
 

 

Bioprecipitation of Heavy Metals and 

Radionuclides with Calcium Carbonate in 

Aqueous Solutions and Particulate Media 

 
 
 
 
 
 
 

Ahmed Jadaan Mugwar 
 
 

 
 

Geoenvironmental Research Centre 
Cardiff School of Engineering 

Cardiff University 
 
 

Thesis submitted in candidature for the degree of 
Doctor of Philosophy at Cardiff University 

December 2015



i 

 

 



ii 

 

ACKNOWLEDGMENTS 

In the Name of Allah, the All- Merciful, the All-Compassionate. 
 

The praise is due to Allah for giving me the strength, patience and perseverance to 

complete this work in its best though my chronic illness. 

 

I am extremely grateful to my supervisor Dr Michael Harbottle for providing me this 

opportunity and introducing me to this novel idea. Thanks for his patience, guidance 

and invaluable advice throughout this work. I am forever thankful for his professional 

and personal mentorship. Also I would thank my second supervisor Dr Devin 

Sapsford. 

 

I am really grateful to all staff in haematology clinic/ Heath Hospital/ Cardiff, in 

particular Dr Steven Knapper for helping me to overcome my severe illnesses. 

 

Also I am grateful to Ministry of Higher Education and Scientific Research in my 

great country IRAQ for financial support during my study. 

 

I would like to express my gratitude also to all admin staff in the research office and 

I am grateful to the technical staff of the School of Engineering, in particular Jeff, 

Len, Harry and Ravi. I am thankful for their assistance. 

 

I am thankful for all my friends in Iraq and UK who have prayed, helped for me 

throughout this work.  

 

Finally, and most of all, I would like to express my deepest gratitude and appreciation 

to my mother, my brothers, and all my relative. Special thanks for my wife Eman for 

her tears and support in my times of pain and to my children Abdullah and Fatima 

for their praying, help, sacrifices, and patience during my study. 

I dedicate this thesis to My Lord on the Earth for permanent inspiration and 

supporting, also this work is dedicated to the memory of my father, Jadaan, I miss 

him every day, if he alive would be proud of me.  



iii 

 

ABSTRACT 

The possibility of utilisation of microbially induced calcium carbonate precipitation 

as a potential remedial technology for sequestering divalent metallic contaminants in 

subsurface environment was explored. Contamination by heavy metals and 

radionuclides is a significant environmental problem. Incorporating metals in calcium 

carbonate minerals is a mechanism that may offer long-term removal of metallic 

cations. Stimulating native ureolytic bacteria by supplying required nutrient and 

chemicals to create alkaline conditions suitable for calcium carbonate precipitation 

may accelerate biomineralisation processes in polluted soil. This study reports the 

ability of a bacterium in soils, Sporosarcina pasteurii, to remediate range of heavy 

metal and radionuclide (by using non-radioactive proxies) concentrations in aqueous 

solutions and particulate media by inducing urea hydrolysis and calcium carbonate 

precipitation. However, bacterial activity is limited by heavy metals toxicity and 

availability, hence, initially the minimal inhibitory concentration (MIC) of metals to 

bacterial activity was estimated, without the presence of a metal precipitation 

mechanism (only metals ions and nutrient broth). Metals inhibited bacteria in the 

following order Cd >Zn >Cu >Pb >Sr. The bacterial cells showed an improved growth 

and metal toxicity resistance in presence of urea containing medium over their 

presence in urea-free medium. Cd, Pb and Sr were fully removed, whilst Zn and Cu 

were partially removed by this technique. Removal of heavy metals was strongly 

correlated with full removal of calcium and high pH increase then white precipitate 

was produced, suggesting that urea hydrolysis by bacterial cells did play a role. 

Finally, it was explored the effects of ground conditions (transport and availability of 

heavy metals, preferential flow and heterogeneous hydraulic conductivity) on 

biomineralisation process in porous media in different sand fractions (fine, medium 

and coarse). High removal rates were achieved in porous media especially for 

cadmium and strontium. It is resulted that the heterogeneity of hydraulic conductivity 

plays a main role in distributing bacterial activity and subsequent precipitation 

processes in porous media. XRF, XRD, SEM and EDX spectrum tests for sand 

samples showed the presence of calcite and aragonite in precipitation crystals. The 

gained results demonstrate that microbially induce calcium carbonate technique is a 

means of sequestration of soluble heavy metals via co-precipitation with calcium 

carbonate precipitation that can be useful for divalent heavy metal and radionuclides 

bioremediation. 
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Chapter 1: Introduction 

1.1 Heavy Metals and Radionuclides Bioprecipitation 

Contamination by heavy metals and radionuclides is a significant environmental 

problem. Presence of these toxicants in concentrations higher than their natural limits 

may pose threat for human health. Due to the fact that subsurface environment is 

dynamic system metals can spread out horizontally and vertically in subsurface 

depend on nature of contaminated zone. Heavy metals can cause long-term effects as 

they are non-biodegradable and persistent environmental pollutants. The behaviour of 

heavy metals and radionuclides in the subsurface environment is controlled by soil 

and groundwater chemistry, mainly redox potential and pH, which strongly affect 

their solubility, precipitation and sorption to the solid phase of soil (Wernick and 

Themelis 1998; National Research Council 2003; Dragović et al. 2008).  

Heavy metals and radionuclides are naturally occurring but anthropogenic 

sources (industrial, agricultural, domestic and accidents) have altered their 

geochemical cycles (Dixit et al. 2015). Contaminants resulting from anthropogenic 

sources are found to be more mobile and available than those from natural sources in 

environment. Natural attenuation may not be enough to remediate excessive amounts 

of heavy metals or radionuclides (Wernick and Themelis 1998; Ruggiero et al. 2005; 

Megharaj et al. 2011).  

Biological remediation is being investigated as a more active method 

(economically and practically) than traditional means to remediate this type of 

contamination. Bioremediation or bioprecipitation of heavy metals and radionuclides 

represents all the processes in which microorganisms are exploited to transfer the 
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contaminants present in soils, sediments and water to less or nontoxic products. 

Bioremediation can be more efficient than traditional treatment methods in 

contaminated soils treatment (e.g. soil excavation and disposal to landfill and pump 

and treat) (Wernick and Themelis 1998; Ruggiero et al. 2005; Megharaj et al. 2011). 

Microbially induced calcium carbonate precipitation is a bio-geochemical 

process involving precipitation of calcium carbonate and possibility of co-

precipitation of heavy metals and radionuclides within soil matrices (Fujita et al. 

2000). This technology has been studied extensively in different fields. The 

applications in biocementation of porous media, bioclogging of soil voids and crack 

healing have received a great deal of attention (DeJong et al. 2006; Whiffin et al. 

2007; DeJong et al. 2010; Harkes et al. 2010; Dejong et al. 2013). However, apart 

from strontium mineralisation, bioprecipitation of heavy metals and radionuclides 

with carbonate minerals has received relatively little attention though such minerals 

have the potential to sorb and sequester a range of metallic cations. Generally, 

generation of conditions favouring precipitation of calcium carbonate is through urea 

hydrolysis by a specific microorganism, which produces carbonate and ammonium 

ions and an elevated pH (Fujita et al. 2000). A wide range of microorganisms is 

capable of producing urease enzymes that cause urea hydrolysis (Ehrlich 1996; 

Warren et al. 2001). Microbial cells may offer their cell wall as nucleation site for the 

calcium carbonate precipitation, as well as their ability in creating conditions 

favouring calcium carbonate precipitation (Stocks-Fischer et al. 1999). Hence, 

bioprecipitation efficiency in contaminated sites depend on the capability of these 

microbes to grow and operate in presence of toxic contaminants. The process of 

calcium carbonate biomineralisation has been reported to be faster (Al-Thawadi 2011) 

and more extensive (Ferris et al. 1995) than that achievable by chemical means alone. 
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Nevertheless, limited studies were reported on heavy metal and radionuclides toxicity 

to other organisms. 

