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Abstract
This article evaluates the desorption of heavy metals from lime-stabilized, contaminated semi-arid soils under harsh

environmental conditions involving chemical extractants, specifically, acetic acid (CH3COOH), nitric acid (HNO3),

ethylene diamine tetra-acetic acid (EDTA), and diethylene triamine penta-acetic acid (DTPA). In this study, heavy metals,

such as arsenic (As), chromium (Cr), mercury (Hg), and lead (Pb), were spiked with two semi-arid soils (exhibiting

different plasticity characteristics) at different load ratios (10–250 mg/kg); they were later stabilized with lime to evaluate

the reduction in their mobility. Extensive desorption tests were performed on these soil mixtures to study the efficacy of

lime for the in situ fixation of heavy metals. This study revealed that irrespective of the nature and size of the heavy metal,

the removal efficiency for the soils was greater than 80%, and EDTA at a concentration of 1 M yielded the maximum

removal efficiency. It was found that the cationic metal ions Hg and Pb were desorbed effectively by EDTA, while As was

desorbed by HNO3 and Cr by DTPA. The order of desorption for heavy metals was found to be as follows: As[Cr[
Hg[ Pb. The lime amended soils exhibited lower removal efficiencies (more than 48% retained) due to efficient retention

of metals in the soil interstices, making them inert and immobile. There was an improvement of 40% in soils amended with

lime compared with virgin soils in the case where soil washing by harsh washing agents was resisted; this proves that the

contaminants were embedded in the interstices of the soil calcium interfaces. Therefore, this study asserts the notion that

the mobility of heavy metal ions from brownfields can be effectively reduced by in situ lime treatment.
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1 Introduction

Soil contamination is a major global issue, and the result-

ing improper waste disposal practices are a major envi-

ronmental concern. There are thousands of known
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brownfields, most of which are contaminated with heavy

metals such as arsenic (As), chromium (Cr), mercury (Hg),

and lead (Pb). Being toxic, exposure to these contaminants

may pose serious health concerns. Thus, a cost-effective

and permanent method for treating contaminated sites is

urgently needed. Several techniques, such as washing,

solidification/stabilization, electrokinetics, bioremediation,

and phytoremediation, are available. Soil washing has been

a prospective technique used for a long time. However, it

has been found to be too laborious and gives rise to liquid

wastes that require treatment; this makes it uneconomical,

especially in developing nations. Electrokinetics is another

technique that involves the use of electricity to treat con-

taminated soils. Long-term supply of electrical energy for

treatment makes this method nonviable on many contam-

inated sites. Bioremediation and phytoremediation are

biological methods, but that are based on slow natural

processes, and thus, they require a long remediation time

(usually years). With the growing number of contaminated

sites especially in industrial countries, the applicable and

practical remediation methods are limited [1–3].

Stabilization/solidification has been found to be effec-

tive for the remediation of heavy metals in soils. The

leachability of heavy metals is drastically reduced under

stabilization or solidification of the soils, depending on the

material used for stabilization. The stabilization of soils

makes the heavy metals in the soil get immobilized due to a

chemical process via chemical bonds forming an immobile

matrix, thereby reducing vaporization into the environ-

ment. The advantage of stabilization is that it forms con-

siderably stable and comparatively less leachable

contaminant. The process of stabilization may only be

effective in lowering the leachability of heavy metals.

However, it reduces the complete effect of the heavy metal

concentration by producing a byproduct that will remain

dormant or inert, and some stabilizers, such as sulfur,

chemically bonded phosphate, ceramic encapsulation, and

polyethylene encapsulation, have been extensively studied.

Still, the associated methods are sensitive in terms of

application because pretreatment is required to fix the

heavy metals chemically in an insoluble form before

encapsulation. Instead, physico-chemical sorption can be

achieved in other way using lime for soil stabilization;

here, physico-chemical sorption process takes place via the

chemical binding of soil matrices, thereby forming

stable complexes [4–8]. The solidification/stabilization of

contaminated soils relying on low-cost amendments, such

as cement, bentonite, fly ash, and lime, along with inno-

vative materials such as nano-compounds, has been found

to be a proven technique to encapsulate metal ions.

Moghal et al. [9, 10] have extensively investigated the

use of lime amended soil as a sorbent for retaining heavy

metals (e.g. Cr, As, Hg, and Pb), conducting detailed batch

adsorption and leaching studies on semi-arid and tropical

soils. Their results indicated that heavy metal sorption in

soils is a multi-step process (surface and chemisorption,

redox reactions, ion exchange, precipitation, intra-particle

diffusion, and surface complexation) due to the hetero-

geneity in soils. More importantly, their work inferred that

sorption phenomena are effective in the short term, but in

the long term, tropical soils desorb the metal ions with

aging. Hence, the stability of sorption dependents on the

age and surrounding environment.

Among the low-cost amendments, lime has been found

to be the most commonly available, effective, and eco-

nomical stabilizer. A salient feature of lime is that it

remains stable over a period of time, whereas many sor-

bents work over the short term and desorb metal ions in the

long term. Despite being amended with good materials

[11–13]. The stability of sorbed metal ions on sorbents can

be ascertained by subjecting them to chemical extraction

techniques using a fluid comprising chemical reagents of

acids/bases, chelating agents, redox agents, or salts; such

reagents help transfer metal ions to an aqueous solution

from soils. The soil texture and cation exchange capacity

play an important role in the efficient removal of metal [1].

Generally, extractants in the form of acids rely on the

phenomenon of ion exchange and dissolution of various

components of soil for extracting the entrapped metals.

Those desorbed from the soil interface are targeted by the

surfactants and metal complexation which are dissolved by

chelating agents. Multiple studies have been carried out on

soil-washing techniques and applied to field problems [14].

