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ABSTRACT: Soil pollution caused by heavy metals from anthropogenic activities poses a 

significant environmental and health threat globally. Traditional remediation methods like 

solidification/stabilization have limitations, prompting the need for alternative techniques. Soil 

washing emerges as a promising approach, employing physical and chemical methods to 

effectively remove contaminants. This paper explores soil washing methods, focusing on sites 

contaminated with heavy metals such as zinc, lead, nickel, mercury, arsenic, copper, chromium, 

and cadmium, particularly influenced by military and industrial activities. Several techniques, 

including physical separation and chemical extraction, are discussed, which consider a few 

factors such as magnetism, density, size, and hydrophobicity to concentrate metal contaminants 

and solubilize soils. Physical separation targets particulate contaminants, while chemical 

extraction addresses non-detrital metals or soils with adsorbed ionic forms. The study also 

analyses field applications of soil washing systems and the implementation of remediation 

techniques. It emphasizes the need for innovative soil remediation strategies to mitigate the 

adverse effects of heavy metal contamination on soil quality and human health.  

KEYWORDS: Soil washing; heavy metals; remediation; physical separation; chemical 

extraction  

 

1. Introduction 

In most countries, pollution of heavy metals in soil has been a serious concern. Over the years, 

anthropogenic activities such as mining, smelting, and wastewater drainage have caused 

contamination of soils [1]. Heavy metals like zinc (Zn), Lead (Pb), and cadmium (Cd) have 

low degradability and are persistent in soil [2]. Furthermore, the presence of cadmium and lead 

can significantly aggravate the quality of the soil or environment as well as pose threats to 

human health whereas extravagant zinc dosages are toxic to plants [3]. Hence, remediation 

techniques are needed to control soil contamination by heavy metals.  

Traditional remediation techniques for heavy metal contaminated soils involve the 

removal of polluted soils, accompanied by immobilizing the contaminants with 

solidification/stabilization (S/S) technology before disposing of treated materials on-site or 

authorized landfill [4]. However, S/S remedial technology is no longer deemed a viable 

response to persistent environmental solutions due to several reasons. Heavy metals are not 

effectively separated from polluted media and require subsequent on-site heavy metals 

monitoring. The durability of the solidified/stabilized materials is uncertain. Lastly, long-term 
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landfill management of S/S materials requires soil caps to suppress soil erosion issues. 

Therefore, research for soil remediation technologies to treat heavy metal contaminated soils 

is much needed. Soil washing is one of the long-term remediation techniques to remove heavy 

metals from contaminated soils using either physical or chemical methods.  

 In this paper, soil washing methods will be discussed based on sites contaminated with 

zinc, lead, nickel, mercury, arsenic, copper, chromium, and cadmium. The topic mainly focuses 

on soil matric remediation that is heavily influenced by military and industrial activities such 

as the shooting range site and recycling site. There is no discussion of soil washing methods 

relating to radioactive metals or organic contaminants. Methods such as physical separation by 

mineral procedure technology, dissolving or leaching chemical extraction, and a combination 

of chemical extraction and physical separation are discussed. Analysis of metal-contaminated 

soil treatment involving the field applications of soil washing systems will be discussed as well 

as the implementation of soil washing remediation techniques to the metal-contaminated soil 

treatments.  

Soil washing is a technique used to remove metal contaminants from soil using physical 

and/or chemical processes knowingly physical separation and chemical extraction. By 

exploiting variations in specific physical characteristics between metal-bearing particles and 

soil particles, physical separation concentrates metal contaminants into smaller soil volumes. 

Magnetism, density, size, and hydrophobic surface properties are considered in the specific 

physical characteristics during the physical separation process. Chemical extraction is a 

technique attempting to solubilize soils with metal contaminants using an aqueous extraction 

fluid containing chemical reagents such as chelating agents or acids [5].  

Currently, physical separation is viewed mainly as a process of particle separation, 

whereas chemical extraction can be regarded as a process of metal desorption/solubilization. 

Physical separation generally applies especially as the metal contaminants are in the form of 

particulates whereas chemical extraction is suitable mainly for non-detrital metals or soil with 

adsorbed ionic forms. 