Microbially-induced calcite precipitation has been reported in only a very limited 

fashion for removal of heavy metal ions from aqueous solution. Applicability of heavy 

metals removal by this technology that based on understanding metals availability and 

toxicity to bacteria and ground conditions effects on the bioprocesses is lacking. This 

study investigates the possibility of using this technique to remove a range of heavy 

metals and radionuclides by considering many factors that may affect the metal 

removal mechanism (metal toxicity to the bacteria that induce calcium carbonate 

precipitation, bioavailability of heavy metals in subsurface environment, metal-

calcium carbonate interaction and ground conditions influence). Improving 

information and understanding of the parameters that relate to this technology can 

lead to increase its efficiency and to enable upscaling to suit in-situ applications. 

Parameters that were considered in this study are metal toxicity to the bacteria 

(Sporosarcina pasteurii) and effects of metal cations availability, sand particle sizes 

and the influence of the homogeneity and heterogeneity in hydraulic conductivity on 

bioprecipitation processes. 

1.2 Statement of Objectives 

This study aims to explore the ability of a specific microorganism to induce 

removal of divalent contaminants from polluted water and soils by exploiting the 

potential of calcium carbonate precipitation of sequestering a range of heavy 

metals and radionuclides. Batch and column experiments were carried out in 

triplicates to satisfy the objectives of this study.  The overall objectives of this 

research were:  
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1- Investigate the extent that a urease-positive bacterium, Sporosarcina pasteurii 

can tolerate a range of heavy metals (zinc, cadmium, lead copper and 

strontium). This is considered an indicator for the ability of the bacteria to 

grow and operate in presence of metallic toxicants. In this part bacteria were 

allowed to grow in a medium that contained only nutrient broth and the target 

metal. Also, to estimate the minimum inhibitory concentration (MIC) for each 

tested metal to the bacteria growth in this part of study.  

2- Explore the potential of bioprecipitation with calcium carbonate to remove 

these metals from aqueous solutions and the variations in performance with 

different metals. This study hypothesises that metal precipitation technique 

provides a protective mechanism for the bacteria by reducing the overall metal 

concentrations to tolerable levels, tested concentrations of above heavy metals 

were increased in calcium carbonate bioprecipitation experiments. This is 

important to investigate the influence of the metal removal mechanism on the 

organism’s inhibition by high concentrations of the different metals. 

3- Monitor how the heterogeneity of subsurface can affect the bioprecipitation 

processes. Different values of hydraulic conductivity may lead to non-

homogenous distribution of calcium carbonate precipitation in porous media. 

In addition, how precipitated mineral can control solute transfer in porous 

media, such effect occurs when calcium carbonate precipitation clog pore 

throats.   
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1.3 Organization of the Thesis 

The thesis has been divided into seven chapters including chapter 1 (Introduction): 

Chapter 2: Literature review, is a summary of the literature that dealt with 

microbially induced calcium carbonate precipitation and co-precipitation of heavy 

metals and radionuclides. It also includes a discussion of the factors that may 

affect the behaviour of these bioprocesses.  

Chapter 3: Methodology, includes a listing of all methods and materials that were 

used in this study to perform all experiment. It also includes describing the 

characteristics of used microorganism and sand fractions. 

Chapter 4: Bacteria inhibition by metals toxicity, investigates how toxicity of a 

range of heavy metals (zinc, cadmium, copper, lead and strontium) affects growth 

of urease-positive bacterium, Sporosarcina pasteurii. It also determines the 

minimum inhibitory concentration (MIC) for each tested metal to the bacteria 

growth. According to bacteria tolerability, metals concentrations were specified 

in next experiments (bioprecipitation in aqueous solutions).  

Chapter 5: Heavy metals bioprecipitation in aqueous solutions, explores the 

potential of calcium carbonate minerals to co-precipitate the tested heavy metals 

in aqueous solutions. It also, examines the ability of S. pasteurii to grow and 

operate in presence of high metals concentrations. Moreover, how the 

bioprecipitation mechanism can provide a protection to ureolytic microorganisms 

by decreasing the concentration of toxic metals. This was done through a serious 

of batch experiments. 
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Chapter 6: Bioprecipitation of heavy metals in particulate media, to discover the 

effects of heavy metals availability in soil, sand particle sizes, and heterogeneity 

of subsurface on bioprecipitation processes. This was done by a series of batch 

and column experiments. Finally, compares the performances of calcium 

carbonate bioprecipitation in aqueous solutions and particulate media.   

Chapter 7: Conclusion and recommended future work, to present conclusions from 

this research study and recommendations for future work. 
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Chapter 2: Literature Review  

2.1 Introduction 

Contamination of subsurface with heavy metals and radionuclides is a significant 

environmental problem. Presence of these toxicants in concentrations more than their 

natural values may pose a real risk to biosphere after exposure (Duruibe et al. 2007; 

Singh et al. 2011). Environmental contamination with heavy metals and radionuclides 

has been treating by different physical, chemical and biological methods. Choosing 

any technique depends on the nature of metallic pollutants, contaminated environment 

and prearranged budget. However, most of physical and chemical handling processes 

are not cost effective, removing of pollutants in some methods is not completely, can 

damage soil structure and generating of toxic wastes need extra treatments and taking 

long time. Biological methods have may replace physical and chemical processes in 

this field especially when the biological treatments rely on the native organisms (Dixit 

et al. 2015). Many studies have referred to the potential of biological processes in 

remediating contaminated sites and their rules in hastening the sequestering of heavy 

metals and radionuclides for long term. The outputs of these studies imply promise 

for the stabilisation of polluted sites, which include soils and groundwater (Gadd 

2000; Barkay and Schaefer 2001; Martinez et al. 2007; Prakash et al. 2013). 

Recently extensive attentions have been paid on using biological treatments of 

pollutant rather than physical and chemical solutions. Many studies devoted their 

research to find organism less affected by the toxicity of heavy metals and 

radionuclides, where these processes have to be mediated by a live organism. 

Organisms can meditate different actions toward heavy metals and radionuclides, like 
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biosorption, bioaccumulation and biomineralisation (Dhami et al. 2013; Lauchnor et 

al. 2013; Phillips et al. 2013; Prakash et al. 2013; Reddy 2013; Kang et al. 2014).  As 

heavy metals are non-degradable elements bioremediation processes work on either 

chemically transfer the formulas in which metals are toxic to non or less toxic, for 

example, reducing of toxic Cr(VI) to less toxicity Cr(III), or by decrease their 

bioavailability when sequester them for long term inside mineral structures, e.g. co-

precipitating with carbonate minerals (Gadd 2000; Lloyd and Lovley 2001; Gadd 

2002; Gadd 2010).  

Apart from strontium, heavy metals and radionuclides precipitation with 

microbially induced calcium carbonate has received less attention. Strontium 

biomineralisation has studied extensively in lab and field scales (Ferris et al. 1987; 

Ferris et al. 1995; Warren et al. 2001; Fujita et al. 2004; Fujita et al. 2008; Fujita et 

al. 2010; Lauchnor et al. 2013). This metal shows no resistance to be precipitated or 

co- precipitated with calcium carbonates minerals, strontium is thought to behave in 

a comparable way as calcium in term of precipitating with carbonate (Warren et al. 

2001). Its neither toxic to bacteria or inhibitor to calcium carbonate precipitation. 

Strontium biomineralisation features may not found in other heavy metals or 

radionuclides, where many metallic toxicants either toxic to microorganisms and/or 

inhibitor for calcium carbonate recrystallisation (Ferris et al. 1987; Ferris et al. 1995; 

Warren et al. 2001; Fujita et al. 2004; Fujita et al. 2008; Fujita et al. 2010; Lauchnor 

et al. 2013). The physical properties of strontium isotopes (radioactive and non-

radioactive) are similar, as well as their identical chemical properties. Bunzl et al. 

(1999) and Tsukada et al. (1998) referred to the possibility of predicting the behaviour 

of a radioactive isotope by monitoring the stable one in the environment. Hence the 

study of nonradioactive strontium ions behaviour can mimic the behaviour of 
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radioactive isotope in the environment, however, metal radioactivity has to be 

considered (Mitchell and Ferris, 2005).   

This chapter reports studies found in literature that dealt with microbially induced 

calcium carbonate precipitation and co-precipitation of heavy metals and 

radionuclides with these minerals in aqueous solutions and soil. Nevertheless, 

microbially-induced calcium carbonate precipitation technology has previously been 

considered in only a very limited fashion for removal of heavy metal pollution from 

aqueous solution. Hence, improve understanding of the parameters that relate to this 

technology can lead to increase its efficiency and to enable upscaling to suit in-situ 

applications.  

