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Abstract In this study, enzyme-induced calcite precipita-

tion (EICP)-based treatment for tropical soils contaminated

with divalent heavy metals such as cadmium (Cd), nickel

(Ni), and lead (Pb) were evaluated for their sorption and

desorption capabilities. Heavy metals were taken in three

different combinations: a single metal and a combination of

two and three metals. They were mixed with locally

available kaolinite and montmorillonite soils. EICP-treated

soil retained the maximum quantity of Cd among all the

heavy metals studied. The Cd retention exceeded Ni and Pb

retention. The same was confirmed with desorption studies,

relying on aggressive chelants such as ethylene diamine

tetra acetic acid (EDTA) and citric acid. Before subjecting

the kaolinitic soil to EICP treatment, it was found that the

sorption capacity for Cd and Ni was 2.124 and 1.974 mg/g

for Cd and Ni, respectively. The sorptive values increased

to 3.457 and 4.418 mg/g for Cd and Ni, respectively, after

EICP treatment. The retention is attributed to the formation

of CdCO3 and NiCO3 in the soil matrix, which exhibits

very low values of solubility product even in the presence

of aggressive chelants. The study establishes that EICP

treatment is a prospective method for remediation of soils

laced with heavy metal ions.

Keywords Enzymes � Sorption � Desorption �
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Introduction

Soil is considered one of the most worthful natural

resources, which is continually being destroyed by human

activity. Soil is also a medium that accommodates living

organisms in its mass and thereby imparts a suitable envi-

ronment for the food chain to exist. It is reported that each

gram of soil can accommodate a billion microorganisms

[1]. Other than microbes, soils are also adaptable for fungi,

mites, earthworms, arthropods, rodents, and nematodes

[1, 2]. These organisms in soil are closely related to the

biodiversity above the ground and contribute to nature’s

biomass [3, 4]. Furthermore, soil for a civil engineer hap-

pens to be a material of great importance, as it is a naturally

existing medium that transfers the load of the superstruc-

tures constructed over them to the lower harder strata. It is

also valuable for storing water in the void spaces, thus

maintaining aquifers; this contributes to improving the soil

fertility and increases the yield of crops. Soils also possess

contaminant retention capacity and act like filters sorbing

heavy metals and preventing them from draining into the

groundwater table [5].

Industrialization, vast construction activity, and sub-

stantial mining are a consequence of the population growth

and attempt to meet the population’s ever-increasing

demands. Industrial effluents contaminate land and, as a

result, endanger the ecology. Site remediation is expensive

since traditional cleanup procedures are outmoded, such as
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excavation and dumping on vacant land. Physical removal

of pollutants is challenging. Engineered landfills have been

established as the most cost-effective method of disposing

of municipal solid waste and hazardous wastes. Most heavy

metals are classified as hazardous wastes. They are highly

detrimental to human health, such as Pb, Cd, As, Zn, Cu,

Hg, Cr, and Ni. Some of the effects on human health due to

these heavy metals are that Hg causes mutations and

genetic harm, while Cu and Pb affect the brain and bones.

Precipitation–dissolution, oxidation–reduction, and

adsorption–desorption processes are used to remove heavy

metals from the soil, with adsorption–desorption being the

most successful geochemical technique for remediation of

contaminated soil. The retainment of contaminants is

achievable in soil via encapsulation, which is a strategy

used to reduce the toxic effects of heavy metals. One of the

most promising techniques for soil contaminant retention is

utilizing the calcium carbonate precipitation process.

EICP (enzyme-induced calcite precipitation) and

microbial-induced calcium carbonate precipitation (MICP)

are the two ways of precipitating CaCO3. These techniques

can replace conventional materials such as lime, cement,

etc., which leave a more significant CO2 footprint in our

atmosphere. It should be emphasized that EICP is a bio-

logically inspired soil improvement approach that uses

urease enzyme derived from jack beans [6–10] or water-

melon seeds to commence urea hydrolysis in an aqueous

solution and create calcium carbonate by merging car-

bonate ions with calcium ions. [11]. A detailed review of

the available literature summarizes that the development of

bio-stabilization methods has proved to be sustainable,

ecofriendly, and effective in soil treatment leading to

improvement in the geotechnical performance of soil-like

permeability reduction, reducing the porosity of soil mass,

improving bearing capacity, control of soil erosion/dust,

mitigating liquefaction of soils, seepage control, stabilizing

slopes, and even contaminant remediation. The possibility

of intrusion of bacteria in soils for calcite precipitation is

limited due to their size. Soil pores with sizes less than 0.5

l cannot accommodate the microbes for the process of

calcite precipitation since the size of microbes ranges from

0.5 lm to 3 lm [12]. In contrast, enzyme particulate has a

size of about 12 nm [13], which can make the process of

precipitation of calcite more convenient even in fine clays.

Soil treatment with MICP/EICP may lead to issues like

groundwater contamination with chloride and precipitates

of CaCO3. The applicability of these techniques poses

challenges such as treatment cost and the type of soil to be

treated. Further studies on bio-treatment can address these

concerns to develop better application methods of bio-

treatment. Bio-stabilization is a potential environment-

friendly and sustainable method of improving soils. How-

ever, excess calcite formation may lead to groundwater

contamination by chloride, and the ammonia ions formed

during hydrolysis may pose a threat to the surrounding air

and water and may increase the potential of corrosion in the

area due to the increase in pH. EICP is preferred over

MICP since it is advanced and requires less monitoring

among the two methods. Literature suggests that precipi-

tates developed by MICP are vulnerable to moisture and

may dissolve, and also, a controlled environment has to be

maintained for proper growth and culturing of bacteria and

production of urease enzyme. MICP is also affected

because the bacteria growth conditions are specific to the

species type and are governed by factors such as pH,

temperature, and availability of oxygen. In contrast, the use

of free urease in EICP is more promising in calcite pre-

cipitation in voids of soil grains. EICP method provides a

convenient approach to soil treatment because of its ease of

application and less maintenance in comparison with the

MICP method of soil treatment. The above discussion

brings out the advantages of EICP over MICP and high-

lights the disadvantages of MICP over EICP. Therefore,

bio-stabilization of soils has the potential to meet the ever-

growing demands of building new infrastructure as well as

remediating contaminants in the soils.

Further, the challenge of reducing the pollution of the

environment and developing sustainable techniques can be

well achieved by the implementation of these techniques.

Bio-stabilization of the soil is an emerging trend with rel-

atively simple onsite applications; the stabilizer of a par-

ticular type onsite is carried out by injecting the stabilizer

in the work area to achieve the purpose. The development

of precipitate in the voids of the soil helps reduce the

hydraulic conductivity. The application of MICP/EICP has

stretched to an extent that ponds can be created in the

regions with soils having high permeability by reducing the

permeability of soil CaCO3. Nevertheless, the nature of

stabilizers and their application in the site is also a concern.

Many studies have focussed on the geotechnical aspects of

the issue, the biological processes involved, the behaviour

of improved soils, improvements in modelling the beha-

viour of treated soil, and the challenges related are

reviewed by [14]. Many researchers have dealt only with

the strength aspects, and the geoenvironmental aspects are

not given their due. As per a recent report, current bio-

inspired geotechnics research focuses on soil excavation

and penetration, soil–structure interface shearing, load

transfer between foundation and anchorage elements and

soils, and mass and thermal transport with organisms like

worms, clams, ants, termites, fish, snakes, and plant roots

serving as inspiration. As a result, cross-disciplinary con-

tacts and partnerships will benefit both geotechnical engi-

neering and biology in terms of new or enhanced solutions

and mechanisms [15]. Therefore, this study emphasizes the

use of enzyme-based amendments for geoenvironmental
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aspects. Studies have indicated that this novel sustainable

material performs better in terms of its life cycle assess-

ment and long-term economic benefit, but initial costs

involved are in a higher range compared to conventional

materials but the benefits derived in terms of strength,

longevity, sustainability, carbon emissions, outsmarts the

present economic analysis. It has been identified that the

application of this biogeochemical method is vastly found

in cohesionless soils or sand and not in cohesive soils or

clays, and the use of this technique for heavy metal

remediation is carried out often on individual heavy metals

and remediation of two or more heavy metals in soils were

not usually studied. The present study was carried out on

cohesive soils from India, emphasizing contaminant

remediation for both individuals and combinations of two

or more heavy metals to ascertain the efficacy of EICP

treatment.