2. Physical Separation Methods 

For physical separation, the general approach to remove the desired metal-bearing particles is 

to use techniques commonly used in mineral and mining processing industries from mineral 

ores. Mineral processing methods have a simple implementation, low-cost operation, and are 

well established with the process and equipment required [6]. Mineral extraction techniques 

are investigated in general to separate metal pollutants from soils [7]. Major technology classes 

are summarized according to the standards of separation used. Operation units such as froth 

flotation, magnetic separation, and others are discussed in the physical separation methods with 

three aspects to focus on. The first aspect is the applicability of engineering for physical 

separation by sources of metal contamination and soil matrix characteristics. Followed by the 

technological class reviewing and physical separation integrated processes. 

2.1. Physical separation applicability and limitations. 

Techniques of physical separation apply primarily to metal-bearing particles or discrete 

particles in the forms of particulate for metals. Physical separation is typically not suitable for 

the treatment of sobbed metal forms, although attrition scrubbing can greatly improve metal 

desorption during chemical leaching. To speculate the applicability of physical particle 
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separation methods, understanding the degree of liberation of the mineralogical phase 

involving heavy metals is crucial [8]. The degree of liberation is dependent on the 

mineralogical characteristics of particles of metal contaminant such as the morphology, shape, 

and mineralogical association. Degree of liberation refers to the releasing of the metal phase 

relative to the different associations with the soil particles or carrying phase. The metal phase 

refers to the mineral shape of the metal whereas the carrying phase refers to other mineral 

phases which can be associated with the metal phase. Table 1 below illustrates the variety of 

potential metal phase states with the inclusion of volume, association, and surface that is 

weakly bounded and liberated or free. 

 

Table 1. Applicability of physical separation of particulate forms according to the liberation degree of the metal 

phase [5,9]. 
Metal Phase Description 

Metal phase included 

in the volume 

 ▪ Low degree of liberation  

▪ Density is influenced by the 

carrying phase minerals 

▪ Surface properties are consistent 

but rely on the carrying phase 

▪ Physical separation is extremely 

challenging or unfeasible 

▪ Crushing is necessary 

Metal phase 

associated 

 ▪ Medium degree of liberation 

▪ Density is influenced by the 

carrying phase and minerals of the 

metal phase 

▪ Surface properties are not 

consistent 

▪ Physical separation can be feasible 

Metal phase weekly 

bounded on surface 

 ▪ Medium degree of liberation 

▪ Physical separation can be feasible 

if metal phase particles are 

liberated 

 

 

Metal phase liberated 

or free 

 

▪ High degree of liberation 

▪ Density is influenced by the 

minerals of the metal phase 

▪ Surface properties are consistent 

▪ Physical separation is feasible 

 

The degree of liberation and applicability of particle separation is discussed briefly for 

each metal stage by froth flotation and gravity concentration. Microscopy and spectroscopy 

techniques like scanning microscopic electrons coupling with analysis of energy-dispersive X-

ray can examine the metal-bearing particle mineralogical aspects and solid phase speciation.  

Physical separation efficiency is dependent on a few characteristics of soil such as the shape of 

the particulate, particle size distribution, content of clay and humic, magnetic properties, 

density differences between metal contaminants and soil matrix, soil matrix heterogeneity, and 

particle surface hydrophobic properties [10]. In these following cases, the treatment is found 

to be inconceivable. Soil particles that are vigorously bound with metal contaminants. No 

Metal phase 
Carrying phase 

Metal phase 
Carrying phase 

Metal phase 
Carrying phase 

Metal phase 
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significant difference is found in surface properties or density between metal-bearing and soil 

matrix. High variety of metal chemical forms. Presence of metals in all contaminated soil 

particle size fractions. Silt or clay content that is 30 to 50 percent excess in soil. Soil that 

contains high viscosity organic compounds and high humic content. Particles of feed content 

are one of the most critical variables influencing the applicability of physical separation 

technologies, as polluted soils usually contain a broad range of particle sizes, and technological 

performances are often limited to a narrow range of particle sizes. Most gravity concentrators 

and hydroclassifiers usually have good sand fraction applicability. Gravity concentrators such 

as spirals, shaking tables, and jigs are typically not appropriate for fine particles [5]. Based on 

the equipment, there is a limiting factor in the amount of fine particles. The content of the soil 

with sand in 50 to 70 percent excess is more cost effective and primarily appropriate with 

physical separation [11]. A method that incorporates attrition scrubbing and wet screening or 

hydrocyclones can be used to remediate sediments in fine-grained matrices [12]. Froth flotation 

can also be effective in the treatment of relatively fine particles. The preferences of 

technologies for physical separation strongly depend on the types of soil and site to be treated. 

These methods are mainly applicable in industrial or urban areas to “anthropogenic” soils. 

