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ABSTRACT:  Rapid industrialization and urbanization causes release of significant quantities of hazardous contaminants, 
including heavy metals and radionuclides, into the biosphere. Severe accumulation of these contaminants and their 
exposure deteriorates human health, environment, and biota system. Conventional remediation of heavy metal, 
radionuclide contaminated soils include physico-chemical extraction, stabilization/solidification/immobilization, soil 
washing, etc. These techniques demand large quantities of chemical reagents, huge cost apart from the generation of 
secondary toxic byproducts, and hence the aforementioned techniques become unsuccessful and ineffective. This 
necessitates an interdisciplinary approach using biomediated processes and/or derived byproducts, which enhances 
remediation process through accelerated biogeochemical phenomenon. Bioremediation is a broad area which involves 
large matrix of remediation techniques such as bioaccumulation, biosorption, biosparging, bioleaching, biomineralization, 
phytoremediation, etc. Among all these techniques, biomineralization or microbially induced carbonate mineral 
precipitation are the most fascinating, promising methods to handle the present day challenges pertaining to remediation 
of contaminated soils. 

In view of this, the current study presents a critical review on mechanisms of microbially induced carbonate precipitation
in view of solid phase sequestration of inorganic contaminants. Further this study assesses, the suitability of various 
microorganisms along with the associated precipitation processes for transforming soluble inorganic compounds into 
stable and non-redox sensitive carbonate minerals. 
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1 INTRODUCTION

Large and small scale industries are established so 
hurriedly for gratifying human  need and greed across 
the world. This leads to contribute numerous obligatory 
products as well as a massive quantity of refuses. The 
byproducts/wastes generated from anthropogenic 
activities such as industries, excessive fertilizer 
application, sewage sludge, power plants and nuclear 
power reactor contain numerous heavy metals and 
radionuclides. Safe disposal of these heavy metals and 
radionuclide is a major concerning factor in view of 
environmental and ecology system. This necessitate the 
remediation of hazardous waste by various remediation 
techniques. The physicochemical approaches such as 
filtration, precipitation, electrochemical treatment, soil 
washing and chelating, oxidation/reduction, ion 
exchange, reverse osmosis, stabilization/solidification, 
etc are applied for treating heavy metal and 
radionuclide contaminated soils (Abdel-Sabour, 2007). 
Above mentioned remediation techniques entail several 
drawbacks as inefficient, requirement of abundant 
chemical reagents, energy and cost apart from 
generation of secondary byproducts. 

Bioremediation is a cost-effective and environment
friendly technique which involves chemistry of 
biological activity to diminish environmental hazards 
coming from the accumulation of toxic chemicals and 
other hazardous wastes. Various biological methods as 
biosorption, bioaccumulation, biomineralisation, 
phytoremediation, bioimobilisation, etc. are being 
implemented to remediate contaminated multiphase 
system as well as to maintain natural environment. 
Basic principle of bioremediation is decreasing the 
solubility of pollutant by altering pH, changing the 
redox reactions and adsorption of pollutant from 
contaminated environment. Literature demonstrated 
that various heavy metals have been immobilized or 
biosorbed are being released again into the 
environment by changing the redox reaction or valance 
of the pollutant metal by some biomaterials and their 
chemical activity. In view of this limitation 
phytoremediation, genetic potential of plants to 
mitigate toxic and hazardous contaminants from soil 
or water has been employed throughout the world. . 
Phytoremediation is a lot depend on growing 
environment as water availability, climate, 
temperature, geology so it cannot be used in dry, harsh 
regions successfully. 
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Among all the bioremediation techniques, 
biomineralisation is most fascinating and promising 
research area in new generation of geoenvironmental 
engineering due to its various advantages over daunting 
problems. The term biomineralisation refers to 
minerals synthesized by organisms. Biomineralization 
can be biologically induced mineralization (BIM) or 
biologically controlled mineralization (BCM). In BIM, 
microbes amend the geochemical reactions in nearby 
environment by its uncontrolled metabolic activity, 
resulting in extra-cellular mineral growth. Whereas in 
the case of biologically controlled biomineralization
(BCM), minerals are formed either intracellular or 
epicellular and the process is completely regulated.

Microorganisms from different phyla use specific 
metabolic process and synthesize nearly sixty four 
varieties of minerals of phosphorites, carbonates, 
silicates, iron and manganese oxides, sulfide minerals 
and amorphous silica (Knoll, 2003). From all the 
minerals precipitated by microorganisms, microbially 
induced carbonate precipitation (MICP) is primary 
focus till date as carbonate precipitation is abundant in 
nature with a wide variety of microorganisms and 
plants involved.