Materials and Methods

Soils

Soils used in this study were collected from two different

parts of the state of Karnataka, India. Soil A is a red soil

which is Kaolinitic obtained from Bengaluru district (13� 20
14.1396’’ N, 77� 370 11.928’’ E) and Soil B is a black

cotton soil which is Montmorillonitic obtained from Yadgir

District (16� 450 20.556’’ N, 77� 90 4.5072’’ E). Soils were
procured from a depth of 3 m beneath the ground surface to

avoid intruded degradable matter, peat and any other

impurities in the soil samples. Soil samples procured were

sealed in clean polyethylene covers and were stored in the

lab for conducting basic tests. All the samples were tested

in triplicates to have better repeatability and reproducibil-

ity. Basic test results conducted on these soils are tabulated

in Table 1. According to the Unified Soil Classification

System, Soil A was identified as clay with low plasticity

(CL) and Soil B was identified as clay with high plasticity

(CH).

Urease Enzyme and Other Ingredients

Enzyme can be extracted from plants as well as microbes

[27, 28] and are even found in algae, fungi and inverte-

brates, and also occurs in soils as soil enzymes [29].

Enzyme used for this study was extracted from a draught

resistant bean called as Jack Bean commonly known as

Chickasaw Lima bean [27]. Urease enzyme derived from

this bean is a pure form of protein and jack bean is one of

the common sources of enzyme [30]. Canavalia ensiformis

(jack bean) Type III, powder, 15,000–50,000 units/g solid

(Urease Enzyme) was procured from Sigma-Aldrich, St.

Louis, MO, USA. Additional ingredients used for prepa-

ration of enzyme solutions along with urease enzyme were

Urea (NH2-CO-NH2), Calcium Chloride dihydrate

(CaCl2.2H2O) because CaCl2 is perhaps the most preferred

and competent source utilized for elicitation of calcite

precipitates [31], and non-fat milk powder brought from

Winlab Chemical, Market Harborough, United Kingdom.

Enzyme Solutions

Treatment of soil was carried out with three enzyme

solutions, firstly a basic solution of urease enzyme was

prepared by putting together urea, calcium chloride dihy-

drate and urease enzyme in deionized water [32]. Further

modified enzyme solution was prepared by adding non-fat

milk powder in the basic enzyme solution. Modified

enzyme solutions were of two forms with variations in the

concentrations of the ingredients; therefore, three enzyme

solutions were prepared for treating the soils. These

enzyme solutions are referred as M1, M2, and M3 in this

work henceforth. Details of the concentrations of

Table 1 Geotechnical properties of soils

Property Soil A Soil B ASTM Standards BIS Standards

Specific gravity 2.6 2.5 ASTM D854-14[16] IS2720 part 3[17]

Liquid limit (%) 30 54 ASTM D4318-10e1[18] IS2720 part 5[19]

Plastic limit (%) 17 27

Plasticity index (%) 13 27 IS2720 part 6[20]

Classification (USCS) CL CH

pH 5.7 8.3 ASTM D4972-13[21]

Organic content (%) 0.87 0.77 ASTM D2974-14[22]

Optimum water content (%) 16.8 15.2 ASTM D1557 [23] IS2720 part 9[24]

Maximum dry density (g/cc) 1.79 1.58

Unconfined compressive strength (MPa) 0.07 0.013 ASTM D18 [25] IS2720 part 10[26]
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ingredients used to prepare these enzyme solutions are

given in Table 2.

Heavy Metal Contaminants

Soils were spiked with cadmium (Cd), nickel (Ni), and lead

(Pb) individually as well as in combination in this study.

Initially, a stock solution of these contaminants was pre-

pared with a concentration of 1000 mg/l and later required

concentrations were obtained with this stock solutions as

discussed by Mohammed and Moghal [33].

Stock solutions were prepared using analytical grade

nitrates of cadmium (Cd(NO3)2), lead (Pb(NO3)2), and

nickel (Ni(NO3)2). Solutions of heavy metal salts were set

up in beakers of borosilicate glass to keep an adequately

wet consistency so that soils can be spiked with contami-

nants. Oven-dried samples of soil were washed with dis-

tilled and deionized water and were spiked with specific

concentration of stock solution to attain required load ratios

of contaminants [34].

According to the literature, Pb and Cd are susceptible to

periodic and extended saturation in soils. Mine soils con-

tain Pb and Cd in abundance. The sorption and precipita-

tion of metals with Fe and Mn oxides are among the most

important chemical processes of contaminant (Pb, Zn, Cd,

and Cu) binding in stream sediments and alluvial soils,

according to several research on mining-affected river

systems. It has been stated that smelter activities are the

primary cause of severe contamination of local soils, with

Pb moving downward at a rate of 0.3 to 0.36 cm/yr. On

conducting caged TCLP (toxicity characteristics leaching

procedure) on Cd, Ni, and Pb, it was found that at an initial

concentration of 3000 mg/kg, leaching rates were 3.1812

and 0.3445 cm/yr, 1.145 and 0.072 cm/yr, 1.14063 and

0.100 cm/yr for raw and amended soils, respectively,

which is in confirmation with the work conducted by Wang

et al., [32]. Hence, it can be deduced that for extreme

concentrations of heavy metals, it is imperative to monitor

their behaviour [35].

In this study, sorption experiments were conducted on

both soils spiked with heavy metals (Cd, Ni, and Pb)

individually in different samples, and heavy metal combi-

nation like Cd ? Ni, Pb ? Cd, Ni ? Pb, and Ni ? Cd ?

Pb were spiked in soil samples separately to understand

competitive sorption. Dosage of heavy metal contaminants

for conducting sorption experiments for treated as well as

untreated soils were maintained as, i) 10, 20, 50, and

100 mg/l initial concentration, and ii) 1:5, 1:10, 1:20, 1:50

and 1:100 solid-to-liquid (S/L) ratios.

Extractants

For desorption studies, citric acid and EDTA extractants

were used with molar concentrations equal to 0.5, 0.25, and

0.1 for removing heavy metals from soil by method of acid

digestion, and 1:20 solid-to-liquid ratio was fixed for all the

trials.

Both citric acid [36] and EDTA [37] were demonstrated

to be viable in separating heavy metals from surface of soil

grains. It was noted by Gu and Yeung [36] that Cd des-

orption from soils was effective with industrial wastes

having high concentrations of citric acid with pH range

between 4 and 8.

Sorption Tests

Samples of soil were initially blended with distilled water

and shaken for 24 h, and required dose of heavy metal

solution was spiked after which the soil was again shaken

for 24 h. After shaking, soil sample is separated from the

fluid using Whatman 42 debris less filter paper and the

measure of heavy metal sorbed is distinguished by testing

the filtrate in atomic absorption spectrophotometer (AAS)

(PerkinElmer Model A-Analyst 400).