Human activities such as disposal, landfills, and industrial artifacts heavily influence the soils 

and usually consist of toxic waste mixtures and anthropogenic or natural landfills. Physical 

separation methods, on the other hand, are not adequate for the treatment of agricultural or 

natural soils affected by diffuse contamination due to several reasons. Comparatively low 

concentration level of metals and mostly occur in sorbed forms. Typically, these soils are high 

in clay or silt and organic matter. Because most of the metals present in soils are in sorbed 

forms as opposed to discrete particles, physical separation is frequently correlated with 

chemical procedures to improve removal efficiency of metal. 

2.2. Hydrodynamic classification. 

Hydrodynamic classification requires particle separation based on the velocity of particles 

falling through the water flow with fluidisation, elutriation, and sedimentation or by centrifugal 

separation or separation into the water flow by hydroclone [7]. In the soil washing process, 

hydrocyclones were vastly used to separate the fine soil from bigger sand particles. The 

centrifugal force is stronger than the force due to gravity, thus significantly reducing the 

operating time for separation [13]. Compared to other classification machinery, hydrocyclones 

have low capital and operating costs. In the context of soil remediation, screw classifiers and 

elutriation-based hydroclassifiers can also be introduced [11]. In addition, more effective 

technologies have recently been developed for the mineral processing industry, such as the 

CrossFlow classifier and the HydroFloat separator [14]. 

2.3. Gravity concentration. 

Gravity concentration method exploits the difference in particle gravity in the slurry to separate 

the metal-bearing particles from the soil matrix. Settling is caused by the particle size weight, 

shape, and density, but the key factor of settling is due to its density. Gravity separation is 

ineffective when it is used for treating particles that have a wide range of size distribution or a 

small distribution of density [10]. Gosselin [13] has stated that for sufficient separation, the 

difference in density must be larger than the value of 1g/cm3. Taggart “concentration 

criterion” can be used to estimate the effectiveness of density separation [7]. During the 
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separation process, gravity concentrators like spirals, shaking tables, and jigs can be affected 

by the effect of particle size. For this purpose, before performing gravity concentration, it is 

important to identify the classification of the soil size. If the difference in density between the 

particles of contaminant and soil is consequential, the technologies of gravity concentration 

should be distinctly appropriate for the separation of particles. For dense media separation, the 

spiral, shaking table, mineral jig, and MGS-Mozley the gravity concentrator volume capacities 

correspond to 25, 4, 100-500, and 5 t/h [13]. Conditions of the particle size range are stated in 

Figure 1 below. 

 

 
Figure 1. Range of feed particle size range to apply physical separation methods [5]. 

Commonly used gravity concentrators for large-scale soil treatment are spirals, shaking 

tables, and jigs. Mineral jigs are usually used for treating coarse sand fractions between 800 to 

2000 m or gravel fractions from 2000 to 6000 m whereas spirals and shaking tables are better 

suited to treat fine coarse or medium sand from 63 to 2000 µm. Fine sand fractions between 63 

to 125 m and silt or clay that is below 63 m are to be processed with MGS-Mozley. Following 

long-term test results are reported by Bergeron [15] in Montreal, Canada for the brownfield 

soil remediation project. Two jigs in series were able to remove copper by 75 percent within 

the 1700 to 6400 µm fraction. Fraction of 106 to 1700 µm containing 1025 µg/g of copper was 

able to achieve efficiency of removal up to 54 percent using the spiral method. MGS-Mozley 

has a removal efficiency of 47 percent removing the copper in the initial soil of 924 µm/g below 

the soil fraction of 106 µm. Due to the dense property of lead, gravity concentration can be 

used to remedy soils contaminated with lead in particulate forms. Using jigs for density 
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separation is a prominent technique for removing lead from the firing ranges of small arms 

where lead is substantially present in spent bullets [5].  

2.4. Froth flotation. 

Froth flotation is a physicochemical method that takes advantage of the difference in 

hydrophobic properties of the soil matrix metal-bearing particles [5]. The principle of 

separation is based on the affinity of the hydrophobic surfaces of a particle for the injection of 

air bubbles into the soil flurry. Three steps are involved in this separation process. The desired 

metal-bearing particles are attached to the air bubbles. Gathering of bubbles in foam portion 

and removal of floats up slurry in the foam fraction. By using a surfactant, the surface of the 

metal-bearing particles is frequently rendered as hydrophobic. In the mineral industry, froth 

flotation is commonly used and metal sulphides can be isolated more easily than oxides and 

carbonates [16]. There are various types of flotation structures, including the flotation column 

as well as the flotation cells. Metals such as cadmium, copper, lead, and zinc present in soils 

and sediments have been successfully removed by using the froth flotation method [17]. Using 

froth flotation as a remediation technique, however, is still less used than other techniques for 

soil washing. Froth flotation seems to be a pertinent technique for the treatment of matrices 

with fine grain, in particular, the anoxic dredged sediments with heavy metals mainly in the 

form of sulfides [18]. 