2.2 Heavy metals and Radionuclides Contaminations  

Heavy metals are elements with a specific gravity of or more than 5 g/cm3. Metals 

are naturally occurring and non-degradable materials in the environment. Many 

metals within trace concentration are essential for microorganisms. The concentration 

and availability of heavy metals in subsurface environment depend on soil formation 

and local geology of parent materials. Pollution of soil and groundwater with heavy 

metals and radionuclides is of concern; especially when their concentrations become 

above natural levels. High concentrations of metals and radionuclide in environment 

may relate to the natural sources or manmade releasing of wastes from industries and 

mines. (McNeal and Balistrieri 1989; Duruibe et al. 2007; Young Jang et al. 2008; 

Viggi et al. 2009; Singh et al. 2011; Tchounwou et al. 2012; Prakash et al. 2013). 

Anthropogenic activities (industrial, agricultural, domestic and accidents) may 

consider the main source of subsurface and groundwater pollution with heavy metals 

and radionuclides. Metallic contaminants resulting from anthropogenic sources are 



10 

 

found to be more mobile and available than that resulting from natural sources in 

environment. Existence of heavy metals and radionuclides in food chain is of concern 

issues, which in turn caused many types of health problems, e.g. kidney cancer. Due 

to their persistence (non-degradable) and toxicity metals are posing real risk to 

environment (Marsily 1986; Wernick and Themelis 1998; Madsen 2003; Hashim et 

al. 2011; Lema et al. 2014). Several technologies (chemical, biological and physic-

chemical) are working on remediation of metals and radionuclides released to soils 

and groundwater, to mitigate their potential risk.  

Chemical remediation techniques mainly aim to reduce mobility and toxicity of 

heavy metals by converting them to less effect materials. This can be done by 

reduction, oxidation or neutralisation reactions. Although chemical treatment methods 

of heavy metals can be used for large contaminated area, but the used materials can 

destroy soil matrix. If the treatment ex-situ the exposure to extracted, handled and 

transformed toxicants may cause many health problems. Add to this many added 

chelates are cost effective (Kurniawan et al. 2006; United States Environmental 

Protection Agency 2006). Permeable reactive barriers (PRB) are a physio-chemical 

heavy metals treatment. Its media are placed across contaminations plume in 

subsurface environment, with less permeability than surrounding soil to enforce 

groundwater directing and passing through them. PRB media work on removing 

contaminations from groundwater by adsorption, degrading, precipitation or 

transforming, hence, loss of permeability due to precipitation is possible. However, 

this method can apply for shallow plumes (Kurniawan et al. 2006; United States 

Environmental Protection Agency 2006; Wilkin et al. 2008).  
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Biological treatments of heavy metals and radionuclides in contaminated soils or 

groundwater are achieved by exploiting specific microorganisms or plants. The vital 

factor in this kind of remediation is the ability of mediating organisms or plant to 

tolerate the toxicity of heavy metals or radionuclides. Immobilisation of heavy metals 

and radionuclides by microorganisms involves long term sequestration of metallic 

ions in groundwater as sulphides, phosphates or carbonates precipitations (Prakash et 

al. 2013). These processes include injecting required reagents, such as, nutrients, 

necessary chemical reactants and carbon source like molasses, acetate, lactate, and 

urea (United States Environmental Protection Agency 2006). Many in-situ 

remediation techniques work on deliver fluids containing treatment agents then 

recover and treat fluids containing pollutants. Therefore, the crucial issue in these 

methods is the hydraulic conductivity of contaminated soil, which play main role in 

affecting the delivered, and collected fluids (United States Environmental Protection 

Agency 2006). Hence, low permeability or clogging of contaminated site consider an 

obstacle in maintain any treatment process. In addition, heavy metals bioremediation 

in contaminated soils is especially challenging because of many metal cations high 

affinity to adsorption sites on the surfaces of soil particles (Dhami et al. 2013). 

2.3 Exploiting Bacteria to Precipitate Metals and Radionuclides 

2.3.1 Sulphate-Reducing Bacteria (SRB)  

Sulphate-Reducing Bacteria are heterotrophic, utilize organic carbon and 

sulphate as energy source, they are ubiquitous in environment and common in 

anaerobic conditions. SRB use sulphate as a terminal electron acceptor and organic 

matter as a terminal electron donor in bioprecipitation processes. This process defines 

as dissimilatory sulphate reduction. When sulphide produced in the presence of heavy 
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metals cation, the precipitation of metal-sulphide occurs due to the reaction between 

metal and sulphide ions, which in turn, reduce the concentration of metals and 

sulphide. Many field studies show that native SRB in polluted environments with 

metals and radionuclides capable to stimulate reduction of sulphate anaerobically, 

which in turn form insoluble sulphide solids of metals or radionuclides (Postgate 

1979; Lee and Saunders 2003; Doshi 2006; Costa et al. 2008; Satyawali et al. 2010; 

Torres et al. 2012).  

Choosing terminal electron donor or carbon source is the key in bioprecipitation 

processes. Many electron donors can be used to induce sulphate-reducing processes. 

Some of them lead to delay the induction period of processes. Furthermore, some of 

carbon sources are expensive (ethanol, lactate and hydrogen), whilst others are cheap 

(molasses and acetate). Therefore, using mixture for many carbon sources may be 

cost-effective and important in decreasing the induction period (Diels et al. 2010; 

Viggi et al. 2010). Szewczyk et al. (2007) found the most effective electron acceptor 

to induce SRB is ethanol, while molasses is good carbon source for SRB induction, 

but whey was not significant. Young Jang et al. (2008) showed in batch and column 

experiments that methanol mixed with glucose is an optimal carbon source to enhance 

the indigenous SRB in contaminated soils with arsenic and other heavy metals (Cd 

and Pb), also when applying extra carbon source and sulphate high rate of sulphate 

reduction occurred and in turn leads to remove high quantity of heavy metals. Using 

molasses, as carbon source supports growth of SRB, where pH increased and redox 

potential decreased, even though, it was not as efficient as lactate (Teclu et al. 2009). 

On the other hand, Szewczyk et al. (2007) consider ethanol the most effective carbon 

source to stimulate the bioprecipitation of metals with SRB. However, using high 

concentration of carbon source leads to produce methane in microenvironment in turn 
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acidity will increase. Acidity condition enhances releasing heavy metals ions from 

solid phase into aqueous phase. Conditions that support starting sulphate-reducing 

processes, are when SO4
2- > 100 mg/L, pH between 4-8, redox potential <-200 mV 

and 25-35oC is the best temperature range to incubate the bacteria (Postgate 1984; 

Diels et al. 2010). 

2.3.2 Metals-Phosphate Bioprecipitation 

Metal-phosphate bioprecipitation techniques include enzymatically mediate 

biomineralisation of heavy metals and radionuclides as metal phosphate. The role of 

bacteria (such as Citrobacter species) and other microorganisms to enhance metal 

precipitation arises when ionic product of metals and phosphate concentrations in bulk 

solution does not exceed the solubility product. Therefore, liberation of additional 

concentrations of phosphate leads to exceed the solubility products even in presence 

of low metal or radionuclide concentrations, which in turn promote the mineralisation 

(Macaskie et al. 1987; Macaskie 1990; Montgomery et al. 1995; Lloyd 2002; 

Valsami-Jones 2004; Das et al. 2008). 

Unanimous agreement in the literature with respect to the ability of many 

microbes to precipitate heavy metals and radionuclides, as crystalline minerals, 

through uptake of these toxic materials onto their cell surfaces. When these 

microorganisms liberate high concentrations of HPO4
2- by phosphatase activity, a 

class of enzymes that catalyse the hydrolysis of phosphate monoesters to give 

inorganic phosphate and an alcohol, result in exceeding in solubility products would 

be mineralise metals or radionuclides. Organic phosphate substances, like glycerol 2-

phosphate, used as phosphate donor for precipitation such as PbHPO4, CdHPO4 or 

UO2HPO4 (Macaskie et al. 1987; Montgomery et al. 1995; Barkay and Schaefer 2001; 
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Boswell et al. 2001; Valsami-Jones 2004; Martinez et al. 2007; Dunham-Cheatham 

et al. 2011). 