It has been found that this approach is site and metal ion

specific. Often, to remove some elements to fulfill the

prescribed limits set by regulatory agencies, repeated

washing cycles have to be undertaken. Considering these

limitations, this study is aimed at working in converse to

soil-washing techniques such that a stabilizer added as an

amendment to soil must not only stabilize the heavy metals

by making them inert and immobile but also perform sat-

isfactorily when subjected to harsh chemical extraction

processes.

The stability of lime-stabilized soils to attenuate sorbed

heavy metals under harsh chemical environments is

investigated. This study focused on targeting a proper

stabilizer (for each metal contaminant), thereby minimiz-

ing the removal efficiency. Extractant was intended to

assess and quantify the stabilizer dosage that would give

the maximum removal efficiency and evaluate the efficacy

of the selected stabilizer that would give the lowest

removal efficiency with an aggressive extractant (higher

molar); this can be judged as ideal to treat soils rich in the

selected heavy metals. In other words, it means soil

amendment is done in a way so that even if subjected to
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soil washing the encapsulated heavy metal should not be

mobile and should stay with soil only.

2 Materials and Methods

2.1 Soils

Soil samples were procured from the ‘Al-Ghat’ area (a

locality about 270 km northwest of the city of Riyadh;

26�3204200N, 43�4504200E) denoted as ‘Soil A’ and from

‘Al-Qatif’ (a coastal oasis near the western side of the

Arabian Gulf, Eastern Saudi Arabia; 26�560000N, 50�10000E),
denoted as ‘Soil B’. The physicochemical properties of

these soils were examined and the mineralogy of soil A

was found to be kaolinite, while that for soil B was

montmorillonite (Table 1). Both the soils were identified as

clay with high plasticity CH according to the Unified Soil

Classification System [USCS]. The value of the specific

gravity for soil A and soil B was found to be 2.84 and 2.71,

respectively.

2.2 Contaminants

Analytical grade (AR) calcium hydroxide was used as lime.

Nitrate salts (AR) of arsenic, lead, and mercury were used

for preparing stock solutions. Potassium di-chromate (AR)

was used to prepare hexavalent chromium stock solution.

The stock solutions were used in predetermined concen-

trations to spike the soils to achieve the target levels of As,

Cr, Hg, and Pb in the soils. All the chemicals procured for

the study were sourced from Winlab Chemical UK. The

lime dosages were selected as 2, 4, and 6% by weight of

dry soil. The maximum lime dosage was fixed at 6% based

on the consumption of lime in the initial stage and opti-

mum lime content for the selected soils based on earlier

studies [9, 15–17].

The soils were spiked (using salt solutions) with targeted

load ratios (10–250 mg/kg) of the respective metal con-

taminant at an almost wet consistency in borosilicate glass

containers. The glass containers were thoroughly rinsed

with double-distilled deionized (DI) water and a known

quantity of dried soil was added; this was spiked with

heavy metal solution and mixed uniformly, maintaining the

predetermined load ratios, for all four heavy metals indi-

vidually. The containers were covered with an aluminum

foil marked with small perforations to allow free flow of air

and prevent dust and cross-contamination. The samples

were kept on a dry platform 1 m above ground and left in a

well-ventilated room with a temperature range of 22–25 �C
and average relative humidity of 45%. In an earlier study,

the authors evaluated the sorption of heavy metals onto

lime-stabilized soil and found that the heavy metals ini-

tially sorb to the soil, but may partly desorb with time until

stabilized conditions are reached during the optimum cur-

ing period of 30 days. In this study, lime-treated soils were

spiked with metal contaminants in a similar manner and

cured for 30 days. At the end of the curing period, the acid

digestion technique [20] was conducted, and the concen-

trations of heavy metals were measured in all the soil

samples using an atomic absorption spectrophotometer

(AAS;PerkinElmer Model A Analyst 400). This allowed

computation of the real contaminant load ratios achieved

for each case (Table 2). Table 2 shows that for a target

load ratio of 10 mg/kg, the real load ratios found for the

different metal contaminants ranged from 1.2 to 7%;

moreover, for a load ratio of 250 mg/kg, the real load ratio

varied from 2.4 to 8%. Accordingly, the available or real

load ratio was used as a benchmark for the calculation of

removal efficiencies [18].

2.3 Extractants

The following four extracting agents comprising, two

chelating agents and two acids (one strong and one weak)

were selected for the desorption testing:

• Ethylene diamine tetraacetic acid (EDTA): This is a

widely used chelating agent that forms four or six bonds

with a metal ion while developing chelates with

transition-metal and main-group ion;

• Diethylene triamine penta acetic acid (DTPA): This is

an aminocarboxylic acid consisting of three nitrogens

and five carboxylate groups as coordinating sites. It is

an expanded (upgraded) version of EDTA. DTPA

Table 1 Physico–chemical properties of soils tested in this study

Property Test method Soil

A

Soil B

Liquid limit (%) ASTM D4318-

10e1

66 158

Plastic limit (%) 32 54

Plasticity index (%) 34 104

Shrinkage limit (%) ASTM D4943-

08

15 14

% Finer than 0.075 mm ASTM C117-13 87.3 99.1

USCS classification ASTM D2487-

11

CH CH

Specific gravity ASTM D854-14 2.85 2.77

Specific surface area (SSA)

(BET method) (m2/g)

ASTM D1993-

03(2013)el

27.08 124.25

pH ASTM D4972-

13

7.70 8.00

Organic content (%) ASTM D2974-

14

0.061 0.113

USCS Unified Soil Classification System, CH clay with high plasticity
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wraps across a metal ion as a chelating agent by

forming up to eight bonds;

• Nitric acid (HNO3): This is a highly corrosive, strong

oxidizing agent with a planar molecule; it readily

accepts electrons from another substance; and

• Acetic acid (CH3COOH): This is the simplest form of

carboxylic acid after formic acid, comprising a couple

of smaller function groups (AcOH); it is even consid-

ered as a group linked by the methyl group and

carboxyl group.