2.5. Magnetic and Electrostatic separation. 

Particles in the soil are magnetically susceptible, ranging from negative, intermediate to larger 

positive ferromagnetic minerals [19]. A low intensity magnetic field can attract ferromagnetic 

material, while a high intensity magnetic field is required to separate paramagnetic material 

[8]. Debris from spent munitions at military sites and metallic or ferrous waste products with 

high concentrations of heavy metals in brownfields are recovered by using low intensity 

magnetism separation [20]. Heavy metals of soil matrix by magnetic separation are based on 

the interaction between the ferromagnetic materials and metal contaminants. Rikers [19] 

demonstrated that high-intensity wet magnetism separation is ideal for the extraction of 

chromium, copper, nickel, lead, and zinc from multiple soils. When there is no correlation of 

heavy metals between the ferromagnetic phase, the separation process will not be effective. 

 The heterogeneity of soil matrices in brownfields can significantly impact the efficiency 

of magnetic separation. Brownfield soils often contain a mix of particle sizes and types, ranging 

from fine clays to coarse sands and gravels, which affects separation efficiency [21]. Fine 

particles, such as clays and silts, may reduce effectiveness due to their lower magnetic 

susceptibility and tendency to form aggregates, shielding magnetic minerals from the magnetic 

field [22]. The presence of significant amounts of non-magnetic materials like organic matter, 

glass, and plastics can also hinder the process by occupying space in the separation equipment, 

thereby limiting the interaction between the magnetic field and the magnetic particles. 

Furthermore, different soil components have varying magnetic susceptibilities, where iron-rich 

particles are highly magnetic and easily separable, but non-magnetic particles like quartz and 

feldspar pose a challenge [23]. Moisture content plays a role as well; high moisture can cause 

clumping of particles, reducing the separation efficiency. Chemical contaminants can alter the 

magnetic properties of soil particles, whereas metallic contaminants can sometimes enhance 
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magnetic properties, making separation easier, whereas non-metallic contaminants might 

indirectly affect separation by changing the physical behaviour of the soil. 

Heterogeneous soil matrix of brownfields will result in the insignificant efficiency of 

removing metal contaminants in soil [8]. However, magnetic separation is particularly effective 

in soils with high iron content, low organic matter, and minimal moisture, which facilitate 

better exposure of magnetic particles to the magnetic field. It is less effective in soils with high 

clay or organic content and those with predominantly non-magnetic minerals, like peaty or 

siliceous soils. Therefore, the success of magnetic separation in brownfield remediation 

depends on a careful assessment of soil properties and the selection of appropriate conditions 

for the process. The application of electrostatic separation seems to be limited and hardly 

practiced in the field of soil remediation. A full-scale application for electrostatic separation is 

the lead-based paint chip separation and recovery technology of the PMET [24]. After gravity 

separation steps, ferromagnetic separation, and classification of size, this method uses the final 

step in the electrostatic separation technique. An overview of magnetic separation, electrostatic 

separation, and froth flotation is shown in Table 2. 

Table 2. Overview of magnetic separation, electrostatic separation, and froth flotation methods for treating 

metal contaminated soil remediation. 

Method Principle Applications Advantages Limitations References 

Froth 

Flotation 

Utilizes differences in 

hydrophobic 

properties. Metal-

bearing particles attach 

to air bubbles, forming 

froth for separation. 

Commonly used 

in mineral 

processing; 

effective for 

metals like 

cadmium, copper, 

lead, and zinc. 

Used for fine-

grained sediments 

and soils, 

especially those 

with metal 

sulfides. 

Effective for fine 

particles and 

specific metals 

(e.g., sulfides). 

Allows selective 

recovery of 

minerals. 

Less effective for 

coarse particles. 

Limited use in soil 

remediation 

compared to other 

methods. 

[5,16‒18] 

Magnetic 

Separation 

Exploits differences in 

magnetic properties. 

Ferromagnetic 

materials are attracted 

to magnetic fields, 

enabling separation. 

Ideal for 

recovering ferrous 

materials from 

soil, particularly 

from brownfields 

and military sites. 