2.3.3 Metals-calcium carbonate Bioprecipitation 

Calcium carbonate bioprecipitation is a bio-geochemical process involves 

precipitation of calcium carbonate and possibility of co-precipitation of heavy metals 

and radionuclides within soil matrices. Bioprecipitation of carbonate minerals has 

received relatively little attention although the potential of such minerals to sorb and 

sequester a range of metals has previously been considered. This method will be 

discussed in more details in the next sections.  

2.4 Biomineralisation of Calcium Carbonate  

Mineralisation is a widespread phenomenon in nature where minerals are formed 

by abiotic or biotic processes. When specific living organisms meditate this process 

precipitation formation can be much faster than that abiotic precipitation, this due to 

the effect of produced enzymes by the living organisms. Calcium carbonate 

precipitation is one of biomineralisation phenomenon where calcium and carbonate 

ions react to produce low soluble crystal in alkaline condition environments. These 

minerals are found in oversaturated environments with calcium and carbonate ions in 

waters and soils (Silva-Castro et al. 2015; Tobler et al. 2015). Precipitation of calcium 

carbonate is often stimulated by microorganisms. The process depends on many 

factors such as the concentration of calcium and carbonate ions (or their chemical 

sources), their concentration should be saturated. pH value of the microenvironment, 

where the mineralization processes take a place, needs to be in alkaline range. The 

activity of microorganisms plays a crucial role in speeding the recrystallisation 
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process. Nucleation sites is thought to be vital in initiating mineralisation processes, 

bacterial cells are expected to play the role of nucleation sites (Gadd 2000; Fujita et 

al. 2010; Dhami et al. 2013) 

Ureolytic bacteria are able to produce enzymes (urease, urea amidohydrolase) that 

hydrolyses urea in water into carbonate and ammonia ions in short time. The 

hydrolysis process is 1014 times faster than chemical hydrolysis (Lloyd and Sheaffe 

1973; Benini et al. 1999; Hausinger 2004). Urease is secreted by many organisms and 

plants, amounts produced are different from organism to another. Urease enzyme can 

be existed in two states intracellular and extracellular. Intracellular state when exists 

inside ureolytic microorganism cells, whilst extracellular state when releases from 

dead plants and microorganism cells, which is then adsorbed to soil colloids (Lloyd 

and Sheaffe 1973; Todar 2005). Urea hydrolyses intracellularly when urea molecules 

are inside bacteria or fungi cells. The enzyme is widespread in soil and groundwater, 

in the same context, ureolytic bacteria are around 50% of total soil bacteria (Lloyd 

and Sheaffe 1973; Todar 2005).  

Equations below from (2.1) to (2.5) describe calcium carbonate precipitation after 

catalysing by a microorganism. Process starts when urea hydrolyses by urease enzyme 

secreted by specific organisms, then forming of carbonate and ammonia ions, in turn 

pH increases to reach a value more than 9.0. When supersaturating state occurred for 

calcium and carbonate ions at high pH environment, recrystallisation of calcium 

carbonate happens. The efficiency of process is considered 100% when all dissolved 

calcium and carbonate ions transfer into solid state calcium carbonate precipitate 

(Stocks-Fischer et al. 1999; DeJong et al. 2006; DeJong et al. 2010; Dhami et al. 

2013). Also, Figure 2.1 is an overview shows how bacteria that mediate calcium 
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carbonate mineralisation hydrolysis urea and offer their cells as nucleation sites for 

recrystallisation for precipitation processes. 
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Where KSP (solubility product) in Equation (2.5) is 3.8×10-9. 

 

Figure 2.1. Overview shows how bacteria that mediate calcium carbonate mineralisation 

hydrolysis urea and offer their cells as nucleation sites for recrystallisation for precipitation 

processes (DeJong et al. 2010). 
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Bacterial cells themselves often act as nucleation points for the formation of 

minerals due to their typically overall negative charge attracting metal ions and 

therefore creating a zone of high metal ion concentration (e.g. calcium) (Tobler et al. 

2011). The continuous precipitation of calcium carbonate around bacteria can inhibit 

or reduce their ureolytic ability due to encapsulation of the cells, hence, any 

decreasing in cell numbers may limited mineralisation processes. In addition, release 

of ammonia and ammonium ions is of potential environmental concern and 

subsequent biological action may cause acidification and potential dissolution of the 

precipitate (Fujita et al. 2010). 

Calcium carbonate can precipitate in one of three anhydrous polymorphs calcite, 

aragonite and vaterite, where calcite is the most thermodynamically stable polymorph 

of calcium carbonates precipitation then aragonite. In addition, calcium carbonate can 

be produced in hydrate crystalline phases monohydrocalcite (CaCO3·H2O) and ikaite 

(CaCO3·6H2O). However, hydrous phases are rare in nature, but they may play an 

important role during microbially calcium carbonate formation. Calcite is a 

widespread form of calcium carbonate because all other unstable forms transform to 

this polymorph with time. The possibility of producing a specific polymorph of 

calcium carbonate is controlled by recrystallisation conditions such as the degree of 

initial supersaturation, pH, temperature, adsorption of organic or inorganic impurities 

while crystallisation and solubility of that possible crystal (Brecevic and Kralj 2007; 

Ni and Ratner 2008). The size and morphology of precipitated calcium carbonate 

influence the mineral solubility and hence long-term immobilisation of co-

precipitated contaminants. For example, strontium incorporation into a calcite lattice 

may result in a reduction in the durability of metal immobilisation by generating small 

and more soluble crystals (Mitchell and Ferris 2006; Tobler et al. 2011; Cuthbert et 
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al. 2012; Tobler et al. 2014). Calcite can take a shape of a hexagonal-rhombohedral 

structure, whilst aragonite may take orthorhombic or needles shapes. Vaterite which 

is the least thermodynamically stable polymorph of calcium carbonate has been 

reported to be spherical shape after formation. Kang et al. (2014) reported that mineral 

crystals produced by ureolytic bacteria can take various shapes, such as, roughly 

rhombohedral, spherical, or needle-shaped, size of the produced solids is generally 

from 10-50 µm. Figure 2.2 shows polymorphs of calcium carbonate precipitation.  

 

Figure 2.2. Three polymorphs of calcium carbonate precipitation, calcite, aragonite, vaterite 

and hydrous phase ACC (amorphous calcium carbonate). Adapted from (http://www.ruhr-

uni-bochum.de/sediment/forschung.html). 

Many studies reported the mineralogy of calcium carbonate precipitation induced 

by ureolytic bacteria as aragonite, calcite and vaterite (Rivadeneyra et al. 1996; 
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Stocks-Fischer et al. 1999; Fujita et al. 2000; Fujita et al. 2004; Mitchell and Ferris 

2005; Fujita et al. 2008; Chahal et al. 2011; Abo-El-Enein et al. 2012; Achal et al. 

2012a; Achal et al. 2012b; Vahabi et al. 2015; Wei et al. 2015). Most of these studies 

reported that the produced crystals were predominantly calcite. However, 

Rivadeneyra et al. (1996) reported that calcium carbonate crystals produced in their 

experiments were polymorphous aragonite. Also, Achal et al. (2012a) and Achal et 

al. (2012b) in their studies of heavy metals biomineralisation with calcium carbonate 

precipitation found that XRD spectra showed presence of aragonite as well as calcite 

and vaterite precipitated in soil samples.  Hausinger (2004) noticed that zinc ions 

influenced calcium carbonate bioprecipitation where the polymorphs produced were 

monohydrocalcite and vaterite, whilst calcite was mineralised in a medium free of 

metal ions. Most of research that studied microbially induced calcium carbonate 

precipitation technique to be used for purposes other than heavy metals remediation, 

such as crack healing, soil improvement and groundwater control, they described 

precipitation solids of calcium carbonate as calcite (DeJong et al. 2006; Whiffin et al. 

2007; DeJong et al. 2010; Harkes et al. 2010; Dejong et al. 2013). Fujita et al. (2008) 

stated that XRD analysis indicated that the precipitated crystals were predominantly 

calcite, during strontium co-precipitation process with calcium carbonate 

precipitation. Suggesting that co-precipitation of heavy metal divalent by microbially 

induced calcium carbonate precipitation technique can influence the shape of resulting 

crystalline polymorphs of carbonate. 