To ensure accuracy in the outcomes, each test was

performed on three samples and normal of the equivalent

was taken. The measure of heavy metal sorbed on the soil

surface was obtained by ascertaining the distinction

between the underlying and last mass of heavy metal in the

filtrate arrangement. To accomplish the ideal convergence

of heavy metals arrangements that is 10, 20, 50, and

100 mg/l, 50 ml of deionised twofold distilled water is

spiked with 0.5, 1, 2.5, and 5 ml of stock solution

(1000 mg/l) individually. All solutions with contaminants

were kept up to a solid to fluid (s/l) proportion of 1:20,

addition of 1000 mg/l contaminant stock solutions

Table 2 Composition of enzyme solutions

Solution Constituent 1 Urea

(CH4N2O) (M)

Constituent 2 Calcium chloride (CaCl2
2H2O) (M)

Constituent 3 Urease

enzyme (g/l)

Constituent 4 Non-fat milk

powder (g/l)

M1 1.00 0.67 3.00 –

M2 1.00 0.67 3.00 4.00

M3 0.37 0.25 0.85 4.00
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fluctuates the s/l proportion to 1:20.5, 1:21, 1:22.5, and

1:25 separately, and this difference in s/l proportion is

defended by ASTM D3987 [38]. Hydrochloric acid (HCL)

of 1 M was used to maintain the pH of samples at 5. Soil

particles get scattered and hydrated when shaken for 24 h

in deionised twofold distilled water, and reaches equilib-

rium. At this stage, contaminants are added for assuring

each conceivable soil grain to sorption. To guarantee

steady dilution ratio, the stock solution of exceptionally

high concentration was spiked in relatively smaller volume

of fluid to keep up ideal concentration of contaminant, i.e.,

100 mg/l. It is very well understood that the s/l proportion

increments marginally with a distinction of 0.1, and this is

an acceptable technique for keeping up the ideal concen-

tration of contaminant [39].

Diverse dilution ratios were kept up to conduct the

sorption tests. Dilution ratio is the proportion of measure of

fluid in ml taken for a particular mass of soil in grams to be

combined as one to accomplish the ideal proportion. The

proportions kept up in the investigation were 1:5, 1:10,

1:20, 1:50, and 1:100 by blending soil 5 g oven dried soil

in deionized double distilled water of volumes 25, 50, 100,

250, and 500 ml separately. Further concentration of con-

taminants was kept up to 100 mg/l, by adding 2.5, 5, 10,

25, and 50 ml of 1000 mg/l stock solution. Stock solutions

of contaminants prepared were used to spike contaminants

in solutions using micropipette supplied by Thermo Fisher

Co. Before and after spiking contaminants, the test solu-

tions were shaken for a duration of 24 h at 30 rpm. The

aqueous solutions had a pH of five before spiking con-

taminant to avoid crystallization of heavy metals after

spiking and once the solutions were tested in AAS, pH was

again determined. Similar procedure was adopted while

spiking two contaminants together, that is Pb ? Cd,

Ni ? Pb, Cd ? Ni, and Ni ? Cd ? Pb. Concentration of

each heavy metal among the two spiked together was

maintained equal to 100 mg/l [40].

Measure of contaminant sorption on soil was repre-

sented as sorption coefficient (qe) in mg/g, calculated using

Eq. 1.

qe ¼
ðC0 � CeÞV

m
ð1Þ

where: C0 = heavy metal concentration at initial stage (mg/

L), Ce = heavy metal sorbed on soil (mg/L), m = dry soil

mass (mg), and V = solution volume in litres.

Desorption Tests

Soil samples with contaminants were tested for amount of

desorption after 40 days of curing, so that contaminants

can firmly get acquainted in the soil. Heavy metal dosages

of 100 mg/kg and 50 mg/kg were maintained for

conducting desorption experiments. Oven-dried 50 g soil

was cleaned using distilled water before spiking contami-

nants in it. Preferred dosage of contaminants (100 mg/kg

and 50 mg/kg) is spiked in soil by using 1000 mg/l con-

taminant stock solutions and mixed to make it homogenous

and later the container with this mixture was protected

from cross-contamination by covering it with foil of alu-

minium. The aluminium foils are pricked to facilitate

escaping of water by evaporation. These containers are

placed on an elevated horizontal platform in a humidity-

controlled chamber for a span of 40 days to ensure proper

bonding takes place between heavy metal ions and soil.

Temperature in room was maintained around 27 �C and the

humidity was maintained around 40 to 45%. Same proce-

dure was employed for spiking the combination of heavy

metals in the soils treated with Enzyme solutions. After

40 days, five grams of soil sample was immersed in 20 ml

extractant solutions of molarity equal to 0.5, 0.25 and 0.1 in

polytetrafluoroethylene bottle of volume equal to 50 ml

and shaken in mechanical shaker for 24 h at 30 rpm

according to ASTM D3987 [38] so that heavy metal

entrapped in soil is released due to the extractants.

Further, this slurry with contaminants obtained after

shaking is passed through a filter paper to separate soil

grains and contaminant fluid is tested in AAS to identify

the amount of contaminants removed from soil. These tests

were performed on three samples and average of the three

results were taken finally for determining the removal

efficiency using the expression given in Eq. 2 [41]. Before

discarding the solutions tested in the AAS, their pH is

determined.

Removal Efficiency ð%Þ

¼ Contaminantmass from desorption

Initial contaminantmass in soil

ð2Þ

Results and Discussion

Industrialisation has paved the way to pollution of water

and soil and continuous activities of pollution lead to

deposition of high concentration of heavy metals in soil.

These heavy metals intrude in the cell cycle of organisms

paving the way to development of cancer [42], methods of

reducing toxic effects of heavy metals in soil are urgently

needed. Since contamination due to heavy metals has been

a serious concern to be dealt with today, methods like

chemical precipitation, soil washing, ion exchange, oxi-

dation, electrochemical treatment and reverse osmosis are

implemented to minimize the untoward impact of heavy

metals in contaminated environments [6, 7, 43, 44], heavy

metal remediation in fly ash deposits has also become a

serious issue to be discussed [8]. Use of EICP method for
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contaminant remediation through sorption studies is one

among the emerging trends in the field of soil stabilization,

this study will probably open new horizons in contaminant

remediation methods for researchers to explore further for

more effective and stable techniques for remediating the

contaminants.

Coefficient of sorption (qe) in mg/g (Refer Eq. 1) was

found for treated soils and untreated soils, and plots for qe
against initial concentrations were drawn to understand the

behaviour of sorption of heavy metal.

Sorption Studies

Effect of Initial Concentration on Sorption Potential

of Soils with Individual Heavy Metals

In this section, sorption coefficients obtained for different

initial concentrations for Soil A and Soil B are discussed.

Cd sorption increased from 2.4523 mg/g (pH 6.11) and

1.352 mg/g (pH 6.44) to 5.8519 mg/g (pH 7.09) and

5.4235 mg/g (pH 6.44) for soil B and soil A, respectively,

when treated with M2 at 100 mg/l initial concentration.

Treatment with M1 and M3 exhibited better sorption

coefficients for Cd in comparison to treatment with M2, by

more than 2.4523 mg/g and 1.352 mg/g for Soil B and Soil

A, respectively, at 100 mg/l concentration.

For a contaminant load of 100 mg/l, sorption coeffi-

cients of Ni for Soil A with different initial concentration

before and after treatment with M2 were 1.513 mg/g (pH

6.32) and 7.0838 mg/g (pH 7.63) whereas sorption coeffi-

cients of Ni for Soil B before and after treatment with M2

were 1.8754 mg/g (pH 6.35) and 7.6873 mg/g of Ni (pH

7.88). Soil treatment carried out with M1 and M3 also

portrayed better results in sorbing Ni in comparison with

sorption of Ni on raw soil whereas M2 was the most

effective enzyme solution in providing more sorption sites

for Ni.