Effective for 

metals like 

chromium, 

copper, nickel, 

lead, and zinc. 

Non-destructive. 

Can handle large 

volumes of 

material. Effective 

for both 

ferromagnetic and 

paramagnetic 

materials. 

Ineffective for 

non-magnetic 

contaminants. 

Performance 

affected by soil 

heterogeneity. 

[7,19, 20] 

Electrostatic 

Separation 

Based on differences in 

electrical conductivity. 

Particles are charged 

and separated using an 

electric field. 

Primarily used for 

the separation of 

lead-based paint 

chips and 

recovery of metals 

after preliminary 

treatments. 

Can achieve high-

purity separations. 

Effective as a final 

step in multi-stage 

separation 

processes. 

Limited 

application in soil 

remediation. 

Requires pre-

processing steps 

for effective 

separation. 

[24] 

2.6. Attrition scrubbing. 

Attrition scrubbers typically operate with powerful counter-flows generated by dual impellers 

submerged in a soil slurry with a high solid content, approximately 70 to 80 percent [10]. This 
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mechanical particle-to-particle scrubbing is designed to produce two primary effects: scouring 

and breaking. The scouring effect refers to the process of removing the film or coating from 

individual grains, which exposes fresh and clean surfaces. While the breaking effect includes 

the separation or dispersion of clay and silt bound to the particles of sand and gravel, and soil 

agglomerates disintegration. Soil scrubbing is carried out primarily by attrition of particles to 

particles, but also through the contact between the particles and paddles.  This process is crucial 

as it improves the subsequent treatment processes by increasing the exposure and accessibility 

of contaminants.  

In froth flotation, cleaner surfaces enhance the attachment of hydrophobic contaminants 

to air bubbles, thereby improving separation efficiency. Marino et al. [25] demonstrated that 

the mechanical attrition on the Wilfley table improves the metal removal efficiency through 

the gravity concentration. The scrubbing effect creates clean and fresh particle surfaces by 

scraping off oxidized coating and can improve the following process of froth flotation [16]. 

Attrition scrubbers are also used to enhance chemical extraction by improving the removal of 

contaminants superficially bound to solid particles. For chemical extraction, the removal of 

coatings and disaggregation of particles increases the contact area for solvents, enhancing 

contaminant removal.  Attrition scrubbing is particularly beneficial for soils contaminated with 

heavy metals or hydrophobic organic compounds. Its beneficial condition when these 

contaminants are bound to fine particles or coated surfaces, such as in clayey or silty soils, 

where contaminants are tightly bound and direct remediation is less effective. According to 

Williford et al.  [10], preconditioning by attrition scrubbing increases the efficiency of 

hydroclassification. Overall, by creating more favourable conditions for the removal of 

contaminants, attrition scrubbing reduces the need for chemical reagents and lowers overall 

remediation costs, making it a critical step in soil remediation efforts. 

2.7. Integrated process train of physical separation. 

In application of physical separation, typical physical separation treatment train is comprised 

of the following process. Isolation of oversized material by using mechanical screening as 

preliminary step of size classification. Preceded and accompanied of hydroclassification step 

by attrition scrubbing to give a sufficient particle size array for future treatment. Sand fraction 

treatment by froth flotation or gravity concentration. Treating the fine fraction and managing 

the residuals generated. Most physical separation procedure are established on basic separation 

of particles due to the fine fraction is usually observed as contaminated and coarse fraction as 

uncontaminated. Metal contamination, however, are able to spread across different particle size 

fractions and concentrations in sand fractions can be appeared as high, particularly in industrial 

or urban soils that are contaminated by disposal of heterogenous waste [26]. If contamination 

of metal is particulate in nature and is plentiful in all fractions of particle size, separation base 

on size alone cannot achieve the adequate metal contaminants separation. By this, the density 

and floatability of the separation shall be examined. Water treatment, desliming, crushing and 

dewatering are the essential to the physical separation treatment train. Physical separation can 

also be used as an independent method of volume reduction or as pre-treatment before recovery 

of metal. 
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2.8. Physical separation technologies advantages and disadvantages. 