 Furthermore, there are temporal changes that occur due to the continual formation 

of calcium carbonate over time including chemical changes such as removal of 

mineral components (e.g. calcium) from solution and production of new materials 

such as ammonium. These conditions may also vary in the longer term, e.g. 
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ammonium produced via urea hydrolysis may become oxidised leading to acidic 

conditions (Reed et al. 2010). Physically the resulting precipitation in porous media 

can block pore throats, which leads to obstruction of the transport and mixing of 

delivered reactants (Gebrehiwet et al. 2012). Fujita et al. (2010) found that urea 

hydrolysis processes in situ are not homogeneous, mainly due to the heterogeneous 

distribution of microorganisms. The heterogeneous distribution of bacterial activity 

in the subsurface environment may therefore lead to non-uniform mineralisation of 

target contamination, and so pose problems for design of biomineralisation treatment 

systems in particulate media (Mockaitis et al. 2012).  

2.5 Applications of Calcium Carbonate Mineralisation  

Microbially induced calcium carbonate techniques have been studied extensively 

in different fields. Applications in biocementation of porous media, bioclogging of 

soil voids and crack healing have received high attention (DeJong et al. 2006; Whiffin 

et al. 2007; DeJong et al. 2010; Harkes et al. 2010; Dejong et al. 2013). However, 

apart from strontium mineralisation, bioprecipitation of divalent metals with 

carbonate minerals has received relatively little attention though such minerals have 

the potential to sorb and sequester a range of heavy metals and radionuclides. 

Understanding and developing this technique may lead to upscale lab finding to in 

situ applications for long-term sequestration of heavy metals and radionuclide in 

contaminated subsurface environment (Fujita et al. 2004; Fujita et al. 2008; Fujita et 

al. 2010).  

In term of ground improvement DeJong et al. (2006) stated that microbially induce 

calcium carbonate can be applied in many applications, such as, improve subsurface 

prior to tunnelling, construction settlement decreasing, slope stabilisation and dams. 
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Whiffin et al. (2007) reported that precipitation of calcium carbonate can improve soil 

strength without making it impermeable, by balancing urea hydrolysis and reagents 

delivery via the flow rate in soil to create calcium carbonate precipitation where it is 

required. In addition, many mechanical properties of soil (cohesion, friction, rigidity 

and permeability) can be improved by this technique (Harkes et al. 2010). 

Microbially induce calcium carbonate precipitation offers a potential for in-situ 

sequestration and subsequent reduction in the bioavailability of heavy metals and 

radionuclides in the subsurface environment. Calcium carbonate minerals are known 

to sorb and form solid solutions with a range of target elements, and are readily 

produced by the actions of common microorganisms on simple chemical precursors 

(Ehrlich 1996; Buekers et al. 2007; Achal et al. 2009; Khosravi and Alamdari 2009; 

Fujita et al. 2010; Achal et al. 2012a; Achal et al. 2012b; Kang et al. 2014). In 

addition, the widespread of urease bacteria in subsurface environment, and the 

formation of calcium carbonate is a common phenomenon in nature, makes heavy 

metal sequestering by using the precipitation of this mineral an attractive technique 

for many researchers (Fujita et al. 2000). Traditional methods of using pump and treat 

are found to be less effective in remediating contaminated groundwater with heavy 

metals (Fujita et al. 2008; Dhami et al. 2013). Also, using other techniques other than 

bioprecipitation may be not preferable, for example, it was found that the treatment 

of strontium contaminated sites in USA by using pump and treat scheme lead to 

enhance the sorption of contaminants on solid phase, while they should be dissolved 

in extracted solutions. Hence, the treatment takes long time may reach up to decay 

time in case of radioactive strontium (half-life =29 years) (Fujita et al. 2010). 
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Co-precipitation of a number of heavy metals of interest with calcium carbonate 

has been reported, both in natural and engineered situations and through biotic and 

abiotic processes, including arsenic (Achal et al. 2012a), cadmium (Kang et al. 2014), 

zinc and nickel (Buekers et al. 2007), copper (Khosravi and Alamdari 2009a), lead 

and a range of others contaminants, including radionuclides, such as strontium (Fujita 

et al. 2000; Fujita et al. 2004; Fujita et al. 2008; Fujita et al. 2010), cobalt and uranium 

(Ehrlich 1996; Fujita et al. 2010). Buekers et al. (2007) also reported that cadmium 

and zinc may adsorb to, and diffuse into, calcium carbonate minerals.  

Strontium has previously been a target for remediation via calcite 

biomineralisation, this due to its presence on certain sites as a radioactive heavy metal 

contaminant. It is not redox sensitive, and its availability in the subsurface 

environment is primarily affected by sorption and abiotic precipitation in high pH 

environment with some minerals.  

Many research achieved by Fujita et al. (2000), Fujita et al. (2004), Fujita et al. 

(2008) and Fujita et al. (2010) aimed to improve remediation technique of metallic 

contaminations by microbially induced calcium carbonate in subsurface environment. 

Fujita et al. (2000) investigated the availability of microorganisms, in Eastern Snake 

River Plain (ESRP) aquifer in Idaho, that enable to hydrolysis urea for exploiting them 

in heavy metals sequestration by microbially induced calcium carbonate. Fujita et al. 

(2004) considered their study important contribution to what had been achieved in this 

field (Ferris et al. 1995; Warren et al. 2001). This study concluded that strontium 

incorporation into calcium carbonate can be increased at high rate of calcite 

precipitation, which is resulted from the high rate of urea hydrolysis that catalysed by 

bacteria. In addition, the research reported that the incorporation of strontium ions 
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into calcium carbonate occurs in the form of solid solution, which means high stability 

of this metal inside calcite structure.  

2.6 Precipitation and Co-Precipitation of Heavy Metals and Radionuclides 

with Calcium Carbonate 

Bioremediation of heavy metals and radionuclides in subsurface environment has 

recently received wide attention and many studies on several bacteria types have been 

conducted. Metallic contaminants bioprecipitation with calcium carbonate is 

considered a potential in which suitable metallic cations are incorporated into the 

mineral lattice (Warren et al. 2001; Dhami et al. 2013). Urea hydrolysis leads to 

elevated pH and an increase in carbonate ions, both of which increase the likelihood 

of calcium carbonate precipitation in presence of calcium ions (Gebrehiwet et al. 

2012). The ability of calcium carbonate precipitation to co-precipitate a number of 

heavy metal species, including cadmium, zinc, copper, lead and strontium, makes 

sequestration of such contamination by co-precipitation with this mineral an attractive 

technique (Fujita et al. 2000). Ammonium ions can exchange heavy metals ions and 

other ions like calcium on grain surfaces in subsurface environment, and this in turn 

increases the bioavailability of these heavy metals (Wu et al. 2011). On other hand, 

the carbonates ions promote the precipitation of calcium carbonate and co-

precipitation of heavy metals in high pH environments (Fujita et al. 2004; Fujita et al. 

2010; Wu et al. 2011). Figure 2.3 shows a conceptual diagram explains different 

stages of the process, urea hydrolysis by urease enzyme that secreted by S. pasteurii 

strains, cations exchange, calcium carbonate precipitation and heavy metal co-

precipitation with crystals precipitation. 
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The ability of ureolytic bacteria (S. pasteurii) to induce the precipitation of 

calcium carbonate minerals offers a bioremediation means by which divalent heavy 

metals and radionuclides can be sequestered for long-term in subsurface environment. 

The remediation mechanism is based on capturing possibility of metallic cations 

during calcium carbonate recrystallization processes. Providing that solid solution can 

be created from calcium carbonate and heavy metals cations, when these cations 

replace calcium ions in the lattice structure, see equation 2.6 (Wu et al. 2011). 

 

Figure 2.3. Conceptual diagram explains A- urea hydrolysis by urease enzyme that secreted 

by S. pasteurii strains. B- Cations exchange, Calcium carbonate precipitation and heavy metal 

co-precipitation with crystals. C- Precipitation and co-precipitation processes (Fujita et al. 

2010). 
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Where: Me2+ is the metallic cations. 