Fourmolar concentrations (0.01, 0.1, 0.5 and 1.0 M) and a

solid to liquid ratio of 1:20 were selected for the desorption

testing. Apart from these four extractants, double distilled

water (DI) was also used for comparison purposes.

2.4 Desorption Testing Program

The soil samples spiked with heavy metals were cured for a

period of 30 days; sub-samples of cured soils were used for

desorption tests with different extracting agents. Extrac-

tants with concentrations of 0 (representing double distilled

DI water), 0.1, 0.25, 0.5 and 1 M were taken in 500 mL

polytetrafluoroethylene bottles, and subjected to shaking

using an ASTM D3987 specified mechanical shaker for

24 h at 30 rpm, maintaining a ratio of liquid to solid (L/S)

equal to 20 [19]. This was done until the slurry of soil and

water were uniformly dispersed. Whatman 42 ash-less filter

paper was used for filtering the slurry, and the residue that

passed through the filter paper was tested for its metal

contaminant concentrations using the AAS. The pH of the

final solution was also measured. All the experiments were

done in triplicate and the average value was taken, thereby

satisfying the reproducibility and repeatability criterion

[20, 21]. The removal efficiency in percentage was then

calculated using the following equation:

Removal efficiency %ð Þ ¼
Contaminant mass in supernatant CLVLð Þ
Initial contaminant mass in soil CsMsð Þ � 100:

where CL is the concentration of contaminant in super-

natant in mg/L, CS is the concentration of contaminant in

soil in mg/kg, VL is the volume of supernatant in liters, and

MS is mass of soil (dry) in kg.

3 Results

The experimental data obtained by conducting extensive

desorption tests were plotted with the concentration of

extractants on the X-axis and percentage removal efficiency

on the Y-axis for all four heavy metals considered in this

study, along with two load ratios of 10 mg/kg and 250 mg/

kg, respectively. Soils A and B were amended with three

percentages of lime, namely, 2, 4, and 6%. Typical results

for unamended soil and lime-amended soil are shown in

Figs. 1, 2, respectively. All the other results are shown in

the Supplemental Data (Fig. S1–S8).

3.1 Effect of Extractants on Untreated Soils

Four extractants were used for desorbing the four selected

metal contaminants (As, Cr, Hg, and Pb); the obtained

results are shown in Fig. 1 for unamended soils A and B

and in Fig. 2 for soils A and B amended with 6% lime. It

can be seen that, for the four different extractants and two

soils, the contaminant removal increased proportionally

Table 2 Determination of actual load ratio by acid digestion method

Metal

ion

Available load ratio with initial load ratio of 10 mg/kg

Soil

A

Soil A ? 2%

Lime

Soil A ? 4%

Lime

Soil A ? 6%

Lime

Soil

B

Soil

B ? 2% Lime

Soil B ? 4%

Lime

Soil B ? 6%

Lime

As 9.88 9.24 8.64 8.08 9.37 8.81 8.28 7.78

Cr 9.67 9.04 8.45 7.90 9.22 8.67 8.15 7.66

Hg 9.66 9.03 8.45 7.90 9.30 8.74 8.22 7.72

Pb 9.30 8.70 8.13 7.60 9.20 8.65 8.13 7.64

Metal

ion

Available Load Ratio with initial load ratio of 250 mg/kg

Soil A Soil A ? 2%

Lime

Soil A ? 4%

Lime

Soil A ? 6%

Lime

Soil B Soil B ? 2%

Lime

Soil B ? 4%

Lime

Soil B ? 6%

Lime

As 244.54 228.64 213.78 199.89 241.57 227.08 213.45 200.64

Cr 239.24 223.69 209.15 195.55 230.25 216.44 203.45 191.24

Hg 241.54 225.84 211.16 197.43 238.15 223.86 210.43 197.80

Pb 240.68 225.04 210.41 196.73 235.55 221.42 208.13 195.64
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with an increase in the extractant concentration. It was

observed that, for different loading rates of 10 mg/kg and

250 mg/kg, there was only a minor difference of 12–15%

in the removal efficiency, probably due to the saturation of

metal ion species in the matrices of soil at this loading

range. In addition, the concentration of extractant remained

the same for both the load ratios; hence, the difference in

removal efficiency was marginal (Table 3). As a kaolinitic

soil, soil A desorbed more than did soil B which is indef-

inite as a montmorillonite soil. This may be due to the

presence of more ligand-based organic matter in soil B. In

addition, EDTA was found to desorb the maximum amount

compared with the other extracting agents. It can be seen in

Fig. 1 that the divalent cations, namely, Hg(II), and Pb(II),

were maximally desorbed by EDTA, with desorption in the

range of 71–93% for soil A and 69–86% for soil B at a

molar concentration of 1 (see Fig. 1). It has been found

that, for divalent cations, EDTA is a frequently used

chelating agent that forms four or six bonds with a metal

ion while forming chelates in terms of the transition-metal

and main-group ions.

Similarly, for arsenic which is an anion, the maximum

desorption levels were in the range of around 95% and 86%

(see Fig. 1) for soil A and B, respectively, in the presence

of strong nitric acid (HNO3) as the extractant. This was

attributed to the presence of H? ions in excess, triggering

oxidation reactions that eventually resulted in the desorp-

tion of As from the soil matrices. In addition, since nitric

acid is highly corrosive, it readily accepts electrons from

other substances. The excess desorption of As was attrib-

uted to the planar molecular nature of nitric acid, in which

two of the N–O bonds are relatively short and equivalent.