The advantages of physical separation technologies are that in the same treatment system, both 

organic and metal contaminants can be treated. Soil volume can be further recycled or disposed 

off-site can be significantly reduced. Treated soil can be put back at low cost to the site and 

some metal recovery can be used for recycling in some cases. Train treatment systems are 

simply scalable and certain mobile unknit systems for on-site remediation are available at full 

scale. Lastly, the technologies in the mineral processing industry are well developed and 

operating costs are generally low. For large-scale implementations, the physical separation of 

soil treatment has some drawbacks. Treatment system for physical separation technologies 

usually requires huge space for soil and big sized equipment for treatment of soil. In order to 

be cost-effective, large volume of soils must be required during treatment. Lastly, wash-water 

treatment and the disposal of solid residuals off-site might be necessary, thereby consequently 

increasing costs [7]. 

3. Chemical Extraction Methods 

Chemical extraction method employs chemical reagent extracting fluid to carry the metals in 

soil to aqueous solution. In context of soil remediation, solubility can be enhanced by leaching 

solutions in dissolving metal contaminants or by transforming the compounds into more 

soluble forms. In this section, five leaching solution types will be discussed, including acids, 

chelating agents, surfactants, and oxidizing or reducing agents. The summary of these types is 

presented in Table 3. 

3.1. Chemical extraction applicability and limitations. 

The performance of metal removal through the chemical extraction methods depends on the 

geochemistry of the soil, characteristics of metal contamination, dosage chemistry of the 

extraction agent and the storage conditions. Fractionation and speciation of metals in soils are 

essential parameters for identifying the efficiency of metal removal through chemical 

treatments. The analysis of metal speciation can be complicated and the metal fractionation is 

often applied in accordance with soil substrates. The division of metals by contact with the soil 

substrates is generally determined by the sequential extraction process [27]. Typically, five 

fractions are used as the analytical protocols known as the exchangeable, carbonate or soluble 

bounded acid, Fe-Mn or reducible bound, sulfide and organic or oxidizable bound and residual 

[28]. Factors that might restrict the chemical extraction applicability and efficacy include the 

high content of clay or silt, humic, iron, and calcium elements, high calcite or buffering 

capacity, contamination of cationic and anionic heavy metals simultaneously, elevated soil 

heterogeneity, and Metals associated with fractions of residual rock, found in mineral lattices 

or isolated particles. Fine grained soils need greater contact times and might decrease the 

efficiency of chemical extraction. The high content of humic can impede metal extraction due 

to the high affinity of COOH groups on humic substances for heavy metals [29]. The respective 

cations of iron and calcium can disrupt the chelating process. The high content of calcite or 

high buffering capability may reduce the efficiency of acid leaching [30]. High soil 

heterogeneity may affect fluid extraction formulations and might need multiple steps in the 

process. 
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Table 3. Overview of chemical extraction methods for metal contaminated soil remediation. 
Method Applicability and Limitations Citation 

Chemical 

Extraction 

▪ Performance depends on soil geochemistry, metal contamination characteristics, 

dosage chemistry, and storage conditions 

▪ Fractionation and speciation of metals crucial for treatment efficiency 

▪ Factors restricting applicability include high clay or silt content, humic substances, 

iron and calcium presence, high calcite or buffering capacity, cationic and anionic 

heavy metal contamination, soil heterogeneity, and metals associated with residual 

rock 

▪ Fine-grained soils require greater contact times, while high humic content impedes 

extraction 

▪ Iron and calcium cations disrupt chelation, and calcite or high buffering capacity 

reduces acid leaching efficiency 

▪ Soil heterogeneity may necessitate multiple extraction steps 

[27‒30] 

Acid Extraction ▪ Validated technology for metal-contaminated soils, sediments, and sludges 

▪ pH value of washing fluid crucial for metal extraction 

▪ Metal cation desorption via ion exchange and dissolution of soil mineral components 

and metal compounds 

▪ Low pH enhances metal cation desorption by binding protons to soil surface sites 

[29, 31, 32] 

Chelant 

Extraction 

▪ Chelating agents form stable metal complexes, facilitating metal extraction 

▪ Selection criteria include stability over a wide pH range, non-adsorbable complexes 

on soil surfaces, low biodegradability for reagent recycling, and cost efficiency 

▪ EDTA offers less soil structure damage compared to strong acids but poses 

ecological threats and higher costs 

[33, 34] 

Surfactant 

Solubilization 

▪ Surfactants assist in desorption or dispersion of contaminants from soil, enhancing 

metal mobilization 

▪ More effective when metals are closely attached to organic contaminants 

▪ Selection based on soil and metal substrates and acidity 

▪ Caustic surfactants suggested for organically-related metals 

▪ Acidic surfactants may extract carbonate and oxide-bounded metals 

▪ Anionic biosurfactants can extract cationic metal forms but not yet implemented on 

a large scale 

[35‒37] 

Integrated 

Process Train 

▪ Heap or pile leaching cost-effective for industrial soil treatment but slower and 

requires higher metal concentrations 

▪ Agitation leaching enables rapid and efficient metal pollutant removal 

▪ After dissolution, leaching solution treated with specific aqueous processes like 

complexation, sedimentation, or electrochemical techniques 

▪ Solvent extraction selectively transfers ionic metal species to an organic phase 

▪ Washed soil rinsed with water to remove residual extracting agents before disposal 

on-site or off-site depending on soil characteristics. 