2.6.1 Abiotic Co-Precipitation  

Limited studies have referred to the role of divalent metals and calcite interaction 

in sequestering these toxic material for long term in subsurface. The interaction 

includes uptake metal cation from solution which probably leads to make solid-

solution in calcium carbonate minerals. Solid solutions of metals and carbonate 

minerals are formed when divalent metals substitute calcium ions in the lattice 
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structure of calcium carbonate (Stipp et al. 1992; Fujita et al. 2000). Some cations are 

found relatively readily substitute calcium ions in carbonate minerals, such as, 

strontium and cadmium, whilst some of them may not like zinc (Zachara et al. 1991; 

Fujita et al. 2000; Garcı́a-Sánchez and Álvarez-Ayuso 2002). Tesoriero and Pankow 

(1996) found in their investigation a great affinity of cadmium ions to be co-

precipitated by calcite precipitation. According to the calculations in this study the 

distribution coefficients (Equation 2.7) for divalent metal ions for partition from 

solution into calcium carbonate of strontium, barium and cadmium were 0.021±0.003, 

0.012±0.005 and 1240±300, respectively. The high value of cadmium distribution 

coefficient reflects the strong retarding of its migration with groundwater in 

subsurface environment saturated with calcium carbonate.  

�� = (���	
����
/[����])/(�	�	
����

/[����])……..2.7 

where: DMe is the distribution coefficients, X values are solid-phase mole fractions and 

[Ca2+] and [Me2+] are aqueous molal concentrations for calcium and heavy metal, 

respectively (Tesoriero and Pankow 1996).  

In addition, other studies reported the importance of carbonate minerals as 

sorbents for divelant heavy metals in nature. Davis et al. (1987) found that cadmium 

adsorption on calcium carbonate is irrevesible unless large change in pH occurs. In 

soil and groundwater calcite has significant role in sequstering many divelant metals 

(Zachara et al. 1991). It was reported that calcite can decrease metal ions in aqueous 

solutions (Stipp et al. 1992; Sturchio et al. 1997; Parkman et al. 1998; Shahwan et al. 

2005; Adekola et al. 2012). Calcite minerals was suggested to be used for a cost-

effective treatment to purify industrial effluents from metallic cations (Garcı́a-

Sánchez and Álvarez-Ayuso 2002). Khosravi and Alamdari (2009b) achieved 78% 
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removal efficiency of copper from field brine by co-precipitation process with calcium 

carbonate, when copper concentration decreased from 0.27 ppm to 0.06 ppm. 

However, in Khosravi and Alamdari (2009b)’s study only 5% of copper total 

concentration was incorporated with crystal lattice during the precipitation process, 

whilst 95% of that concentration was removed through the adsorption on calcium 

carbonate surfaces. However, Buekers et al. (2007) thought that copper removal in 

soil was poorly related to the carbonate presence, however, the decreasing of 

cadmium, zinc and nickel concentrations in soil may attribute to presence of calcium 

carbonate minerals, also, removal of these metal ions in soil increase with pH and 

carbonate concentration.  

2.6.2 Biotic Co-Precipitation 

Apart from strontium, no field studies have done in situ to remediate heavy metals 

or radionuclides by using S. pasteurii bacterium induced calcium carbonate 

(according to available literature). Warren et al. (2001) reported the possibility of 

precipitate strontium, Uranium dioxide and copper ions by S. pasteurii induced 

calcium carbonate mineralisation. The removal of strontium by this technique was 

very effective (95%), whilst only 30% of uranium dioxide were sequestered. In 

contrast, copper removal was very poor, authors attributed that to toxicity of the heavy 

metal to the bacteria which in turn inhibited urease production and associated urea 

hydrolysis and then calcium carbonate formation. Achal et al. (2012a) investigated 

the role of microbially induced calcium carbonate by arsenic tolerant bacterium 

Sporosarcina ginsengisoli to sequester this highly toxic metalloid from contaminated 

soil. Achal et al. (2012a) considered the key in this remediation processes is the ability 

of this bacteria to produce significant amount of urease enzyme, that is important to 
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initiate calcium carbonate precipitation, though high concentration of arsenic was 

used, up to 50 mM. 

In a study by Li et al. (2013a) high removal proportions for heavy metals (zinc, 

cadmium, copper and lead) were conducted by S. pasteurii induced carbonate 

mineralisation. However, no calcium was supplied in precipitation medium where 

produced minerals were pure metal carbonates. Also, no control samples were 

considered in this experiment though abiotic precipitation could not be ruled out in 

kind of experiments. Kang et al. (2014) examined the removal of cadmium ions in 

aqueous solution by using microbially induced calcium carbonate precipitation 

technique, they achieved high rate removal (99.95%) of the metal after 48 hours. 

Strontium has previously been a target for remediation via calcite 

biomineralisation (Ferris et al. 1987; Fujita et al. 2000; Fujita et al. 2004; Fairbrother 

et al. 2007; Fujita et al. 2008; Fujita et al. 2010; Gebrehiwet et al. 2012; Lauchnor et 

al. 2013; Tobler et al. 2014), this due to its presence on certain sites as a radioactive 

heavy metal contaminant. It’s not redox sensitive, and its availability in the subsurface 

environment is primarily affected by sorption and abiotic precipitation in high pH 

environment with some minerals (Fujita et al. 2000). In the case of radioactive 

strontium, the sequestering of its ions inside the calcite structure would reduce almost 

all its radioactivity, because metal cations substitute relatively readily for calcium ions 

in a calcium carbonate structure. Mitchell and Ferris (2005) recommended using 

microbially induce calcite precipitation and strontium precipitation in groundwater 

remediation. 

Mitchell and Ferris (2005) achieved a set of experiments on non-radioactive 

isotope of strontium to mimic the radioactive isotope, to study the partitioning of this 
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metal with artificial groundwater. They determined the calcium carbonate 

mineralisation increases with calcite saturation state regardless of test temperature 

(10, 15 or 20 ºC). These outcomes are consistent with earlier studies by Lorens (1981) 

and Mucci and Morse (1983). Mitchell and Ferris (2006) proved the effect of 

strontium ions when incorporated with calcium carbonate structure that catalysed by 

S. pasteurii. The crystals produced by biomineralisation processes without strontium 

were up to 1000 nm in diameter, whilst crystals produced by mineralisation of calcium 

carbonate in a medium containing strontium were smaller up to 850 nm. However, 

this may result in a reduction in the durability of metal immobilisation by generating 

small and more soluble crystals. 

Fujita et al. (2004) concluded that strontium incorporation into calcium carbonate 

can be increased at high rate of calcite precipitation, which is resulted from the high 

rate of urea hydrolysis that catalysed by bacteria. Furthermore, the research reported 

that the incorporation of strontium ions into calcium carbonate occurs in the form of 

solid solution, which means high stability of this metal inside calcite structure.  

 A field study was done by Fujita et al. (2008) in Eastern Snake River Plain 

(ESRP) aquifer in Idaho, started with injecting dilute molasses three times over two 

weeks to stimulate overall bacterial cells growth in groundwater through a single well 

experiment. This led to increase the cells up to 2 orders of magnitude. Then to initiate 

calcium carbonate precipitate in high rates, and promote immobilising of metallic 

contaminates such as strontium, urea was injected for only one time. Fujita et al. 

(2008) proved that introducing molasses and urea consecutively can stimulate the 

hydrolysis of urea and promote calcium carbonate precipitation. However, the authors 

reported the limited information that were gained regarding the distribution of 



29 

 

precipitation and variations in permeability in treated field. Fujita et al. (2000) studied 

the capability of indigenous microorganisms at the Hanford 100-N Area in 

Washington, to catalyse urea hydrolysis and promote calcite precipitation and then 

immobilise strontium cations that contaminated the site. However, they found that the 

effects of heterogeneity in subsurface environment can pose a great challenge when 

design any treatment system based on microbially induced calcium carbonate. The 

spatial differentiation in subsurface environment controls the distribution of bacterial 

activity, and in turn the bioprecipitation processes that associated with bacteria.  