Pb sorption coefficients showed that M2 displayed the

best performance compared to M3 in sorbing Pb than

untreated soils. This can be probably due to the low con-

centration of ingredients of enzyme solution. Sorption

coefficient of Pb at initial concentration of 100 mg/l was

5.6925 mg/g (pH 7.01) for M2-treated Soil A and

6.6741 mg/g (pH 8.24) for M2-treated Soil B and sorption

coefficients of Pb at initial concentration of 100 mg/l were

1.5476 mg/g (pH 6.87) and 1.8139 mg/g (pH 7.01) for raw

Soil A and raw Soil B, respectively. Further sorption of Pb

and Cd was less than that of Ni, and M2 proved to be the

most effective enzyme solution in sorption of heavy metals.

Overall observations indicated that treatment with M1 and

M3 exhibited better sorption of heavy metals in soils than

sorption on untreated soils except for Pb, where it may very

well be seen that sorption for raw soils was poor when

compared with treated soils. This emphasizes on the ade-

quacy of enzyme treatment of soils in providing appro-

priate environment for the sorption of heavy metals in soil.

Increase in sorption of heavy metals can be attributed to

CaCO3 precipitates formed on soil grains which offer sites

for adsorption of heavy metals ions [9]. CaCO3 plays an

important role in improving heavy metals sorption [10].

Calcium carbonate is known to biomineralize heavy metals

like Ni, Zn, Cu, Co, Cd and Zn and transforming them to

precipitates [11]. In the present work, main source of

sorption are precipitates of CaCO3 in soil. Heavy metal

adsorption relies on parameters such as size of cations,

adsorbent affinity, solubility, etc. It was reported by Dixit

et al. [42] that adsorption of heavy metals takes place by

means of a mechanism described as heavy metals precip-

itation at micro-level and protons exchange. The adsorption

trend for heavy metals in the present work for Soil A and

Soil B was Ni[ Pb[Cd.

pH has a great impact on the mechanism of adsorption,

surface of CaCO3 gets positively charged when value of pH

is greater than 8. Negative charges also exist in the envi-

ronment but they are ineffective, therefore anionic heavy

metals in the solution get attracted paving the way for

adsorption [45]. Pb sorption on CaCO3 surfaces is recorded

to be exceptionally high according to Godelitsas et al. [46].

They also revealed that the Pb sorption on calcite surface

additionally showed the development of PbCO3 (cerussite),

and arrangement of cerussite is useful in reducing perilous

impacts of Pb. Sorption mechanism of heavy metals on

calcite probably takes place because of ion exchange pro-

cess, formation of hydroxycarbonates and carbonates of

heavy metals, complexation and adsorption [47]. From the

available literature on usage of CaCO3 to act as sorbent,

different forms of CaCO3 like precipitates formed by

earthworms [48], eggshells [49], natural limestone [50],

lime [51] and calcite precipitates by microbial activity [9]

are also found to be effective in promoting sorption.

Makuchowska-Fryc [49] reported that behaviour of heavy

metal sorption on CaCO3 does not rely on its source but on

concentration of heavy metal present initially in solution.

Therefore, the mechanism involved in sorption process due

to CaCO3 precipitates developed by enzyme solutions in

the present study can be presumed to be same as that in

which CaCO3 precipitates are developed by other means.

Adsorption of Ni was more than Pb and Cd in the present

work and one probable cause is the existence of Ni in

enzyme (urease) used in which Ni content is around 17% in

urease extracted from jack bean [30]. Therefore, the Ni

present in calcite precipitated by urease activity probably

get clubbed with ions of Ni already existing in contaminant

solution. Table 3 shows statistical analysis of sorption

coefficients obtained for soil A and soil B for heavy metal

contaminants, and it was observed that sorption range of
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soils with M2 treatment shows better results than that of

untreated soils.

Effect of Initial Concentration on Sorption Potential

with Two Metal Ions

Contaminant solution spiked with heavy metals simulta-

neously was tested to understand their adsorption beha-

viour. Contaminants which intrude from the source into

soils may not be always alone, and they can be in combi-

nations of two or more contaminants getting intruded in the

soil. Understanding their behaviour together in the soil and

treating them to reduce their adverse effects can address

many environmental concerns. Present work attempted to

conduct sorption tests on soil sample spiked with combi-

nations of Cd ? Ni, Pb ? Cd, Ni ? Pb, and Ni ? Cd ?

Pb with initial concentrations of 10, 20, 50, and 100 mg/l

and dilution ratios of 1:5, 1:10, 1:20, 1:50, and 1:100 for

each heavy metal.

Cd and Ni Case Two metal ions spiked together in test

solution were tested twice in AAS by replacing the corre-

sponding metal ion lamp (in AAS). It can be observed that

simultaneous heavy metal sorption in raw soils is com-

paratively less than the sorption on treated soils and was

also observed that maximum sorption was observed for

soils treated with enzyme M2. The trend depicted that Cd

sorption was more than Ni in raw soil.

At an initial concentration of 100 mg/l, 2.0968 mg/g

and 1.8862 mg/g of Cd and Ni sorbed on untreated Soil A

with solution pH equal to 6.21, whereas Cd sorption was

4.8215 mg/g and Ni sorption was 4.3166 mg/g for M2-

treated Soil A with solution pH of 7.11. For raw soil B,

sorption coefficient of Cd was 2.4861 mg/g and that for Ni

was 2.4689 mg/g (pH 5.91) and sorption improved to

6.8419 mg/g for Cd and 5.4178 mg/g for Ni (pH 6.14) after

M2 treatment.

Ni and Pb Case Sorption of Ni and Pb simultaneously on

treated soils exhibited encouraging outcomes. At an initial

concentration of 100 mg/l, sorption coefficients of Ni and

Pb were 1.632 mg/g and 1.208 mg/g (pH 5.86) for raw Soil

A whereas for raw soil B, sorption coefficients of Ni and Pb

were 2.8631 mg/g and 2.5611 mg/g (pH 5.37),

respectively.

Sorption coefficients for M2-treated soils were

3.8288 mg/g for Ni and 4.2109 mg/g for Pb in Soil A at pH

of 6.33 and for Soil B, sorption coefficients of 6.8241 mg/g

for Ni and 5.8057 mg/g for Pb at pH of 6.21 were observed

at 100 mg/l initial concentration.

Cd and Pb Case Sorption coefficients show domination

of one heavy metal compared to the other when spiked

together in the test solution. EICP treatment of soil proved

to be effective in sorption of Cd and Pb and it was observed

that competitive sorption between Cd and Pb for treated

soils was better in comparison with the untreated one.

At 100 mg/l initial concentration, treatment with M2

gave sorption coefficients of 5.861 mg/l for Pb and

5.412 mg/l (pH 6.82) for Cd in Soil A and sorption coef-

ficients of Pb and Cd for raw Soil A were 2.8722 mg/l and

2.8618 mg/l (pH 6.33), respectively. For soil B, treatment

with M2 portrayed that the sorption coefficients of Pb and

Cd were 5.632 mg/l and 4.632 mg/l (pH 6.49), respec-

tively, and sorption coefficients of Pb and Cd for untreated

soil were 2.8563 mg/l and 3.1056 mg/l (6.55), respec-

tively, with 100 mg/l initial concentration.

Table 3 Sorption coefficients for raw soils and M2-treated soils and corresponding values of standard deviation (SD)

Heavy Metal Soil qe (mg/l) for soil

without treatment

± SD qe (mg/l) for soil

treated with M2

± SD

Initial concentration (100 mg/l) Cd Soil A 1.352 0.392 5.4236 0.8893

Soil B 2.4524 5.8519

Ni Soil A 1.5131 7.0838

Soil B 1.8754 7.6874

Pb Soil A 1.5476 5.6925

Soil B 1.814 6.6741

Dilution Ratio (1:100) Cd Soil A 3.3564 1.3352 6.583 3.1039

Soil B 4.711 6.6487

Ni Soil A 3.5297 10.0817

Soil B 6.737 15.04

Pb Soil A 3.691 8.7716

Soil B 5.5038 9.4015
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Effect of Initial Concentration on Sorption Potential

with Three Metal Ions

As depicted in Fig. 1, sorption coefficients of Cd, Ni, and

Pb were spiked together in test solutions in treated and

untreated soils. It can be understood from Fig. 1 that

sorption is effective for a combination of Cd, Ni, and Pb.