[38, 39] 

3.2. Acid extraction.   

Acid extraction is a validated technology for the treatment of metal-contaminated soils, 

sediments, sludges, and commercial units [31]. Washing fluid pH value plays a major role in 

extracting heavy metals from soils. Metal cation desorption through ion exchange and 

dissolution of soil mineral components and metal compounds contribute to the mechanism for 

extraction of metals with the use of acid solution [32]. When the pH is low, the added protons 

can bind to soil surface sites and increase metal cation desorption, which is transferred to the 

washing liquid [29]. 

3.3. Chelant extraction. 

Because chelating agents are capable of forming stable metal complexes, their use provides a 

favourable approach to metal extraction from contaminated soils. Five major factors are 

considered in the selection of chelating agents for the extraction of metals from soils. Highly 

stable complexes over a wide range of pH should be formed by chelating agents. Metal 

complexes built on the surfaces of the soil should be non-adsorbable. The biodegradability of 

chelating agents should be low if the reagents are being recycled for reuse. Metal recovery and 
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reagents used should be cost-efficient [33]. The primary benefit of using chelating agents such 

as EDTA compared to using strong acids is that chelating agents cause less soil structure 

damage. Nonetheless, EDTA has two major drawbacks in contrast with HCl. Using chemical 

products requires higher cost and EDTA might pose a major threat to ecology if it is not treated 

properly after the washing process due to its low biodegradability [34].  

3.4. Surfactant-enhanced solubilization. 

While the use of surfactants is more adequate for the treatment of organic contaminants, it is 

also a fascinating chemical technique to examine the extraction of metals from the soil by 

surfactants. The use of surfactants has recently been studied to boost the EDTA leaching cycle 

for the mobilization of metals from soil [35]. The addition of surfactant in the washing solution 

is intended to assist in the desorption or dispersion of contaminants from soil. Washing with 

surfactants can be more efficient when the metals are closely attached to organic contaminants. 

The combination of soil and metal substrates and acidic or simple conditions are critical criteria 

for effective soil washing with surfactants. Caustic surfactant was suggested by Mulligan et al. 

[36] to be used for removing organically-related metals while acidic surfactant may be used to 

extract carbon and oxide bounded metals. Several laboratory studies have shown that anionic 

biosurfactant solutions can extract cationic forms of metals from contaminated soils and 

sediments [37]. Nonetheless, for large-scale remediation ventures, metal extraction by 

biosurfactants has not yet been carried out.  

3.5. Integrated process train of chemical extraction. 

Leaching methods are classified into two main classes in large-scale operations known as 

leaching percolation such as leaching of heap or pile or vat leaching and agitated batch-based 

leaching and continuous process [38]. Throughout the process of heap leaching, the soil is 

stacked throughout a heap and the leach solution is sprayed over the top of the heap and allowed 

to percolate down through the heap. Under turbulent flow conditions, the agitated leaching 

method is carried out. Heap or pile leaching tends to be more cost-effective for industrial soil 

treatment [32]. Nevertheless, the processes of extraction can be sluggish and metal 

concentrations must be comparatively higher. Agitation leaching is an important approach for 

soil treatment because it can enable rapid and efficient removal of metal pollutants from soil 

[39]. After the metal compounds have been dissolved, the leaching solution must be isolated 

from the residual solid soil phase. The resulting metal-containing solution can be treated with 

specific aqueous processes such as complexation, sedimentation, precipitation, electrochemical 

techniques, exchange of liquid ions, exchange of resin ions, and metal recovery membrane 

technologies. Solvent extraction techniques enable certain ionic metal species in an aqueous 

washing solution to be selectively transferred to an organic liquid phase if the metal compounds 

extracted are preferably soluble in the organic phase [38]. Usually, the washed soil is rinsed 

with water to remove the residual soil extracting agents. The resulting clean soil fraction may 

be returned to the site or disposed of off-site depending on the soil characteristics and reagents 

used. 
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3.6. Chemical extraction technologies advantages and disadvantages. 