Theories of resonance elucidates that canonical forms

exhibit a double bond character that causes the reduction of

dimensions compared with the usual N–O bonds; the

Fig. 1 Effect of extracting agents on removal efficiencies of metal ions on un-amended soils (load ratio 250 mg/kg)
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Fig. 2 Effect of extracting agents on removal efficiencies of metal ions on soils amended with 6% lime (load ratio 250 mg/kg)

Table 3 Maximum removal efficiency of metal ion using different extractants for soils

Parameters Maximum removal efficiency (%)

Metal ion Extracting agent Concentration (M) Load ratio (mg/kg) 0% Lime 2% Lime 4% Lime 6% Lime

Soil A Soil B Soil A Soil B Soil A Soil B Soil A Soil B

As HNO3 1 10 95.47 86.47 91.27 81.2 81.24 78.2 69.24 69.7

250 83.34 81.2 77.5 67.14 62.5 64.3 67.47 61.1

Cr DTPA 1 10 86.54 82.54 78.57 69.55 73.25 73.2 63.25 65.5

250 77.14 69.55 72.52 51.66 62.74 49.1 62.52 45.1

Hg EDTA 1 10 93.78 83.92 90.32 77.54 81.25 75.5 69.57 68.5

250 79.54 77.45 74.25 54.14 65.25 52.6 64.25 49.6

Pb EDTA 1 10 85.68 79.65 79.54 71.25 72.65 71.3 62.65 63

250 85.65 79.6 68.98 54.92 66.46 46.2 52.98 39.3
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elongation of the third N–O bond is caused because O is an

attached proton [20–30].

3.1.1 pH Effect

The pH level plays an important role in the desorption

process, as the pore fluid pH present in the soil has been

found to reach the state at which the heavy metals start

dissolving or reduce the charge to a minimum of clay

minerals. The form of clay minerals and the quantity of H?

ions present in the pore fluid plays a vital role in the pro-

cess of desorption, and this needs to be evaluated. In

addition, the main aim of this work was reducing the

desorption by amending the soil with lime so that the

maximum sorption of heavy metals in the interstices of

mineral phases of the soil would be achieved.

In the desorption of arsenic, the results showed a gradual

decrease in the amount of desorbed arsenic with the

increase in pH. This decrease in desorption can be attrib-

uted to the changes sustained in the sorbate, that is, the

soils and the oxide surfaces on the soils, as well as

hydroxides of metal complexes under different pH condi-

tions. The protonation of the functional group is affected

by the pH of the solution on the surface of the adsorbent of

soil and the metal complexes formed from it. At lower pH

values, proton bonds are formed between the metal com-

plexes and surfaces due to adsorbed protons, which are

exchanged on the surface areas of the soil particles. Metal

complexes with positive and negative charges are attracted

or repelled on the surfaces, depending on their nature, after

they are generated as charges from sorbed protons.

Hexavalent chromium was desorbed to the maximum by

DTPA, reaching 86% for un-amended soils and 82% for

amended soils, respectively (Figs. 1, 2, and Table 3). The

presence of chromate ion with 6 valency played a major

role. DTPA is an amino carboxylic acid consisting of three

nitrogen and five carboxylate groups as coordinating sites.

It is an expanded version of EDTA. DTPA wraps across a

metal ion as a chelating agent by forming up to eight

bonds. The behavior of Cr in soils when it is desorbed or

precipitated is due to a variety of factors, such as the

oxidation state, redox potential, pH, competing ions, soil

minerals, and complexing agents. The desorption is

reduced due to the soil constituents of hydroxyl groups

present on the surface of the soils such as Mn, Fe, and Al

oxides. The solid oxide/hydroxide–water interface, ferrous

hydroxide (Fe(OH)2), ferric chromate (FeCrO4
-), and

ferrous oxide (FeO) represented the iron-chromium com-

plex. The interface of water and solid hydroxide repre-

sented the sorption taking place physically, and this phase

is predominant at a pH of 3–10. The interaction of FeO and

Fe(OH)2 is considerably different, and the point of zero

surface charge occurred at a pH of 9; below this Ph level,

Fe(OH)2 was predominant, while above 9 it, FeO was

dominant. Fe(OH)2 formed a stable precipitate at pH 9 and

remained constant. This demonstrated that the complexa-

tion of chromium took place from a pH of 4 to 8. Since Fe

is a good reducing agent and Cr is a highly reactive ele-

ment, the reduction of Cr took place effectively, and pro-

tonation of H? ions occurred. Therefore, Fe(OH)2 was

dominant at acidic pH levels and after reaching a neutral

pH, FeO became dominant with the complexation of Cr

taking place from pH 4 to 8. As a result, it could be con-

cluded that reduction and complexation play an important

role in reducing the Cr desorption at varying measures of

pH. Fe oxides present in the soil exhibited the strongest

affinity for Cr, followed by Al2O3, kaolinite, and

montmorillonite.

The use of double distilled DI water, employed as a

washing solution, resulted in little removal efficiency of the

four metal ions. This indicates that the metal ions bound

firmly and did not mobilize voluntarily in aqueous solu-

tions. The use of DI water suggests that it reached the metal

fraction, which was bound weakly to the soil particles and

was susceptible to mobility. It was found that all the metal

ions were strongly bound; hence, the removal efficiencies

were quite low, and they were found to be negligible. The

phenomenon involved may be attributed to the water clay

systems, which are composed of multiple charge layers.

The various surfaces resulted in a continuum of rotational

and transitional diffusions. There were three main types of

H bonded water, each with a different rotational and

transitional diffusion rates because of the variation in

energy between the water layers which bind them together

with cations or interlayer water at the surfaces of external

clay.

In a Ca montmorillonite soil balanced with water, it has

a couple of layers that hydrate randomly with single layer

hydrate. Ca montmorillonite is composed of stacks in

multiple layers, with up to 100–400 layers in an unsatu-

rated state. This results in the bi-modal distribution of pore

sizes.