Three types of autotrophic pathways of microbially 
induced carbonate precipitation include two anaerobic 
processes and one aerobic process. On the other hand, 
various heterotrophic pathways as nitrogen cycle, 
sulphur cycle and iron reduction are involved for 
carbonate mineral precipitation. In the nitrogen cycle, 
three different pathways ammonification of amino 
acids, reduction of nitrate, and degradation of urea or 
uric acid, increase pH and induce carbonate ions. Even 
though different biogeochemical processes are 
involved in carbonate biomineral precipitation, all are 
not efficient for bioremediation techniques. Among all 
the pathways microbially induced calcite precipitation 
by urea hydrolysis process or urease positive microbes 
are gaining importance to remediate heavy metals and 
radionuclide (Fujita et al., 2010).

In view of above mentioned factors, the present study 
is emphasized on microbially induced carbonate 
precipitation (MICP) by urea hydrolysis process. For 
this purpose, a critical review on calcite precipitation 
mechanism in urea hydrolysis process and its impact 
on immobilizing soluble pollutants from soil and 
aquatic environment, has been presented.

2 MICP in urea hydrolysis

In urea hydrolysis process, one mole of urea is 
hydrolyzed to one mole of ammonia and carbamic acid 
due to the microbial urease enzymes, which further 
hydrolyzes and generate additional one mole of 
ammonia and carbonic acid. These products further 

equilibrate in water and form bicarbonate ion. In urea 
hydrolysis mineral formation accelerated due to 
increase in alkalinity and because of presence and over 
saturation of calcium ions, calcium carbonate or calcite 
mineral forms.

MICP process can retain heavy metal and radionuclides
by adsorbed and/or coprecipitated in calcite lattice. and 
also, presence of other metal cation forms carbonate 
mineral as PbCo3, SrCo3. Concept of mineral 
precipitation is shown in Fig.1. MICP technique in urea 
hydrolysis process is not sensitive to redox potential 
change, which helps the pollutant not to be released 
again into the environment make this technique more 
feasible (Achal et al., 2012), as shown below.

CO(NH2)2+H2O → NH2COOH + NH3

NH2COOH + H2O −→ NH3+H2CO3

H2CO3 → 2H++2CO3
2−

NH3+ H2O → NH4++OH−

Ca2++2CO3
2− → CaCO3 (KSP = 3.8 × 10−9) 

KSP is the solubility product.

Fig 1. Schematic view of MICP approach for 
remediation of contaminated soil

As toxicity of heavy metals and radionuclide hinder 
microbial growth, it is necessary to isolate metal 
tolerant, urease positive microorganisms for altering 
soluble pollutants to stable mineral in MICP process. 
The following section describes different research 
considered MICP as a remediation technique by using 
various indigenous and non indigenous metal tolerant, 
ureolytic microorganisms. 

2.1 Removal of Arsenic

Semi-metalic, toxic arsenic, As, is found with different 
(-3, 0, +3, +5) valencies. The most available form of 
arsenic are arsenite (III) and arsenate (V).

Achal et al. (2012) examined potential of As tolerant 
isolated bacterium Sporosarcina ginsengisoli for 
calcite production and remediation of As contaminated 
soil. Even though growth of S. ginsengisoli was 
decreased due to presence of As, ample urease 
production further lead to urea degradation rate and 
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calcite production. Experimental data explained the 
removal of 96.3% of exchangeable As fraction from 
liquid solution. The five stage soil sequential extraction
showed a radical increment of carbonate bound As in 
bioremediated soil sample.

2.2 Removal of Cadmium

Cadmium, Cd, is in seventh rank in terms of hazardous 
heavy metals among top twenty toxic pollutant. Even 
though heavy metal such as cadmium is needed as a 
nutrient for the living system, high quantity causes 
hamper to human and animal health. 

In view of this, Kang et al. (2014) isolated 
Lysinibacillus sphaericus and investigated its urease 
activity and feasibility of Cd bioremediation via 
carbonate precipitation. Even though growth of L. 
sphaericus hinder in presence of Cd, urease activity did 
not get hampered. Study showed 99.95% removal of 
Cd from sand in 48 h transforming Cd into stable 
biomineral product. Subsequently, scanning electron 
microscope and X-ray diffraction analyses confirmed
presence of Cd as carbonate otavite (CdCO3).

Similar way Kumari et al. (2014) conducted various 
experiments to investigate the effect of temperature on 
MICP based Cd bioremediation by an indigenous 
ureolytic bacterium, Exiguobacterium undae. Urease 
enzyme activity and growth of Exiguobacterium undae
were not affected by low temperature (10°C) compared 
to 25°C. Tessier sequential extraction result showed 
soluble Cd fraction got reduced significantly and 
carbonate fraction got increased by microbially 
induced calcite precipitation practice compared to 
controlled samples in both 10 °C and 25 °C. 