These heavy metal ions were successful in finding sites on

the treated soil samples to settle down and among the three

heavy metals, Pb sorbed better compared to Cd and Ni on

treated soil samples. Sorption coefficients (mg/l) of Ni, Cd

and Pb were 2.7401, 2.851, and 2.637, respectively, for

untreated Soil A with solution pH of 6.18, whereas sorption

coefficients (mg/l) of Ni, Cd, and Pb for Soil A treated with

M2 were 4.6781, 5.511, and 6.9261, respectively, with

solution pH of 6.27 at an initial concentration of 100 mg/l.

Sorption coefficients (mg/l) of Ni, Cd, and Pb were

1.388, 1.9182, and 2.5391, respectively, for untreated Soil

B with solution pH of 6.23, whereas sorption coefficients

(mg/l) of Ni, Cd and Pb for Soil B treated with M2 were

6.3317, 5.1057, and 6.8793, respectively, with solution pH

of 6.41 at 100 mg/l initial concentration. Sorption studies

were conducted for treated as well as untreated soils with

variation of dilution ratios of heavy metals in concentra-

tion. The results for sorption tests with different dilution

ratios showed that sorption coefficient reduced with the

decrease of dilution ratios, and maximum values of sorp-

tion coefficients were obtained for 1:100 dilution ratio

since availability of heavy metal ions for sorption will be

more. On the other hand, availability of greater surface

areas for heavy metal ions also leads to greater sorption

[10].

Variation of sorption of Cd against dilution ratios is

plotted in Fig. 1. It can be observed that when dilution ratio

is 1:100, coefficient of sorption is also maximum. Values

of sorption coefficients for Cd with dilution ratio of 1:100

and with 100 mg/l concentration for untreated raw Soil B

and Soil A were 4.711 mg/l and 3.3564 mg/l with pH

values 5.84 and 5.69, respectively. After treatment with

M2, sorption increased to 6.6487 mg/l for Soil B and

6.583 mg/l for Soil A with solution pH of 7.32 and 6.29,

respectively.

For Ni, it was observed that all enzyme solutions were

effective in sorbing Ni in both soils. Ni sorption on Soil A

treated with M2 was observed to be 10.081 mg/l (pH 6.38)

and for Soil B treated with M2, Ni sorption was

15.039 mg/l (pH 6.11) for 1:100 dilution ratio. For raw Soil

A and Soil B, sorption coefficients were 3.529 mg/l (pH

5.88) and 6.737 mg/l (pH 6.33), respectively, with dilution

ratio of 1:100.

Sorption of Pb happened to be the most effective when

soil was treated with M2. Soil A treated with M2 exhibited

a Pb sorption coefficient of 8.771 mg/l at a pH of 6.32

whereas the sorption of Pb for raw soil A was 3.690 mg/l at

a pH of 6.44 for a dilution ratio of 1:100. While soil B

treated with M2 gave sorption coefficient of 9.40151 mg/l
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at a pH of 5.85 for 1:100 dilution ratio, sorption coefficient

of untreated Soil B was 5.50383 mg/l for 1:100 dilution

ratio at pH of 6.11. It is evident that soil treatment with

enzyme solutions boosts the capacity of soil grain surfaces

to create sites for heavy metal ions to occupy.

Cd and Ni Case The outcomes showed that sorption

coefficients of Cd and Ni were 3.7145 mg/g and

3.5014 mg/g for untreated Soil A (pH 6.64) whereas for

untreated Soil B, Cd and Ni sorption values were

5.2036 mg/g and 5.2910 mg/g (pH 6.83) for dilution ratio

of 1:100. Enzyme treatment improved sorption of Cd and

Ni in both soils, and M2 was most effective in sorption of

Cd and Ni together. After treatment with M2, sorption

values of Ni and Cd were 10.6642 mg/g and 7.1624 mg/g

for Soil A (pH 7.08) and sorption values of Cd and Ni for

Soil B were 9.8116 mg/g and 12.6730 mg/g (pH 6.97) at

1:100 dilution ratio.

Ni and Pb Case Sorption of heavy metals with different

dilution ratios was observed to be better after treatment

with M2 and sorption was comparatively higher for Pb than

Ni. It can be observed for untreated Soil A that sorption

coefficients of Ni and Pb were 3.5671 mg/l and

3.32514 mg/l (pH 6.33), respectively, whereas sorption

coefficients of Ni and Pb happened to be 7.1001 mg/l and

11.0668 mg/l, respectively, for treated Soil A at 1:100

dilution ratio. For raw Soil B, sorption coefficients were

5.0658 mg/l and 5.1681 mg/l for Ni and Pb, respectively,

with test solution pH of 6.71 and for soils treated with M2,

sorption coefficients of Ni and Pb happened to be

9.6251 mg/l and 12.2501 mg/l, respectively, at pH of 6.27

and 1:100 dilution ratio.

Cd and Pb Case It was observed that the sorption coef-

ficient was better for treated soils than untreated ones.

Sorption coefficients for Pb and Cd for raw soil A were

4.0056 mg/l and 4.622 mg/l (pH 6.38), respectively, and

for soil A treated with M2, sorption coefficients for Pb and

Cd were 6.7124 mg/l and 6.9928 mg/l (pH 5.69), respec-

tively. For untreated soil B, sorption coefficients of Pb and

Cd were 4.2681 mg/l and 4.7152 mg/l (pH 6.87), respec-

tively, while improvement in sorption coefficient was

observed when treated with M2 and the values were

7.4419 mg/l for Pb and 7.2584 mg/l for Cd (pH 6.61) with

test solutions having a 1:100 dilution ratio.

Sorption Potential with Three Metal Ions Sorption of

both heavy metals were observed to be better in treated

soils than untreated soils. It was observed that M2-treated

soils exhibited better sorption of heavy metal ions than M1-

and M3-treated soils. Sorption coefficients for Ni, Cd and

Pb were 5.2146 mg/l, 5.1107 mg/l, and 4.3622 mg/l (pH

6.81), respectively, for untreated soil A. After treatment

with M2, sorption coefficients were 8.3517 mg/l,

7.7186 mg/l, and 6.5149 mg/l (pH 6.01), respectively. And

for raw soil B, values of sorption coefficients for Cd, Ni

and Pb were 5.5539 mg/l, 5.7419 mg/l, and 5.7739 mg/l

(pH 5.90), respectively, whereas treatment with M2 yielded

sorption coefficients of 9.3255 mg/l, 8.2019 mg/l, and

7.1568 mg/l (pH 6.13), respectively, for dilution ratio of

1:100 as depicted in Fig. 2. It was observed that soil

treatment with M2 exhibited best outcomes in heavy metal

sorption whereas M3 treatment portrayed lesser sorption in

comparison with sorption on soils treated with M1 and M2.

Although, it was observed that sorption after treatment with

M3 was higher than sorption in untreated soil.