Water present between the particles occupies the pores

of the micro scale, and the nanopores are filled by the

interlayer water, which is called cationic water, with the

bond is termed an H-bond. As dehydration of calcium

montmorillonite takes place, the loss of the water (H-bond)

between the layers, that is, from the micropores, takes

place rapidly in the initial few hours. The loss of water is

reduced with time, since the cationic water, which is tightly

held, does not succumb to dehydration.

At an acidic pH, sorption of cations (Hg and Pb) mostly

occurs via ion exchange, and as the pH increases to the

alkaline range, precipitation becomes dominant. A des-

orption study was done to ascertain the sorption capability

of soils under harsh conditions in the presence of strong
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extracting agents. After the desorption test, the pH of the

filtered liquid was determined. It was found that, as a

strong acid, HNO3 maintained its low pH at all molar

concentrations, with a range of 0–2. In contrast, as a weak

acid, acetic acid had a pH range of 0–3. It should be

recalled that acetic acid is a relatively economical,

biodegradable, and environmentally friendly material.

Acetates in contact with metals are highly soluble in water,

and they can desorb heavy metals from soil particle sur-

faces. Acetic acid is widely used as a purging solution to

enhance the extraction of heavy metals. Similarly, as

EDTA and DTPA are chelating agents, the solution pH was

in the range of 6–7.

It was found that the pH of EDTA increased with an

increase in molarity. This was due to the addition of

ammonium hydroxide to dissolve EDTA, which has a

netural pH because it is a salt. As a weak acid, acetic acid

being a weak acid maintains its pH at a low range, and as

the molarity increases, the concentration also increases,

resulting in decreased pH. In the case of HNO3, the pH

value continues to reduce as the concentration increases.

HNO3 maintains its pH at a very low range due to its high

acidic property. In this study, desorption with unamended

soils was of the order As[Cr[Hg[ Pb. The silica

surfaces were positively charged at lower pH values. An

electron affinity developed in the central silicate ion

causing the oxygen atoms to become less alkaline; this

eventually generated a weaker acid, forming a silanol

(SiOH) group because of the reaction reacts with water.

Due to the increase in the pH, the total amount of positively

charged entities decreased in relation to the negatively

charged entities. The point of zero charge of silica is

around 2; the soil surfaces of oxides such as alumina and

iron also portray a similar process of developing a com-

bination of positive or negative charges in terms of the pH.

The point of zero charge of Fe2O3 is around 6–7, while that

of Al2O3 is about 8–8.5. Therefore, a pH increase of

solution increases the sorption of metal oxide sites.

The domination of metal hydroxides begins at greater

values of pH because the soil surface acquires a negative

charge a precipitation reaction starts. Due to a strong dis-

position of chemical bonding taking place among the oxide

surface and metal groups, adsorption of metals occurs in

the soil. Hence, sorption of cationic metals is enhanced

with increasing pH values because of the attraction of

electrostatic forces. Adsorption of metal cations to the

surfaces of oxides is quite similar to cations undergoing

hydrolysis. The hydroxyl complexes are distributed

depending on the pH of the solution and corresponding

constants of stability. The hydroxyl metals complexes

undergo adsorption with greater inclination compared with

the metals that are totally hydrated, since the OH group is

formed over the metal, thereby reducing the requirement of

free energy for sorption. Therefore, in this study, it was

found that the metal ion sorption was linked to the variation

in metal hydroxide availability. The inclination of soil to

various metal ion sorption level depends on the availability

of charged hydroxyl complex metals; the sorbents that

were available were oxides of Al2O3, Si2O3, organic

ligands, and Fe2O3. With the pH values increasing, a

gradual decrease in hydroxide surfaces influenced by the

hydronium ions was observed; and that is a result of greater

metal removal from the soil solution.

3.2 Effect of Extractants on Lime Treated Soils

As stated above set of tests were conducted on soils

amended with 2, 4, and 6% lime to study the effect of lime

addition to these soils for desorption. The effects of the

molar concentration and loading rate on the selected soils

are hereby enumerated in Fig. S2 and S6 with 2% lime

addition, Fig. S3 and S7 with 4% lime addition, and Fig. S4

and S8 with 6% lime addition for the four selected 4 metal

ions.

In addition, Table 3 gives consolidated data on the best

performance of the different extractants used in this study.

It was found that the behaviors of the four extractants used

on the metal ions were similar to the behavior as observed

with untreated soils (Table 3), but the removal efficiency

was reduced with the addition of different percentages of

lime, and this occurred in proportion to the percentage of

lime added. It can be seen in Fig. S2, S3, S4, S7, and S8

that the lime addition and removal efficiency were inver-

sely proportional. There was a decrease in removal effi-

ciency from 71% for untreated soil to 37% for soil

amended with 6% lime. It can be inferred from the given

data that 48% of metal ions were retained in the soil–lime

mixtures and did not desorb despite being subjected to

harsh extractants (Table 3). There are four explanations for

this behavior by metals mobilized in soils can, which are as

follows (a) a change in acidity, (b) a change in the strength

of the solution’s ionic form, (c) redox potential change, and

(d) complexes being formed. These explanations are dis-

cussed below.

It was found that, due to the change in acidity, the

solution ionic strength for all four extracting agents for soil

amended with lime varied, and behaved quite differently

from those in untreated soil. It was observed that, at a low

solution concentration of 0.01 M, the pH was in a neutral

range for all the four extracting agents. This may have been

due to the presence of very low strength acid at a molarity

of 0.01, as well as because the addition of calcium may

have increased the pH of the solution. Meanwhile, due to

the increase in the solution concentration, the acidity of the

solution increased, and hence, at a higher molar concen-

tration, the pH moved toward the acidic range. For EDTA
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and DTPA, the pH values reduced from 7.27 to 6.76 as the

concentration increased. As EDTA percolates through the

soil, it extracts metal ions, and they become complexed. It

has been reported that there is no significant adsorption of

EDTA species on soil during its interaction with soil ele-

ments. For acetic acid, the pH changed from 7.35 to 3.05 as

the concentration increased. The pH value for HNO3 was

6.81 for a concentration range of 0–0.01 M; then, it

reduced to 0.58 at 0.1 M and 0.17 at a concentration of

1 M. It can be inferred that a higher extractant concentra-

tion correlates with a harsher environment for the retention

of metal ions in soils.

