducing waste mass and
treating contaminated lands. Researchers worked on the treatment of chromium base contaminated
soil by using fly ash as a stabilizer and found that the leached chromium concentration decreased by
increasing the fly ash content [58]. In another study, combined steel slag, vinegar, and weathered
coal for the treatment of lead in polluted soil [59]. They found that with the increase in the amount of
the mentioned combination, the extractable lead concentration decreased. Furthermore, researchers
discovered that basic oxygen furnace (BOF) slag treatment enhanced metal stabilization of the
polluted soil at low pH [60]. Furthermore, silicon-iron modified from copper tailings was efficient
in reducing the heavy metals from the polluted soil [61].
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4. Utilization of Organic Material for the Stabilization and Solidification of Heavy Metals.
Various organic content such as sludge, biochar, and other organic waste can enhance the soil
properties and reduce the toxicity in the contaminated soil [62], [63].

4.1 Biochar

Biochar is an organic material that has high porosity and is originally composed of biomass products
[64]. Animal dung, farmland residues, bamboo, cultivation residues, and bio composites are the
most common types of biomass [65]. Biochar is mainly preferred because of its effective physical
properties due to which it is considered an efficient stabilizer to decontaminate polluted soils [66]-[68].
Furthermore, biochar also can improve the physical, chemical, and biological properties of the soil
[69], [70]. For example, researchers used the ammonia functionalized hydro char (NH2-HCS)
modified from the pinewood sawdust for the treatment of heavy metals (i.e., copper, lead, and
cadmium) in the contaminated soil [71]. They found that at 5% of NH2-HCS, the concentration
of copper, lead, and cadmium was reduced to 63.8, 24.7 and 22.6% respectively, and noted that
the application of NH2-HC in soil remediation is effective [72], [73]. Furthermore, the alkalinity,
composition, microporous structure, surface area, and surface functional groups of biochar all have
a significant impact on its metal stabilisation efficacy. Biochar has recently been employed as a
transporter for degrading bacteria in soil stabilisation remediation research [74].

4.2 Utilization of sewage/sludge, composite and arsenate-based stabilizer.

Researchers have found that the waste from municipal sewage, and other bio composite can be
effectively used as a stabilizer for the decontamination of soil [75]. Another group of researchers
used the agriculture composite and conducted a pot experiment for the treatment of cadmium in the
soil [76]. Researchers used different stabilizers including cow dung, sewage sludge from urban areas,
vermicompost, and the sludge-derived biochar, and conducted the experiment and found after two
months, because of the addition of a natural stabilizing agent, leachability was significantly decreased
[77]. Investigators used the composite made from the eggshell and concluded that leachability
decreased by more than 95% for lead and zinc and it was observed with the increase in pH the
mobility was reduced [78].

4.3 Polymer-based compounds are used as stabilizers.

Polymer-based materials have attracted widespread attention as a novel form of stabilizing mate-
rial with numerous advantages such as water solubility, low cost, and high strength [79]. Some
researchers used three different polymer-based stabilizers, namely carboxymethyl cellulose, lignin,
and sodium alginate, for the decontamination of soil close to zinc and lead mines for the reduction
of leaching concentration of cadmium and lead in the decontaminated soil by 4.25-49.6% and
5.46-71%, respectively [80]. These results came from the efficient chelation actions of copious
oxygen-containing groups. In a recent work, discovered that basic lignin may be used to effectively
stabilize the cadmium and lead by increasing phosphorus in the soil and increasing the unconfined
compressive strength [81].

5. Evaluating the Efficacy of Heavy Metal Stabilization in Polluted Soil

Following the remediation process, a specific site evaluation incorporating site monitoring must
be evaluated. The goal is to assess the treatment methods and to determine the success of the
cleanup. The assessment of heavy metal stabilization effects focuses primarily on four perspectives:
soil transformation characteristics, physical testing, chemical extraction, and environmental toxicity
as shown in Figure 2. Furthermore, the mentioned evaluation process is being used widely, where
only one method was typically used. This may pose difhiculty to the decision-makers in finding the
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best methodologies to assess metal immobilization efficacy based on different remedial scenarios.
However, it is necessary to understand the advantages and disadvantages of different methods used
for the decontamination of soil.

5.1 Changes in Soil Properties

Soil properties such as the texture of the soil, cation exchange capacity, and anion exchange capacity
are affected by decontaminating the heavy metals present in the soil [82], [83]. The pH of the soil is
an important factor in controlling heavy metals absorption and accumulation by plants [84]. For
instance, researchers used the triple super phosphate (TSP) for the decontamination of heavy metals
in the soil and found that because TSP lowered soil pH, it increased the exchangeable and bound to
carbonate fractions of zinc and nickel [85]. Some researchers found that due to the increase in pH
in the soil, mobility of cadmium in the soil was decreased. Soil enzyme activity may be used as a
biomarker of soil biological properties to evaluate soil remediation impacts due to their critical roles
in nutrient mineralization and fertility management in soils [86], [87]. The microbial species present
in soil are enough to decompose the organic matter present in the soil [31], [88], [89]. The influence
of various stabilisers on the different properties of soil is illustrated in Table 3.