CaCO3 precipitated in soil has good capability to attract

heavy metal ions to encircle its surface [52–54]. Calcite is

presumed to have enormous specific surface and hollow

structure with consistent chemical characteristics, due to

which it has lot of applications especially in heavy metal

adsorption [55, 56]. These reasons have encouraged to take

up sorption studies for the present work. Greater adsorption

was observed on M2-treated soils than those soils treated

by M1 and M3 because, M2 treatment leads to higher

CaCO3 precipitation since non-fat milk powder is used in it

[32]. Electronegativity in the soil mass due to ions of heavy

metals play a significant role in adsorption process, and

heavy metal ions having higher electronegativity get easily

sorbed compared to those with lesser electronegativity

[57, 58]. The order of electronegativities of heavy metals

tested in this work was Cd\Ni\ Pb, and were 1.69, 1.91

and 2.33, respectively. pH is also one among the control-

ling factors of sorption and contaminant solubility in soil

[59, 60].

Impact of electronegativity on sorption phenomenon

was justified in this study for dilution ratios opted, but

experiments conducted on sorption for varying initial

concentrations was not justified by electronegativity. Ionic

radii of heavy metals impact the process of adsorption

because, heavy metal ions compete for empty sites on

adsorbent, and heavy metal ions having greater ionic radius

succeed in occupying sites on adsorbent. Thus heavy metal

ions get adsorbed by find their place in CaCO3 crystal

lattice [61]. Since Pb has an ionic radius equal to 202 pm

which is more than ionic radius of Ni and Cd of 163 pm

and 158 pm, Pb sorption is more than Ni and Cd. Achal

et al. [62] researched on bioremediation of soils contami-

nated by Pb using biologically precipitated CaCO3, and

found that Pb did not exist in the same form in which it was

spiked and Pb got transformed to nontoxic and insoluble

carbonate (PbCO3) from toxic and soluble type due to

presence of CaCO3 in in the soils. Hence, they concluded

bio precipitated CaCO3 is futile in Pb immobilization.
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Cd sorption on the surface of calcite is appreciable

mostly because of its similarity of ionic radii of ions of Ca

in calcite precipitates [63, 64]. Makino et al. [65] utilized

CaCl2 to cleanse soils polluted with Cd and they observed

that around 55% of Cd removal from soil was done. They

also found that Cd had potential to form anion complexes

like SO4, CO3, Cl and PO4 and this behaviour of Cd sup-

ported the precipitated calcite in immobilizing it [66].

O’Connor et al. [67] checked the sorption of Cd in cal-

careous soil and found CaCO3 is efficient in the removal of

Cd. Results observed from simultaneous sorption portrayed

that the sorption of heavy metals is lesser in comparison

with individual sorption tests which may be due to scarcity

of sites for metal ions to settle on sorbent. This outcome is

generally observed in sorption processes [68]. Adsorption

process represented in Fig. 3 shows the accumulation of

heavy metal ions on the surfaces of calcite precipitates in

soil. As per Zhang and Achal [69], a detailed microstruc-

tural analysis on EICP interactions with Cd has been

undertaken and concluded that Cd ions were stably

immobilized as carbonate precipitates identified as pure

otavite (CdCO3) and calcite co- precipitate (CaCO3-Cd),

vaterite/aragonite subjected to chemisorption

(CaMg(CO3)2) and are in confirmation to our work.

Desorption Studies

Generally heavy metals are removed from soil by oxida-

tion–reduction, adsorption–desorption and precipitation-

dissolution processes, the most effective among these

geochemical methods is adsorption–desorption technique

for remediation of contaminant [70]. Removal of heavy

metals is also achieved by bio-precipitation, chemical

precipitation, ion exchange, biosorption, adsorption, phys-

ical separation, solvent extraction, electrochemical sepa-

ration, cementation and flotation [71, 72]. Another

approach adopted to reduce the toxicity of heavy metals

include contaminant retaining by encapsulation in soil as

encapsulation reduces mobility of metal ions in soil. Use of

nano-material like nano-calcium silicate for retaining Pb,

Ni, and Cd was also found to be effective [39, 73] in

remediation of contaminants. However, costs consociated

with production of nano-compound in large quantities is

economically not feasible. Among the methods to encap-

sulate metals ions in soils, the use of microbes is also tested

by researchers. This technique, called as bioremediation,

includes processes like microbial induced calcite precipi-

tation (MICP) used for encapsulating heavy metals in

precipitated calcite. MICP technique encourages metabolic

action in certain types of bacteria like Sporosarcina Pas-

teurii, which works for formation of inorganic precipitates

like CaCO3 outside the cellular structure of bacterium and

these precipitates have capability to bond soil grains

together.

Furthermore, heavy metal encapsulation is also possible

in soil within CaCO3 crystals. Another method of biore-

mediation is the EICP technique, which is also effective in

immobilizing contaminants. Enzymes are preferred since
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they are ecofriendly and nontoxic [74] and EICP method

can be a promising technique to be adopted for in-situ

applications. Desorption tests (elaborated in clause 2.7)

were conducted on treated and untreated soils spiked with

heavy metals individually and simultaneously. The results

obtained from desorption experiments are plotted with

molar concentrations of extractants on abscissa and

removal efficiencies (%) of heavy metal on ordinate. The

lesser values of removal efficiency indicate the immobi-

lization of heavy metals in soil and therefore cannot be

removed from it.

Desorption of Individual Heavy Metals from Soils

This section aims to understand the capability of EICP

method in retaining heavy metals in soil and also to iden-

tify suitable dosage of enzyme solution which leads to

retention of heavy metals to the maximum, and to find

percentage of retention of contaminants in soil after EICP

treatment. Remediation of contaminants in soil by precip-

itates of CaCO3 is easy in implementation and economic.

According to a scoring suggested by Dejong et al. [75], this

method is readily accepted by the society. Before con-

ducting the desorption tests, actual load ratios of heavy

metals (Cd, Ni, and Pb) in the samples were found by acid

digestion tests for 50 mg/kg and 100 mg/ kg load ratios.

Table 4 shows the actual load ratios of heavy metal ions

spiked in soil samples.

Desorption of Cd, Ni, and Pb The maximum Cd removal

efficiencies were observed as 50.39% and 46.37% for raw

Soil B and raw Soil A. The minimum Cd removal effi-

ciency of 3.97% and 5.39% were observed when it was

extracted with citric acid (0.5 M) for M2-treated Soil B and

Soil A, respectively. If the percentage of silt and clay

particles is more in soil, then the release of Cd decreases

because heavy metal deposits become strong in finer clay

fractions [76]. Therefore, it was witnessed that higher clay

or silt content leads to the improvement of the capacity of

soil to retain heavy metals [77, 78]. These observations are

in congruence with the outcomes obtained in this work.

Removal efficiency of Cd was low because of precipi-

tation of comparatively greater amount of calcite in soil

with M2 treatment. Wang et al. [79] discovered that exis-

tence of CaCO3 precipitated in soil played a vital role in

immobilization of heavy metals after treatment of soils.

EICP technique used in the present study for heavy metal

retention is more effective in retaining Cd in comparison to

the retention of Ni and Pb.

pH also plays an important role in Cd retention in soil.

With decrease in pH of test solution, Cd desorption

increases. Further, an increase in soil pH results in retain-

ing Cd ions [80]. Citric acid extractant is found to desorb

lesser amount of Cd ions with lower molar concentrations

and Cd desorption is more with higher molar concentra-

tions. This is attributed to the formation of complexes of

Cd and citric acid in aqueous state, detaching from surfaces

of soil. EDTA is found to retain more amounts of Cd in

spite of pH being equal to 5.05 [81]. The pH range was

around 5–8 in citric acid chelant (0.1 M) which was used to

extract Cd. While pH range was between 3 and 6 and

molarity of citric acid solution was 0.5, it leads to a com-

paratively higher Cd removal.