4 Discussion

This study aimed to elucidate the desorption behavior of

soils amended with lime and spiked with heavy metals. The

samples were subjected to soil washing using distilled

water, strong and weak acid, and two chelating agents A

nonconventional method was used that involved obtaining

a condition based on amendment and the concentration of

desorbing agents to find the best combination for maximal

desorption resistance. In the course of the study, the phe-

nomena involved in the behavior of our samples were

considered in relation to a wide range of studies in the

literature available from various fields. The findings are

related to previously published studies below.

Extraction efficiency is influenced by the following

factors; the type of metal extracted-metal chelant ratio, soil

physicochemical characteristics, and adsorption and

biodegradability of the chelant. The formed soluble metal

chelant complexes can dissolve soil hydroxides, and the

solubilized metals can compete with the chelating agent.

Fe, Mn, Al, and Ca are important competing agents for the

ligand. The dissolution of soil mineral phases containing

Fe, Mn, Al, and Ca reduced the amount of available ligands

for the targeted metal.

X-ray diffraction (XRD) readings samples classified the

different minerals available in the two soils under study.

The minerals illite, dolomite, muscovite, halloysite, quartz,

kaolinite, dickite, montmorillonite, and calcium sulphate

hydroxide were found to be prominent. Major constituents

of Al, Mg, Fe, and Si were identified.

The addition of lime contributes to Ca in the soil system,

and it starts competing and thereby reducing the available

ligands for complexation. In this study, statistical analysis

was performed on a variety of soils using multiple

regression and support vector machine models. The rank-

ings of retention or resistance to desorption were deter-

mined for Quartz (Cu = Pb[Zn[Cr), Kaolinite

(Cu[Cr[ Pb[Zn), Al oxides (Cr[Zn[ Pb[Cu),

and Fe oxides (Zn[ Pb[Cr = Cu). From the study, it

was found that, since the soils belonged to the kaolinitic

and montmorillonitic categories, the resistance to desorp-

tion was completely in accordance with the findings by

Gonzalez et al. [35].

Changes in the redox potential were investigated for all

four elements. It was found that the reduction potential for

all the elements was of the order of Hg[ Pb[As[
Cr[Ca. Hg had the highest reduction potential and Ca

had the lowest; hence, Hg has the highest affinity for

acquiring electrons and being reduced, whereas calcium

has the least tendency to acquire electrons, and thus, con-

tributes strongly to the oxidation process.

Solubility products can play an important role to predict

the precipitation in specific conditions. They are even

effective for identifying a suitable condition for separating

two substances of different chemical origin used in the

solution by fractional precipitation. The removal efficiency

is based on the rate of solubility of the metals present in the

fluid used for washing, and this can be ascertained from the

solubility product values. The solubility products of our

elements were of the order Pb[Ca[Cr[Hg; it can be

inferred that Ca and Pb had the highest affinity to form

precipitates compared with the other elements, while Hg

had the lowest affinity. Since two chelants were used, the

concept of stability constants and their role in the formation

of complexes was explored, (Kinetic and thermodynamic

stabilities were conceived when the establishment of

complexes in solution was analyzed). The terminology of

thermodynamics indicated that the constants of equilibrium

in a reaction depend on the heat liberated in the reaction

and change in entropy during the reaction. The greater

stability of products of the reaction could be seen due to the

greater degree of heat liberated in the reaction. Further-

more, it was found that, with increase in entropy during the

reaction, the stability of products also improves. The

transformation of the products leading to the equilibrium

and rate at which it takes place are referred, to as com-

plexes in kinetic stability. Per the stability constants of

different elements, the ranking of affinity of elements to

form complexes is of the order Hg[ Pb[Cr[Ca. It can

be observed that divalent heavy metals have the highest

stability constants for complex formation.

The reactivity of the chelating agent mainly depends on

the stability constant of the complexes of metal chelants

developed. Whenever a chelating agent is added to soil, it

complexes the metal present in the soil. This relies on the

concentration of metal ions, present in the soil, and their

stability constants. Complexation occurs until an equilib-

rium is reached. This results in the solubilisation and

mobilization of metal ions. Based on data available from

the sequential extraction procedure, it was found that the

complexation occurs mainly in the non-residual fractions

namely exchangeable metals and metal bound to
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hydroxides and organic matter in soil. Elements that are

present in the residual fractions are permanently embedded

in the interstices of soil and they are non-reactive to

external agents. Here, the combination that gave the least

removal efficiency proved that the element had embedded

in the residual fraction of the soil, and hence, was not

washed with the strong chelating agent [16].

The role of the atomic radius (atom size, generally taken

as the average of the distance between the boundary of the

electron and its nucleus) should also be considered.

Because the periphery is not clearly defined in practical

terms, the understanding of an atom’s radius is conceived

in different ways. The atoms are considered individually,

as a mass of many atoms in which molecules are bonded

covalently, or in an excited state; their value is found by

conducting experiments. This was also explored in this

study to elucidate the desorption process. The order of

atomic radii for our elements was As\Cr\Hg\
Pb * Ca. It can be inferred that the elements with the

smallest radius had a higher affinity for mobility (desorp-

tion). In our study, it was found that all four elements

considered desorbed in the same order as given above, that

is, As was highly mobile and Pb and Ca were the least

mobile [28].

