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Background  
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Commonly used lixiviants in ISR operations



Challenges of ISR

�Containment of leaching 
agents

� Monitoring and managing 
subsurface fluid flow

�Ensuring minimal 
disturbance to surrounding 
ecosystems

�Addressing potential 
groundwater contamination 
concerns

Different types of barriers and containments in practice

The Problems With Current Barrier And 
Containment In Practice

� Inefficacy

�  Viscosity 

� Environmental toxicity

� Cost
Get inspiration from…. Nature



Bio-mineralization of calcium carbonates in natural structures (A) 
Corals (B) Stromatolites (C) Limestone cave www.sciencedaily.com
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Natural process by which microbes form inorganic minerals 
and polymers as part of their basic metabolic activities 

Recorded in a range of geological structures varying from 
travertines, corals, stromatolites to beach rocks in terrestrial 
and marine environments 

Wide range of minerals can precipitate 
❖ Carbonates
❖ Phosphates
❖ Sulphides
❖ Oxides
❖ Silicates

(Murugan, et al. 2021; Dhami, et al., 2013)

Microbially induced mineral precipitation 
(biocementation)

Bacterial metabolic routes in MIMP

CO2 + H2O ↔ HCO3
- + H+

Ca2+ + HCO3
-          CaCO3 + H2O

Carbonic anhydrase



Benefits of MIMP 
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Microbially induced calcium carbonate precipitation (MICP)



Extreme conditions such as lower pH conditions 

By-products and Uncontrolled Growth

Obtaining Uniform Treatment

Economic

(Phillips et al., 2013, Farah et al., 2016, Zhu and Maria 2016 Hart et al.,2012)

Limitations of MICP

Microbially induced phosphate precipitation 

12�(Qian C, 2018)

BACTERIAL ENZYMES

Acid phosphatases enzymes 

  Such as Bacillus sp. and Pseudomonas sp. 

Wide range of 
phosphate 

compounds can 
precipitate 

Tricalcium 
phosphate 

Struvite Apatite Baricite Vivianite Variscite 

Advantages of bio-phosphates as grout material

�Nontoxic 
�Better performance and stability under low pH conditions
� Can be extracted from natural sources as fertilizers and bones of livestock



13

 Hydroxyapatite (HAP) Ca
5
(PO

4
)

3
(OH)

▪Thermodynamically stable in its crystalline state

▪Similar composition to bone mineral

▪Biological sources or wastes such as mammalian 
bone, marine or aquatic sources, shell sources, and 
plants and algae and also from mineral sources

▪Can be synthesised chemically or microbiologically 

Experimental data on hydroxyapatite solubility in aqueous solutions at 
different pH from literature sources: (1) Rootare et al. (1962), (2) Wier 
et al. (1971), (3) Avnimele et al. (1973), (4)  Chuong (1973), (5) 
McDowell et al. (1977), (6) Bell et al. (1978), (7) Verbeeck et al. (1980), 
(8) Mahapatra et al. (1982)
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Research Method

Bacillus subtilis 
ATCC 6051

Gram-positive
Biofilm producing

Ureolytic bacterial culture 
capable of producing 
nano-hydroxyapatite 

(Yu et al., 2021).

Pseudomonas 
ATCC13525

Gram – negative 
Strong biofilm 

producing 
Capable of 
producing 

nano-hydroxyapati
te

(Turner et al., 2017) 

Methodology

Sporosarcina 
pasteurii ATCC 

11891

Gram positive
Ureolytic bacterial culture 

Has the ability to precipitate 
calcite 

(Dhami et al., 2012)



Bacteria + Cementation Fluid  

 

Crystal analyses
Scanning Electron Microscopy

X- ray Diffraction
Nanomechanical 
characterisation

Acid Solubility Test 
Growth condition optimization 
Enzyme activity measurements

 

Crystal 
precipitation 

Optimised 
Bacterial 
culture 

+
Mine tailings 

Hydraulic characterisation

Service life assessment 

Mineral Characteristic 
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Results 

.

S. pasterurii B. subtilis P. fluorescence
 - optical density (OD 600 nm) and the corresponding bacteria concentration (CFU ml ) are plotted vs. time. Data of concentration curves are 

reported until the stationary phase

. Urease and Alkaline Phosphatase Enzyme Activities

. Growth curve for 3 different cultures 



. Concentration of soluble calcium ions, phosphate and pH over the time 

• Dry weight of insoluble precipitate

• Precipitation by S. pasteurii 

▪ Precipitation by  B. subtilis

• XRD results 

Hydroxyapatite 

Brushite 



Precipitation by P. flurosence XRD results

20

Raman Analysis For HAP Precipitation Nanoindentation Results For HAP 



• Abiogenic precipitation

Hang, B. 2018

▪ XRD results

• Raman result

. The impact of biofilm production on mineral precipitation
B.subtilis                                vs                             S.pasteurii

6hr after treatment  12hr after treatment 6hr after treatment  12hr after treatment 



. Acid solubility of Biogenic Hydroxyapatite/ Calcite 



Ongoing Experiments 

Findings   
• Successful production of phosphate biocement as 

hydroxyapatite achieved  

• Bacterial culture plays a crucial role in determining the 
morphological-mineralogical-nanomechanical properties of 
precipitated hydroxyapatite 

• Biofilm and extrapolymeric substance producing cultures can 
create uniformity in HAP crystal orientation and pattern

• Biogenic hydroxyapatite demonstrates higher stability in pH 
environments (>5)

• Co-precipitation of carbonate and phosphate biocement offers 
promising solution for sustainable barriers 

• Further studies to be conducted to investigate the efficacy of 
biocement barriers under simulated subsurface conditions over 
longer durations
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