 Lauchnor et al. (2013) did an important study where the differences between 

pulsed and continuous flow systems of biomineralisation medium into porous media 

reactors were stated. This study aimed to achieve S. pasteurii induced calcium 

carbonate precipitation and strontium co-precipitation by using two injection 

strategies (pulsed and continuous). As pulsed scenario involved high velocity fluid 

injection and then no-flow over sequential periods for 60 days, it led to increase the 

mass and efficiency of calcium carbonate precipitation compared with continuous 

flow. Pulsed flow system can prevent extensive plugging over long period and control 

the distribution of bacterial activity. However, the efficiency of strontium co-

precipitation from both flow systems was almost similar. Fujita et al. (2004) studied 

the distribution coefficient of strontium in calcium carbonate enhanced by ureolytic 

bacteria. They found this factor is higher than natural calcite which is due to 

precipitation of calcite induced by the ureolytic bacteria is more rapid. Fujita et al. 

(2004) concluded that the high rate precipitation of calcium carbonate can motivate 

the co-precipitation of strontium with calcite lattice, which has been proven in many 

earlier studies (Ferris et al. 1995; Warren et al. 2001; Gebrehiwet et al. 2012). 
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2.7 Factors Affecting Co-Precipitation of Heavy Metals and Radionuclides 

with Calcium Carbonate  

The co-precipitation of heavy metals with calcium carbonate is controlled by a 

number of factors. Among these factors are bacteria type and ability to hydrolyse urea, 

bacterial cells, nutrient and reagents concentrations, pH and temperature, injection of 

nutrients and chemicals into contaminated soils, distribution of bacterial cells in soil, 

precipitation rate, bioavailability and toxicity of heavy metals and the effect of 

subsurface heterogeneity on bacterial cells and solute transport (Lorens 1981; 

Pingitore Jr and Eastman 1986; Dixit et al. 2015). Toxicity of heavy metals may 

hinder Sporosarcina pasteurii to play its role in hydrolysing urea to derive calcite 

precipitation in presence of calcium ions (Soejima et al. 2010). The high affinity of 

cations to be absorbed on granular surfaces of soil makes them unavailable for 

precipitation processes. Moreover, the inherent heterogeneity of subsurface 

environment leads to non-homogenous distribution of the bioprecipitation activities. 

Contaminants usually are moving in subsurface environment taking plume shape 

over long distances (vertically and horizontally). Potential hazards (toxic) of metals 

and radionuclides, in subsurface environment, arises when their presence in solution 

as ions, such as Zn2+, Pb2+, Cr2+, As2+, Cd2+, UO2
2+. Soluble metal ions travel with 

groundwater flow through soil matrix. The mobility of metals and radionuclides 

depend on many factors, redox reaction, pH, precipitation, dissolution, sorption to 

solid phase in soil, ion exchange and others. Redox potential and pH consider the most 

effective factors, because they are strongly affect the species formation, precipitation 

and sorption to solid phase (Marsily 1986; Faure 1991; Wernick and Themelis 1998; 
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Maier et al. 2000; Lee and Saunders 2003; Tsezos 2007; Viggi et al. 2009; Hashim et 

al. 2011).  

2.7.1 Type of Bacteria 

Choosing suitable type of bacteria is crucial matter in achieving efficient 

biomineralisation processes. This choosing based on the amount of urease enzyme (in 

case of using urea as a nitrogen source in carbonate bioprecipitation), which is very 

important in catalysing urea hydrolysis, can be produced by that urease positive 

bacteria, such as genera Bacillus, Sporosarcina, Sporolactobacillus, Clostridium and 

Desulfotomaculum. The tolerability to heavy metals and radionuclides toxicity should 

be considered when choosing specific bacteria to bioremediation processes. Urease 

positive strains Sporosarcina pasteurii formerly Bacillus pasteurii is a widespread, 

gram-positive, endospore-forming soil bacterium and non-pathogenic and produce 

high amount of urease enzyme which is up to 1% of cell dry weight (Hausinger 1993). 

For this reason and for high resistance to chemical and physical agents, the strain is 

widely used in research. Many studies stated that the rate and amount of calcium 

carbonate mineralisation are associated with urease concentration (Fujita et al. 2000; 

Fujita et al. 2004; DeJong et al. 2006; Whiffin et al. 2007; Harkes et al. 2010; Dejong 

et al. 2013). Stocks-Fischer et al. (1999) concluded that the Bacillus pasteurii can 

raise the pH solution to alkaline range (8-9) favouring the mineralisation of calcium 

carbonate, as well as the bacterial cells can act as a nucleation sites for calcium 

carbonate precipitation (Ercole et al. 2007, Mitchell and Ferris 2006). 
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2.7.2 Concentrations and Distribution of Chemicals and Biomass  

The concentrations of required reagents (calcium and carbonate or their sources) 

and nutrients are vital parameters to be considered. Without supplying sufficient 

chemicals or nutrients can lead to terminate or deactivate the bioprocesses. The initial 

concentration of mediated microorganisms should be considered as well to maintain 

the mineralisation processes. Efficient supplying of energy sources and nutrients are 

important to sustain active number of bacterial cells (Ferris et al. 1987; DeJong et al. 

2010; Al Qabany et al. 2012; Phillips et al. 2013). Fujita et al. (2008) and Tobler et 

al. (2011) reported that the urea hydrolysis and calcium carbonate precipitation are 

increased with increasing the number of microorganisms and the initial urea 

concentration.  Whiffin (2004) investigated the effect of urea, calcium and ammonium 

concentrations on S. pasteurii urease activity. The author noticed that high 

concentrations of urea (>1.5 M) and calcium (2 M) can inhibit urease activity, whilst 

the presence of high concentration of ammonium (3 M) may not affect the enzyme. 

Okwadha and Li (2010) stated that calcium carbonate deposition is proportional with 

the concentrations of urea, calcium and bacterial cells. They considered 666 mM urea, 

250 mM calcium and 2.3×108 cells/ ml bacterial cell concentrations (at 25ºC) are the 

optimum conditions to produce calcium carbonate.  

The introducing methods of these materials into the contaminated site or 

simulation system should ensure, to high extent, effective and efficient distribution in 

treated medium. Injection of reagents, catalysis and bacteria all one time favour rapid 

crystal growing near injection points, which in turn clog the locations around these 

injection points. Whiffin et al. (2007) and Harkes et al. (2010) recommend that 

injection of bacteria solution to be before chemical and nutrient solutions, may lead 
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to homogeneous distribution of CaCO3 precipitation. Al Qabany et al. (2012) 

mentioned that one of the factors that stimulate bacterial cells adsorption in soil is the 

salinity of bacteria solution. Torkzaban et al. (2008) showed that the more salinity 

bacteria solution, the more adsorption of bacteria cell on soils particles. The author 

reported that injection bacteria suspension into soil then washing out these soils with 

low salinity solution resulting in mobilise the bacteria from solid phase to liquid 

phase, which lead to heterogeneous distribution of biological activity. 

2.7.3 Temperature and pH 

Temperature and pH are parameters influence bacteria function and urease activity 

in calcium carbonate precipitation processes. The optimum growth temperature for 

Bacillus Megaterium in soil that makes it suitable for calcium carbonate precipitation 

was found to be 30°C (Benini et al. 1999). Baskar et al. (2006) found optimum 

temperature for calcite precipitation by Bacillus thuringiensis and Bacillus pumilis is 

25°C. Optimum growing pH for S. pasteurii is 9.0 (Vig et al. 2003; Whiffin 2004).  

Urease enzyme works actively on hydrolysing urea at a certain range of pH values. 

Stocks-Fischer et al. (1999) and Evans et al. (1991) stated that, based on the results 

of their study, urease activity increased with pH, where highest activity was noticed 

at pH of 8.0. More precisely, urease activity is significantly higher at the pH values 

where calcium carbonate mineralisation is favourable. Urease enzyme may also 

influence by temperature of the medium. Mitchell and Ferris (2005) reported the 

positive relationship between the rate of urea hydrolysis and temperature, where 

optimum temperature range at which urease enzyme be active is from 20-37ºC. 

However, urease enzyme can be inhibited at high temperature degrees. The rate of 

calcium carbonate precipitation increases 5 times when increase temperature from 15 
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to 20ºC, due to increase urease activity. Moreover, urease enzyme activity of S. 

pasteurii increases with temperature range from 20-50ºC, whilst no change occurs 

between 50-70ºC, then activity decreases after increasing temperature above 70ºC 

(Okwadha and Li 2010; Li et al. 2013b). 