The maximum desorption of Ni was 72.36% for raw Soil

B and 57.2% for raw Soil A and minimum desorption

values of Ni were 20.26% and 34.48% for M2-treated Soil

Fig. 3 Representation of

adsorption process showing

accumulation of heavy metal

ions on surfaces of calcite

precipitates in soil
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A and M2-treated Soil B, respectively, after extraction by

EDTA (0.5 M). Ni is most common contaminant found in

brownfields, and nickel pollution begins from the release of

ventures including metal plating, nickel refinement, and

mining locales. Nickel hastens into a steady compound as

nickel hydroxide [Ni(OH)2], in slightly neutral and alkaline

solutions. Ni can be adequately eliminated by EDTA as

well as citric acid extractants [37], and retention of nickel

can be perceived from the connection between the sorptive

surface and particle fixation that diminishes metal ion

evacuation. Urease utilized in the investigation is allegedly

dynamic and stable especially when EDTA extractant

solution shows neutral pH. The enzymatic action assumes a

significant part in already existing nickel in urease. It is

established that ions of nickel take actively part in

strengthening the enzyme activity, and therefore attempts

made to separate nickel from the urease were not fruitful

[30]. Thus, pre-existing nickel in the urease enzyme and

nickel added as contaminant mostly get clustered to behave

in such a way that Ni retention in soil increases.

In case of Pb, Soil A without treatment and contami-

nated by Pb exhibited higher removal efficiency, which

ranged from 97.52% to 99.96% for soil washed with EDTA

(0.5 M) extractant and for load ratios of 100 mg/kg and

50 mg/kg, respectively. When citric acid was used to wash

M2-treated Soil A contaminated with Pb, removal effi-

ciencies decreased to 26.26% and 11.2% for load ratios of

100 mg/kg and 50 mg/kg, respectively. Kumpiene et al.

[82] conducted study on immobilization of Pb by chemi-

cals containing phosphorus, like hydroxyapatites and apa-

tites, in natural and synthetic forms. This was because of

the ionic exchange and precipitation of minerals of pyro-

morphite-type which reduce the mobility of Pb, and also

because of Ca compounds which are usually efficient in

ensuring immobilization of Pb with increase in pH of soil.

When pH ranges around 8–9, it paves the way for Pb

retention. Around 99% of retention of Pb was achieved by

Wang et al. [79] by using stabilizers like CaCO3 and

Ca(H2PO4)2 in a dumpsite of Taiwan.

Desorption of Combination of Heavy Metals

Since the soils spiked with contaminant solutions were

cured for 40 days, the process of settling of contaminants

in soil can happen thoroughly, and therefore behaviour of

simultaneously spiked heavy metals in treated as well as

untreated soils give a better understanding of their

behaviour.

Desorption of Cd and Ni Spiked Together It was observed

that the removal efficiencies in aqueous solutions reduced

after treating soils with enzyme solutions. It was observed

that Ni and Cd removal efficiencies spiked together with a

load ratio of 50 mg/kg in both soils extracted by different

molar concentrations of EDTA solution. It was observed

that Cd removal efficiency reduced to 11.2% for M2-

treated Soil A whereas the removal efficiency was 21.28%

for raw Soil A. The removal efficiency of Ni for M2-treated

Soil A reduced to 11.64% from 15.24% for raw Soil A.

Further, when soil B was tested, Cd removal efficiency was

11.18% after M2 treatment and Ni removal efficiency post

M2 treatment was 10.84%. The removal efficiencies for

raw Soil B were 18.33% and 15.68% for Ni and Cd,

respectively, for 100 mg/kg load ratio of Ni and Cd spiked

together and extracted using EDTA. Majority of removal

efficiencies obtained from these tests were better for soils

treated using M2. Removal efficiencies for Ni and Cd

decreased to 6.08% and 10.98% from 10.84% and 12.66%,

respectively.

Table 4 Determination of actual load ratio of metal ions via acid digestion method

Actual load ratios obtained for 50 mg/kg initial load ratio

Metal

Ion

Soil A mg/

kg

Soil A ? M1

mg/kg

Soil A ? M2

mg/kg

Soil A ? M3

mg/kg

Soil B mg/

kg

Soil B ? M1

mg/kg

Soil B ? M2

mg/kg

Soil B ? M3

mg/kg

Pb 49.017 48.798 46.825 48.037 48.048 47.636 45.392 46.552

Cd 48.975 47.683 44.931 46.371 48.697 47.862 45.577 46.594

Ni 49.372 48.677 46.198 47.692 48.372 47.653 45.611 46.976

Actual load ratios obtained for 100 mg/kg initial load ratio

Metal Ion Soil A Soil A ? M1 Soil A ? M2 Soil A ? M3 Soil B Soil B ? M1 Soil B ? M2 Soil B ? M3

Pb 99.204 98.528 96.286 97.367 99.243 99.831 96.058 97.649

Cd 98.393 98.496 96.154 97.358 98.877 98.655 95.586 97.555

Ni 99.091 98.674 95.981 97.642 99.122 98.362 95.633 97.863
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Desorption of Ni, Pb and Pb, Cd Spiked

Together Simultaneous desorption of Ni and Pb with

100 mg/kg and 50 mg/kg load ratios were conducted. It

can be understood from the study that removal efficiencies

are less with higher load ratios of 100 mg/kg of heavy

metal contaminant spiked in the soil when compared to

50 mg/kg. Removal efficiency in Soil A treated with M2

was 6.3% and 27.2% for Ni and Pb, respectively, when

extracted by 0.5 M EDTA solution whereas for raw Soil A,

the removal efficiency was 5.3% and 26.82% for Ni and

Pb, respectively, when extracted by 0.5 M EDTA solution.

For M2-treated Soil B, removal efficiencies of Ni were

9.72% and 27.06% for Pb when extracted by 0.5 molarity

EDTA solution and the removal efficiencies for Ni and Pb

were 4.1% and 26.66%, respectively, when extracted with

0.5 M EDTA for raw Soil B. It can be observed that the

desorption of heavy metals Ni and Pb are not above an

average value of 60% of all removal efficiencies.

For a molar concentration of 0.5 EDTA, removal effi-

ciencies of Pb and Cd were 22.4% and 18.14%, respec-

tively, for Soil A treated with M2, whereas removal

efficiencies of Pb and Cd were 18.62% and 16.04%,

respectively, for untreated Soil A. For M2-treated Soil B,

the removal efficiencies of Pb and Cd were 25.26% and

17.3%, respectively, whereas for untreated soil, the

removal efficiencies of Pb and Cd were 16.56% and

11.72%, respectively.

Desorption of Ni, Cd, and Pb Spiked Together Figures 4,

5, 6 and 7 give details of removal efficiencies against

different molarities of extractants (Citric Acid and EDTA)

with load ratios of 50 mg/kg and 100 mg/kg of Ni, Cd and

Pb spiked together. Removal efficiency of each heavy

metal from the same solution were found by testing in

AAS. It was observed that removal efficiencies for treated

soils were not appreciable when compared to the untreated

soils. The removal efficiencies of treated soils were gen-

erally found to be more than the removal efficiencies of

untreated samples. Figures 4, 5, 6 and 7 depict that the

removal efficiency of Cd for raw soil is minimum when

compared to the treated samples. Use of EICP technique

was not very much effective for simultaneous desorption of

heavy metals, the reason can be attributed to the space of

heavy metals ions possible within the calcite lattice which

is occupied by multiple metal ions. These metal ions

probably does not get encapsulated uniformly because of

which the results are not specific when removal efficiencies

of Ni, Cd, and Pb are spiked together.

At a point when the concentrations of metal ions are

less, the amount of sites to hold the heavy metals are high

and this results in immobilization of metals ions [83].