After forming complexes with metals, chelants come in

contact with metal hydroxides in soil. They are absorbed

on the mineral surfaces. This is an important process for

the dissolution of oxides incited by the chelants. Soil

destabilization is caused when the amorphous oxides dis-

solve and the process of dissolution may not be effective

due to the presence of crystalline phases.

It was found that, for a soil system when there is gain in

ionic strength with reduced adsorption, the system makes it

to becomes sorbed over the outer sphere surface complexes

and when gain in adsorption and ionic strength makes it

becomes sorbed over the inner sphere complexes. The

higher sorption with a gain in ionic strength is due to the

greater activity of available counter ions in the test solu-

tion, which nullifies the charge over the surface developed

by the specific ion adsorption.

For divalent cations, adsorption of heavy metals can be

understood according to inner sphere complexes. Outer

surface complexes are described for the adsorption of earth

metals of an alkaline nature. The pH level influences

adsorption; that is, at a pH of 3.5 ions are adsorbed by

inner-sphere complexes, and at a pH of 6, they are adsor-

bed by outer sphere complexes. In this study, it was

observed that as the concentration of EDTA was increased,

the desorption efficiency increased. This shows that most

of the ions were present in the outer sphere complex, and

hence, the maximum desorption for EDTA took place.

[31–36].

Divalent ions are precipitated due to lime, which is used

as an amendment in soil and thereby increasing the pH of

the solution. The presence of Fe, Al and Mn from the

hydroxyl groups on the soil surface which are also the

constituents of soil, plays a vital role in sorption.

Different levels of pH influence their corresponding

speciation of soil due because the hydrous ferric oxides

creating an interface between the solid oxide/hydroxide

and water. This results in the development of ferrous oxide

(FeO), ferrous hydroxide (Fe(OH)2), and the water inter-

phases, and formation of complexes due to the iron zinc

(FeOZn?), iron lead (FeOPb?), and iron copper complexes

(FeOCu?). When the pH is between 4 and 1, physical

adsorption is paramount; the process of adsorption is ini-

tiated by the solid hydroxide water interphase. FeO and

Fe(OH)2 show distinct behavior in the process of desorp-

tion; that is, when the pH happens to be less than 6,

Fe(OH)2 is dominant, and when the value of pH increases

and surpasses 6, FeO dominates; furthermore, the former

develops precipitates when the pH is exactly 6. This phe-

nomenon is observed because the H? ions undergo proto-

nation. Studies have shown that the divalent metal ion

complexation comes into existence when a suitable pH that

is, between 4 and 11 is observed [11]. The presence of

calcium is one of the factors that provide a suitable situa-

tion and maintain pH from 4 to 11; this pH range provides a

suitable state for all the reactions to exist. The cause of the

range of suitable pH is hypothesized to be the availability

of more calcium, which helps divalent ions, be effectively

precipitated and even undergo hydrolysis. When the range

of pH is between 5 and 8, aluminum tri hydroxide

Al(OH)3) is distributed, paving the way for divalent metal

ions to undergo sorption and form a stable complex.

Pozzolanic reactions and the process of carbonation

caused the lime used as an additive to be consumed in the

soil when the curing takes place; it is also assumed that

during the curing time, the formation of crystalline calcites

takes place because of lime carbonation reactions. Clay

changes its form to a noncrystalline state because the clay

lattice is delaminated. The carbonation of calcium silicate

hydrate (CSH) leads to the development of calcium car-

bonate and may be due to the formation of amorphous

phases which detach themselves at a lesser temperature.

Carbon dioxide (CO2) from the atmosphere enters and is

dissolved in the voids of the soil-lime solution when car-

bonation takes place; the state of the pH in this situation is

near 12.4. Eventually, the interaction between the free lime

and dissolved CO2 illustrates the precipitation of calcite,

which neutralizes the pH of the solution present in the

voids. This halts the pozzolanic reactions that developed

when the reactive silica and alumina were dissolved.

However, the pH of soil pore solutions at the end of a

28-day curing period has been measured to be above pH
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12.4, which confirms that the carbonation levels become

minimal in lime-treated soil. This enhances the ability of

the soil-lime mixture to retain heavy metals even if sub-

jected to chelating agents [37–40].

In the case of As and Cr, it was found that calcium

present in lime has enormous importance in the process of

sorption, since it precipitates As ions by increasing the

solution pH. It was found that effective sorption, took place

when the pH was from 4.5 to 8.5; this was due to the

formation of As–Ca and iron chromate complexes in this

pH range, which stabilized As and Cr. The addition of

calcium in soil immediately increases the pH, and this

process leads to the possibility of XOH? species (X = Pb

and Hg) formation in the voids as well as on the surface of

the soil. XOH? species tend to be sorbed along with the

metal ions on the surface of the soil; the soil then develops

the capability to make more metal ions to remain in the

soil. The surface of the soil grain maintains a pH of 0.5–1,

which is higher than the usual. Therefore, the metal ion

precipitation still has a scope. When the pH is low, the H?

ion concentration is higher and these H? ions also compete

with the metal ions for possibly swapping positions and

sites of adsorption, thereby paving the way for lesser

retention of metal ions when the pH is low. It was found

that the metal adsorption improves with pH in the soil-lime

system and attains equilibrium conditions. The possibility

of XOH? formation also exists and the hydrolyzed species

are effectively adsorbed on the surfaces of the soil [2, 4].

Immobilization of the metal ions is assumed to occur

when the insoluble precipitates are formed and incorpo-

rated into the crystalline structure of the metal oxides and

clays or when they are entrapped physically in the stagnant

water present in the micro and macro scale pores in the

soil. Anionic surfactants also show effective results in the

removal of Cr and Pb from the soil because of the for-

mation of colloidal micelles, which dissolve the metals.