5.2 Physical Method

To assess the soluble quantities of heavy metals at the water-soil interface that did not change chemical
forms during the collecting period, soil pore water speciation analysis was used [37]. Some researchers
compared the untreated soil with the treated after giving treatment by using various stabilizers such
as residue of marble and composite. They found a significant reduction in the concentration of heavy
metals in the contaminated soil [98].

5.3 Chemical Method

In many countries, according to the requirements of the environment, focus on heavy metal concen-
tration. To avoid overestimating the bio-availability of heavy metal concentration must be more
than the overall content. Various chemical techniques such as toxicity leaching have been employed
in most environmental programs [99].

5.4 Bioassays for Environmental Toxicity

The examination of stabilization therapy effects includes changes in the risk of ecotoxicity as well
as other possible concerns. Very little data can be found about heavy metal bioavailability by using
the chemical extraction method [100]. Some researchers found that the arsenate fractions were
decreased after employing the iron-based sorbent but arsenate toxicity was increased [101]. To
strengthen cleanup decisions, chemical information should be supplemented with ecotoxicological
testing [25], [102]. Ecotoxicological experiments utilizing wild organisms have been established to
acquire ecological indicators for soil remediation assessment [103].

6. Limitations of solidification and stabilization

The most important drawback of the S/S method is that it alters both the physical as well as chemical
properties of the soil. From the literature, it was found that the different stabilizers that are used for
the decontamination of soil are unable to permanently eliminate or destroy contaminants for the long
term. S/S effectiveness in certain contaminants especially some organic compounds, which include
volatile organic, may necessitate taking extra precautions during testing and design. Furthermore,
for the decontamination of heavy metals such as chromium (VI), the cement-based stabilizer does
not show high efficiency. Because of mixing and adding material in the S/S method, the volume of
soil usually increases which requires to be managed.
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Table 3: Variation in the soil’s various properties.
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Type of Kind of soil Soil Property Outcome References
stabilizer
. By using sewage
Sludge from Soil from the
Structure from the sludge the [90]
sewage repossessed area . o
stability of soil improved.
Ca0, and slag steel amine
Soil was Electrical acids treatments decreased
Cao, steel = . L
L damaged by Conductivity electrical conductivity in (88]
slag, acid mine . . .
amine. of Soil subsurface soil by 20.24%,
58.21%, and 50%, respectively.
10% and 20% biochar
Biochar Paddy soil Capacity for increased cation exchange [01]
cation exchange  capacity by 13.6% and
22.4%, respectively.
No significant change
A tical o . t in the organic matter
. ractica rganic matter
Mud composite P ) & ) composition of the [92]
location concentration .
sludge amendment during
the trial.
) When compared to the
Biochar made . . .
. Agriculture Organic matter control, organic matter
from rice hulls s i ) ) (93]
. soil concentration content increased as organic
and vermicompost .
amendment rates increased.
Oxidation/reduction
potential fell gradually
. in all potassium dihydrogen
Potassium Soil red treatment treated soil
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6.1 Future scope

The stabilization method is simple and cost-effective and considered one of the most sustainable
methods. The stabilizers modified with some agriculture-based products (e.g. biochar) can be
implemented to stabilize heavy metals. For low-plasticity soils, cement and cementitious blends
have shown superior cost-to-strength, energy-to-strength, and CO2 emission-to-strength ratios;
however, lime-blended stabilisers appeared to be successful for high-plasticity soils.

7. Conclusion

In summary, the versatile applications of the S/S method extend to both in situ and ex-situ treatments.
The effectiveness of S/S is evident across various barriers, encompassing soils, mud, and residues, with
a primary focus on addressing heavy metals, radioactive elements, synthetic chemicals, and organic
components. The S/S technique, encapsulating pollutants in a network, proves successful in mitigating
the mobility of both organic and inorganic pollutants. Investigating the use of inorganic materials for
heavy metal stabilization, the paper delves into the efficacy of clay minerals, lime materials, phosphates,
metal oxides, iron/aluminum materials, and industrial wastes as stabilizing agents. Each material
is examined for its distinct mechanisms, including cation exchange, physisorption, precipitation,
complexation, and electrostatic interaction.

Furthermore, the comprehensive exploration of organic materials, including biochar, compost,
sewage sludge, and natural wastes, showcases their potential in not only improving soil physic-
ochemical and biological qualities but also in reducing metal bioavailability and toxicity. The
porous structure, alkaline characteristics, and active functional groups of biochar contribute to its
cost-effectiveness as a carbonic material for soil remediation. These attributes influence various soil
properties and microbial activities. The assessment of the efficacy of heavy metal stabilization in
polluted soils is crucial, requiring a multifaceted approach. The evaluations incorporate changes
in soil properties, physical testing, chemical extraction, and environmental toxicity assessments.
The vital indicators such as soil pH, enzyme activity, and microbial species reveal how stabilization
treatments affect the ecological stress and health of the soil.

In conclusion, the journey through various stabilization methods and materials highlights the
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complexity and interconnectedness of the remediation process. The need for a holistic evaluation
approach becomes apparent while considering the soil transformation characteristics, physical meth-
ods, chemical analyses, and bioassays. As the scientific community strives to better understand the
benefits and limitations of these assessment methodologies, this research contributes to the ongoing
dialogue on effective heavy metal stabilization in contaminated soils.
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