Mechanism involved in the retention of Ni can be visual-

ized as a phenomenon wherein metal ions get bound to a

carboxylic group which initiates competition among met-

als, protons and exchangeable ionic interactions in solution

leading to Ni immobility [84]. Heavy metal precipitation

takes place when the solution reaches saturation with

Fig. 4 Removal efficiencies of

Ni, Cd, and Pb spiked together

in both soils extracted using C1-

EDTA (50 mg/l)
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specific element by heterogeneous or homogeneous process

of aggregation. The former process of aggregation takes

place because of nucleation in supersaturated phase of soil

solution, while the latter process comes into existence due

to precipitates formed by nucleation of soil grains and thus

the soil grains hold metals on their surface [85].

Cd and Pb are adsorbed on CaCO3 formations in soil,

thereby preventing their escape. Retention of Cd and Pb

was predominant because of polydopamine CaCO3 than

natural CaCO3 [86]. Therefore, it is inferred that reduction

in desorption of Pb and Cd observed in this work were

because of CaCO3 in soil. Retention of Pb can occur even

because of precipitation reaction and diffusion of solid-
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state, due to which PbCO3 and PbSO4 get precipitated

when level of heavy metal contamination crosses the level

of solubility of hydroxides and carbonates at a given pH

[87, 88]. Hence, it can be understood from the desorption

tests of individual heavy metals that enzyme treatment is

effective in reducing hazardous effects of heavy metal

contaminants.

The main procedure which results in the formation of

CaCO3 is urea hydrolysis incited by urease enzyme into

NH3 and CO2, and further the NH3 speciation leads to the

formation of NH4? ions, thereby creating a suitable envi-

ronment for CaCO3 precipitation in CaCl2 solution rich in

calcium [89]. It is even proposed that heavy metal ions

having their ionic radii close to Ca2? like Cu2?, Pb2?, Sr2?

and Cd2? get incorporated in crystal lattice of CaCO3 by

substituting Ca2? ions or even by creating defects on

crystals of calcium carbonate or by penetrating interstice of

CaCO3. This phenomena indicates the potential of EICP

technique in positively remediating heavy metals [90].

Formation of heavy metal carbonates takes place in a

microenvironment comprising mineral carbonates, appli-

cable to even radionuclides like strontium forming ele-

ments like strontium carbonate (SrCO3) [91]. Metal ions

scattered in soil probably cluster around existing carbon-

ates which are already existing in soil, and retention of

heavy metal takes place because of precipitation of car-

bonates of heavy metals [92–94]. Mechanism of enzymatic

bioremediation is effective in treatment of heavy metal by

bioaccumulation established in paper pulp [34, 92].

Desorption experiments conducted on different combi-

nations depicted that immobilization of spiked heavy

metals simultaneously in soil was generally not effective

after its treatment with enzyme solutions. Han et al. [95]

noted that with increase in concentration of heavy metals,

average removal efficiencies of 80% can be observed and

further it may reach up to 99%, posing grave impact on

environment. Heavy metal accumulation takes place con-

tinuously through different sources of contamination

leading to dreadful effects. Application of immobilization

methods on contaminated sites may reduce the impacts by

either encapsulating or crystalizing the contaminants.

CaCO3 precipitates in soils show different reactions to

different contaminants [61].

Carbonate formation like PbCO3, NiCO3 and CdCO3 as

bio minerals of all the three contaminants (Cd, Ni and Pb)

in soils by biomineralization technique in polluted soils

was witnessed by Li et al. [96]. They also found that

morphologies of bio minerals differ, varying from rhom-

bohedral shape or needle shape, spherical shape with their

dimension varying from a maximum of 50 lm to a mini-

mum of 10 lm. Govarthanan et al. [97] studied on

biomineralization of lead using Bacillus sp. KK1 bacterium

in mine tailings, wherein they observed that around 26% of

exchangeable Pb reduces because of biomineralization, is

inspired by precipitated calcite [98]. It can be inferred from

the desorption study conducted on simultaneously spiked

heavy metals that it did not portray effective results in

some cases of enzyme treatment. While the results were
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appreciable in encapsulating combinations of heavy metals,

this improvement did not indicate the effectiveness of any

specific enzyme solution common in all cases. In yet

another case of sequentially defining the five phases of soil

and the physical and chemical speciation of heavy metal

interaction, it covers the basic order (from greatest to

least): residue fraction[ bound to organic matter frac-

tion[ bound to Fe–Mn oxides fraction[ bound to car-

bonates fraction[ exchangeable fraction. Under rain,

snow, or acid rain circumstances, water-soluble, ion-ex-

changed, and carbonate-bound heavy metals are active and

may quickly move to groundwater and soil, but the

organically bound state, the iron-manganese oxidation

state, and residual heavy metals are rather stable and these

are the phases where EICP remains active [99].

Conclusions

Biogeochemical process such as EICP is a sustainable and

environment-friendly solution in the field of ground

improvement and remediation in which precipitates of

CaCO3 are formed in the presence of specific chemicals

and catalysed by means of a plant derived urease enzyme.

The outcomes of the present study indicate that EICP has

proved its efficacy in fixing Cd, Ni, and Pb spikes in Soil A

(Kaolinite) and Soil B (Montmorillonite), as well as for the

immobilization of heavy metals within the soil. Following

are some of the specific findings of this work:

• Enzyme treatment improved the adsorption of heavy

metals on soils wherein M2 facilitated the maximum

amount of adsorption of heavy metals. For Soil A and

Soil B, the order of sorption for individual metal ions

was observed as Ni[ Pb[Cd, at an initial concen-

tration of 100 mg/l and dilution ratio of 1:100 of heavy

metals.

• Heavy metals, when spiked simultaneously in soils

paved the way for competitive sorption. Heavy metals

with higher ionic radius and electronegativity had

greater chances of occupying the empty spaces on the

adsorbent. Soil B had comparatively greater capability

of sorbing heavy metals on its surface compared to soil

A.

• EICP treatment with M2 exhibited better retainment of

heavy metals in comparison to the treatment with

enzymes, M1 and M3. The order of heavy metal

encapsulation in soil occurred in the order of Cd[
Ni[ Pb when individual desorption studies were

conducted.

• Enzyme treatment of soil successfully retained maxi-

mum amount of Cd than Pb and Ni. The same trend was

established even during the desorption studies

conducted by washing the heavy metal sorbed soils

with citric acid and EDTA.

• The outcomes from the above experimental studies

revealed that EICP has adequate capacity to immobilize

heavy metals in polluted soils. The studies depicted

obvious results for Cd in contrast to Ni and Pb and this

strategy can be utilized to immobilize specific pollu-

tants by distinguishing its viability on other heavy

metals too.

• Desorption studies on heavy metals spiked simultane-

ously portrayed that carbonate of heavy metals such as

NiCO3, PbCO3, and CdCO3 (Otavite) are likely to be

formed on the surfaces of soil after CaCO3 and heavy

metals interact while increasing the pH. These carbon-

ates of heavy metals in the soil mass become insoluble

thereby changing the form of heavy metal to a nontoxic

state.

The application of bio-inspired solution such as EICP

which is inspired from the natural cemented soil deposits

provides an innovative and alternative solution for

improving the geo-mechanical properties of soils and for

addressing the various geoenvironmental issues. It is also

imperative that the upscaling potential of these bio-inspired

techniques need to be assessed before its actual application.

EICP, being sustainable and environment-friendly with

reduced greenhouse gas emissions, has proven to be

effective for heavy metal immobilization in clayey soils.

Existing literatures suggest that the application of EICP is

still very limited to organic soils and hence this technique

needs to be branched out into various soil types for

understanding the effects on these soils. There are still

many factors to be considered and improvised such as

sourcing of an urease enzyme which is cheaper and non-

ammonia releasing, reduced treatment time, etc. With a

close collaboration between researchers and practicing

engineers, this technique can be exploited for its potential

benefits and viability in the actual field and hence would

become a highly effective technique in the field of ground

improvement in future.
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