Similarly, metals that are the main source of contamination

are differentiated into two components, which are rever-

sible and irreversible metal components. This may be due

to the intraparticle movement of particles via leaching and

molecular diffusion according to the mechanism of metal

binding and within the bounds of soil particles. Compo-

nents of soil being dissolved due to controlled metal ion

motion with the use of acid washes and chelation repre-

sents the leading mechanism for EDTA washes during the

removal of metal ions by calcium carbonate (CaCO3),

which exchanged with complexes of calcium along with

the calcium species. When the amounts of heavy metals of

interest exceed the limit of their hydroxides’ and carbon-

ates’ solubility, and/or phases of mineral hydroxy–car-

bonate at a specified pH reading, the precipitation of metals

in solid form takes place. Eventually, these minerals in the

solid form will become entrapped in soil or the matrix of

sediments. Furthermore, the soil comprises humic con-

stituents and minerals that take carboxylic and hydroxyl

groups. The acid–base characteristics of these groups

bestow the formation of electric charges on the surface of

soils, and this plays an important role in metal ions

retention. The pH of the solution incites the acid–base

balancing reactions of the surface groups; this influences

the soil’s metal retention by adsorption with metal ions to

various pH-dependent levels. Along with the physical

entrapment of hydroxides of metal or solids carbonates, the

soil accommodates metals via direct interactions that

include complexation.

Stronger chelators demonstrate the absolute solubility of

metals with chelators. In addition, chelating agents will

interact with potential partitions over the surfaces of soil,

depending on the clay content, waste characteristics, met-

als, mineralogy, humic acid, soil texture, particle size

distribution, and pH. In addition, the effectiveness of the

chemical process for soil washing depends on high quan-

tities of clay or silt content, high Fe and Ca elements and

humic content. The presence of high calcite content

increases the buffering capacity and reduces the acid

leaching efficiency. The extraction of metals can be

inhibited by the humic content in greater quantities due to

the –COOH group’s influence on humic substances with

more affinity toward heavy metals. The formulation of

fluids for extraction can be affected by higher hetero-

geneity in soils that require multiple processes. This may

be why soils amended with lime resist washing from strong

chelating agents, and especially, why montmorillonitic

soils amended with lime perform better than kaolinitic soils

do. Recently, Lu and Zhang [41] demonstrated that the

properties of pore fluid have a drastic effect on the sorptive

and pressure potentials. They indicated that pore water

pressure under unsaturated conditions can rise to a maxi-

mum of 0.6 GPA (giga pascal) creating a situation similar

to suction; this is induced due to the sorptive potential,

making the soil highly dense. It may be noted that both

soils A and B amended with 6% lime generally resisted the

desorption of heavy metals under harsh washing conditions

due to the densification of soil as propounded by Lu and

Zhang [11, 39, 41–51].

5 Conclusions

The desorption of metal ions by soils and soils amended by

lime was studied for four extractants including a weak acid,

strong acid, and two chelating agents on four metal ions,

namely as As, Cr, Hg, and Pb. The removal efficiency of

the metal ions was found to be highest for As with 1 M

HNO3 and Cr with 1 M DTPA, whereas 1 M EDTA des-

orbed Hg and Pb. There was a drastic reduction in the
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removal efficiency when the soils were amended with 6%

lime, although the worst case scenario was considered with

harsh extractants there was an improvement of 48% in the

retention of contaminants. It can be concluded that the

addition of lime entrapped the metal ions in the interstices

of the clay lime mixture, making them immobile and inert

to chemical reactions, especially complexations. The

classical method of soil washing with different extractants

is used worldwide as a viable treatment for brownfields, but

it is tedious, time consuming and lacks cost effectiveness.

The amendment of soils with a low-cost stabilizer, such as

lime, would go a long way toward revolutionizing the

treatment options for cleaning up brownfields. In addition,

lime can be used as an amendment with soils for landfill

liner material, which would effectively attenuate the

selected heavy metals.

The desorption experiments tested the stability of soils

and lime amended soils for the retention of heavy metals

under harsh environments. The following conclusions can

be identified from this study;

1. Lime amended soil exhibited greater efficacy levels in

retaining heavy metals compared with natural soil,

which was attributed to the existence of colloids in the

liquid state of the soil–metal–lime complex.

2. Heavy metal retention depends highly on pH. The

domination of surface sorption was observed at pH

values lower than usual, and precipitation was accom-

modated at higher pH values. The formation of

stable precipitates was mainly due to the presence of

Ca in lime.

3. Soil A, as a kaolinitic soil, desorbed more than did soil

B, a montmorillonite soil. This may have been due to

the presence of more ligand based organic matter in

soil B, as well as that EDTA was found to be desorbing

the maximum amount when compared with the other

extracting agents for metal ions Hg and Pb.

4. For As, the maximum desorption occurred at values of

95% and 86% for soil A and B, respectively, with nitric

acid (HNO3) as the extractant.

5. Cr6? exhibited the maximum desorption with DTPA,

with extraction levels of 86% and 82%. DTPA is a

strong chelating agent that wraps around the metal ion

by forming up to eight bonds.

6. The desorption with soils and lime amended soils was

of the order: As[Cr[Hg[ Pb.

7. The solubility product of elements was of the order

Pb[Ca[Cr[Hg which further corroborates that

Ca and Pb exhibit the highest affinity to form

precipitates.

8. It was found that the reduction potential for all the

elements was in the order of Hg[ Pb[As[Cr[
Ca. This order reveals that Hg has the highest affinity

for acquiring electrons and being reduced, whereas

calcium has the least tendency to acquire electrons

contributing to a stronger oxidation process.

9. Based on the stability constants of the selected metal

ions, their affinity to form complexes is of the order

Hg[ Pb[Cr[Ca. It can be observed that divalent

heavy metals form stable complexes owing to greater

stability constants.
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