Similar to physical separation, the main advantages of chemical procedures are generally 

treatable sorbed metal forms and dissolvable certain metal compounds. In some cases, fine-

grained soils may be treated and metals extracted can easily be recovered using a wide range 

of methods. If the chemical reagents are recycled, detoxified or not hazardous, chemically 

enhanced soil washing can become attractive. There are many disadvantages to the large-scale 

implementation of chemical extraction processes. The use of chemical agents can greatly 

increase the costs of processing. The treated soil may be inappropriate for revegetation and on-

site disposal because it has compromised physicochemical and microbiological properties. 

There may be problems with the presence of toxic chemical agents in the final soil or residual 

sludge for disposal. Particular chemical agents in the washing fluid can make recycling and 

treatment of water more difficult, thus increasing the overall cost of the process. Metal-rich 

sludge treatment may also be difficult. Chemical agents may also cause environmental issues 

such as EDTA leaching may pollute and persist in the soils and treatment with wastewater can 

produce large quantities of toxic sludges that must be managed carefully. 

4. Combination of Physical Separation and Chemical Extraction 

The combined use of isolation of small particles and chemical leaching procedures offers a 

very beneficial implementation for decontaminating metal-affected soils. The standard 

approach is to use physical separation to concentrate particulate metal forms into smaller soil 

volumes, followed by chemical removal of this concentrated fraction to remove metals [7]. 

This dual approach capitalizes on the advantages of both physical and chemical processes, 

thereby improving soil remediation efficiency and effectiveness. Using hydroclassification and 

attrition scrubbing with water-based fluid, many soil washing processes are based on simple 

particle size separation. Separation of particle size is often used before chemical extraction, 

assuming that most of the metal contamination is contained in the fines. The practice of direct 

disposal is inappropriate since metal concentrations are usually high in the fine fraction. The 

fundamental principle is that fine soil fractions often contain a higher density of metal 

contaminants. Isolating these fine particles facilitates targeted chemical treatment, leading to 

increased efficiency and a reduction in the volume of soil needing chemical intervention. Size 

separation is essential because it aids in the control and reduction of the total volume of soil 

requiring thorough treatment. 

Chemical extraction can be used to decontaminate the fine fractions and allow the 

recovery of metals in a saleable or concentrated form. This process involves the use of acids, 

chelating agents, or surfactants that dissolve metal contaminants, allowing their subsequent 

removal from the soil matrix. Besides facilitating the removal of metals from the concentrated 

fine fractions, this step also allows for the possible recovery of metals in a form that can be 

recycled or sold, so the treatment process becomes more economically viable. Soil washing 

systems may include other types of combinations depending on the properties of the soil matrix, 

the speciation of metals, and the metal type to be treated. The physical separation or chemical 

extraction combination may be reversed or a parallel cycle of physical separation or chemical 

extraction approaches may be involved. For instance, metals such as lead and cadmium, 

commonly present in fine particulate forms, are especially conducive to this integrated 

approach. Fine particle isolation, followed by chemical extraction, is highly effective at 

removing such contaminants. Some processes use chemically enhanced attrition scrubbing 
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with chelating agents, acids or surfactants and later go through the hydrocycloning process to 

extract fine particles from the clean fraction [40]. Soil washing remediation technique aims to 

decontaminate the site completely by removing metals from the soil matrix. The primary 

objective of the extraction strategy is to retrieve metals for reusing and resale, but for projects 

lacking economic viability or technical feasibility for recovery and extraction processes, metal 

recovery is often not practicable. Soil washing is used in many cases to decrease metal 

concentrations to an acceptable level or to significantly decrease contaminated soil volume. 

5. Conclusion 

Soil washing is a technique that is distinctly suitable for metal-contaminated soil remediation. 

Most projects are focused on cost-effectiveness and well-established physical separation 

technologies in the industry of mineral processing. Soil washing can be an effective substitution 

for solidification and stabilisation and landfilling from an environmental and economic point 

of view. Soil washing provides benefits such as the ability to remove metals permanently from 

the soil and may in some cases allowance of metal recycling. Reduction of large volumes of 

contaminated soil and soil can be returned to the excavated site after being treated. Compared 

to other metal extraction methods, the process duration is typically short to medium. 

Nevertheless, the effectiveness of the soil washing process requires an exhaustive soil 

characterisation, an analysis of metal speciation and fractionation, and an understanding of the 

interaction of soil matrix with metal or contaminants. 
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