2.3 Removal of Copper

Copper, an essential nutrient can also cause toxicity to 
plant and human in high concentration, which need to 
be remediate. Achal et al. (2011) isolated Kocuria flava
bacterium from a mining area soil due to its ability of 
higher urease production and high tolerance against 
copper. Author explained higher production of urease 
lead to more urea degradation, high calcite 
precipitation and further, facilitate maximum removal 
of copper. The effect of pH and temperature on growth 
of bacterium and removable of exchangeable copper is 
favorable in the acidic medium with a wide range of 
temperatures, while the optimal temperature was 30
°C. Excess quantity of copper inhibits the bacterial 
growth due to high toxicity in reverse the data revealed 
higher percentage of copper removal as the quantity of 
copper increased in the soil. Similarly,  Li et al. (2013) 
explained removal of copper by using another 
bacterium known as Sporosarcina koreensis and 

compared the rate of removal of copper is higher than 
by Sporosarcina pasteurii.

2.4 Bioremediation of Chromium

A feasible bioremediation of chromium slag was 
conducted by MICP technique with urease positive 
Bacillus species (Achal et al., 2013). Consolidated 
bricks were made which shows higher compressive 
strength and low permeability. As the leaching test was 
done to check releasing of chromium showed notable 
decrease in exchangeable chromium fraction in bio-
modified sample. Co-precipitation of chromium in 
calcite structure forms a stable complex mineral, an 
effective way to remediate chromium contaminated 
soil. 

Further, Kumari et al. (2014) have evaluated the effect 
of MICP bioremediation technique for Cr(VI) 
contaminated soil by knowing Cr phytoaccumulation. 
The technique involves participation of ureolytic 
bacteria Bacillus cereus, which arrest the exchangeable 
Cr(VI) as a stable carbonate biomineral and 
consequently, Pisum sativum seeds were planted in the 
treated soil and uptake of chromium was measured. 
The harvested plant tissue presented a negligible 
fraction of chromium uptake than the plant in untreated 
soil zone. 

2.5 Bioremdiation of Lead

Achal et al. (2012) proposed microbially induced 
calcite precipitation (MICP) technique as an alternative 
method for remediating lead contaminated soil by 
using Urease positive, Kocuria flava bacterium. 
Similar way, Li et al. (2013) evaulated another 
ureolytic bacteria Sporosarcina koreensis for removal 
of lead and showed 100% removal of exchangable lead 
fraction from contaminated soil. Very recently, Kang et 
al. (2015) evaluated the lead remediation by altering 
the soluble lead to a carbonate biomineral fraction with 
the help of Pb-resistant bacteria. In this study, ureolytic 
Pb-resistant bacteria were preferred based on their 
urease activity, urec gene PCR and minimal inhibitory 
concentration against Lead. 

Even though above mentioned bioremediation 
experiments were carried out by pure culture, it is very 
difficult to maintain, implement a single culture in 
field. Synergetic effect of mixed bacterial culture 
enable to remediate various pollutants in the same 
region more efficiently as compared to single culture 
they are more resistant to heavy metals and more 
robust in harsh environment. 

In view of this, Kang et al. (2016) conducted MICP 
bioremediation of Pb, Cd, and Cu mixture 
contaminated soils by various bacterial mixtures. Four 
bacterial strains with three sets of mixed culture were 
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selected. In this study, experimental result proved 
higher resistivity and significant amount of calcite 
production and removal of heavy metals compared to 
single bacterial strain.

2.6 Bioremediation of Strontium

Microbially induced carbonate mineral precipitation by 
urea hydrolysis which leads to a solid phase 
incorporation of strontium was investigated by 
Sporosarcina pasteurii (Kang et al., 2014). A 
significant amount of strontium can be captured in 
calcite lattice make it stable carbonate mineral form.

Fujita et al. (2010) examined the potential of calcite 
precipitation and co-precipitation of sorbed 90Sr by 
urease positive microorganism in the Hanford 
subsurface, Washington. Similar way, Achal et al. 
(2012) studied the bioremediation of radioactive 90Sr
from aquifer sediments/quartz sand with a Sr resistant 
Halomonas species.

3 Critical appraisal

As type of bacterial species used differs with metal 
tolerance, growth, rate of urea hydrolysis and calcite 
precipitation, it has an impact on bioremediation which 
should be monitored in future. Metal carbonate 
precipitation and co-precipitation with calcite need 
much more advance characterization and quantification 
which enable the understanding of mechanism and 
other biogeochemical reaction.  A lot of study is going 
on to remediate contaminated environment by MICP 
but it is crucial to up-scale and optimize this technique 
in in-situ soil surface. It is essential to understand and 
overcome the technical hitches for using the 
biogeochemical processes in-situ.

4 Conclusion

This review paper demonstrated microbially calcite 
formation technique can precipitate various heavy toxic 
metals and radionuclide by using various indigenous 
microbial culture. Biomineralisation of calcite provided 
a unique research need to get more investigation and 
field implementation.     
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