2.7.4 Type of Soil  

Soil engineering properties (cohesion, friction, stiffness and hydraulic 

conductivity) are very important to be considered when studying microbial induced 

carbonate precipitation and co-precipitation of heavy metals and radionuclides. Each 

site has its specific properties, which depends on historical sedimentary conditions 

(Harkes et al. 2010). Differentiation in soil fractions size means different value for 

hydraulic conductivity which in turn leads to heterogeneous distribution of chemicals 

and nutrient. Hence, biomineralisation process may not take place in fine fractions of 

soil due to very low hydraulic conductivity or it take long time in coarse sand fractions 

where hydraulic conductivity very high which leads to flush out the reagents or 

bacterial cells in these kind of soils. In addition, incidence of preferential flow can 

lead to transfer these material away from they were needed (Harkes et al. 2010; Al 

Qabany et al. 2011; Dixit et al. 2015). Also, soil adsorption capacity can limit heavy 

metals availability in porous media, this in turn leads to limit metals biomineralisation. 

2.7.5 Bioavailability of Heavy Metals and Radionuclides   

Bioprecipitation processes may be affected by the available amount of heavy 

metals. Metals in subsurface environment are subjected to physical, chemical and 

biological processes lead to affect their concentrations and change speciation. Among 

these processes are complexation, precipitation, adsorption on solid phase, and to be 
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taken up by microorganisms. Behaviour of metallic ions is a function of conditions in 

their new environment (Scow and Johnson. 1997; Alexander 1999; National Research 

Council 2003a). Nonetheless, the available quantity of any metal ions will subjected 

to increase or decrease in concentration at any time due to soil type, cation exchange 

capacity, pH change, metal speciation, ageing, absorption or desorption, competition 

with other sorbed ions, nature of contaminants have been released and the nature of 

the microorganisms in the polluted site (Vig et al. 2003). National Research Council 

(2003b) reported that the total concentration of contaminants may be not reflect the 

actual risk behind these contaminants as their bioavailability are low. Bioavailability 

of specific contaminant, in liquid or solid phase of soil, is that fraction which is 

available to be taken by microorganisms. 

Adsorption is considered the main process that leads to loss cations from soil 

aqueous solutions, especially at low concentrations of heavy metals. Fe, Mn and Al 

oxides and organic matter are the main adsorbents for many metallic cations in soil. 

Metals adsorption to Fe, Mn and Al oxides would be occurred by chemisorption. 

Many research correlated the adsorption of heavy metal ions to the presence of organic 

matter in soil (Bradl 2004; Choi 2006; Lafuente et al. 2008; Usman 2008; 

Gunawardana et al. 2015). Fe2O3, Al2O3, CaCO3 and organic matter have high 

adsorption capacity to adsorb cadmium (Stietiya and Wang 2014). Fe2O3 has a great 

influence on cadmium geochemical behaviour. CaCO3 is able to adsorb heavy metals 

actively. Organic matter occurs in soil as colloids or coating soil grains. The 

mechanisms by which the adsorb heavy metals are physical adsorption, electrostatic 

attraction, hydrogen bonding and co-ordination complexes. Their presence affects 

heavy metals distribution in soil (Bradl 2004; Lafuente et al. 2008; Stietiya and Wang 

2014; Zhao et al. 2014). Cadmium ions in soil can make surface complexes on silicate, 
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iron and manganese oxides and organic matter layers. Removing metal oxides and 

organic matter makes soils with less affinity for retaining of cadmium ions. Calcium 

carbonate minerals and organic matter in soil with high pH (>6) are able to adsorb 

cadmium strongly. Cadmium chemisorption at low concentration by CaCO3 is 

possible and very rapid, while at high concentration of this heavy metal the possibility 

of CdCO3 is more possible (Bradl 2004; Choi 2006; Stietiya and Wang 2014; Zhao et 

al. 2014). Park et al. (2011) estimated the high affinity of inorganic compounds to 

retain cadmium ions. Zinc is adsorbed preferentially to Fe, Mn and Al oxides in soil. 

Many research proved the high affinity of zinc ions to inorganic compounds and 

organic matter (McLean et al. 1992; Gunawardana et al. 2015). 

2.7.6 Toxicity of Heavy Metals to Microorganisms 

Bioprecipitation processes depend mainly on microorganisms activity in presence 

of the target heavy metals inhibition of this activity leads to terminate the action of 

bacteria-based bioremediation. Microorganisms show variability in their response to 

heavy metals toxicity. Minimal inhibitory concentration (MIC) of a metal is the 

concentration that inhibits the growth of a microorganism by >70% compared to its 

optimum growth (Ruggiero et al. 2005). One of the important factors that affects 

bacterial tolerance to heavy metal, is the bioavailability or solubility of that metal. 

This availability may increase with decreasing solution pH. The possibility of passing 

the outer membrane of any microorganism by metal ions increases with increasing the 

solubility (Nies and Silver 1995; Nies 1999). 

Bacteria have evolved many mechanisms to detoxify heavy metals when they 

entering the cell, through efflux, complexation, or reduction of metal ions or to use 

them as terminal electron acceptors in anaerobic respiration. Boularbah et al. (1992) 
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concluded that gram-positive bacteria have a developed resistance to cadmium 

accumulation in cells, metal toxicity can be reduced in presence of manganese ions. 

The outer membrane plays an important role as a block toward heavy metals cations. 

Many studies estimated MIC of many metals to Bacillus sp., but not S. pasteurii 

(Ruggiero et al. 2005; Murthy et al. 2011; Karakagh et al. 2012; Samanta et al. 2012; 

Ankita et al. 2013; Farshid et al. 2013; Rathnayake et al. 2013).  

Among many heavy metals cadmium was found the most toxic to bacteria. 

Cadmium is one of the deleterious heavy metals to bacteria; this natural metal 

contaminates soils after releasing from zinc ores or other industries, such as, 

electroplating, electronic parts and mining. Cd has no known biological function to 

bacteria, toxic to microorganisms even with very low concentrations. 

2.7.7 Subsurface Heterogeneity and Preferential Flow 

Spatial heterogeneity is an inherent character of the soil, it plays a main role in 

creating great differences in distribution the physical, chemical and biological 

activities in soil. Many factors are involved in shaping this diversity, such as, 

geological and biological processes and soil using (Kamnev et al. 2000; Franklin and 

Mills 2009; Vos et al. 2013). Soil in microscale is a large number of 

microenvironments that vary in their physical, chemical and biological conditions. 

This variation profoundly depends on spatial heterogeneity of underground 

environment, also may be affected by temporal heterogeneity (Ranjard et al. 2000; 

Sullivan et al. 2013). The diversity in soil biotic and abiotic conditions leads to 

unevenly distribution of microorganisms within soil texture. As these 

microenvironments are habitats for the soil biota, the ability of the microorganisms to 

resist heavy metals will be determined by the conditions of those habitats. Some 
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microenvironments maintain the activity of the bacteria due to availability of 

necessary nutrients, which is in turn increase the chances of bacteria resistance to 

heavy metals.  

Organic matters in soil are the carbon and energy source for the endogenous 

microorganisms. The biggest part of organic matters in soil is available within very 

fine fractions (2-20μm) and clay fraction (<2μm), which makes these 

microenvironments good habitats for the bacteria (Ranjard and Richaume 2001). Soil 

water circulation within soil microenvironments transfers nutrients and other 

substances to the microorganisms that live in soil pores, therefore, soil desiccation 

may bring about decreasing in bacteria numbers (Treves et al. 2003; Holden and 

Fierer 2005; Or et al. 2007). Holden and Fierer (2005) found that it is more important 

to consider spatial rather than temporal heterogeneity in estimation the concentration 

and mobility of heavy metals in contaminated soils. 

The infiltration of water and dissolved solutes takes different pattern through the 

soil. When the flow wets most of the soil matrix parts, this type is defined as "matrix 

flow", which is slow, even and takes an average flow path through the soil. In contrast, 

there is another type of flow faster than the matrix flow and uneven denoted bypass, 

macropore or "preferential flow". This type of flow occurs because of the presence of 

macropores, fractures, fissures, wormhole, which represent the heterogeneity of the 

natural soil texture. The formation of the macropores and subsurface channels is due 

to root channels, worm holes, and the erosion factors within the soil matrix (Beven 

and Germann 1982; Beven 1991; Rosenbom and Undersogelse 2005; Wang 2008).  

The preferential flow arises in all types of flow, and may occur in homogeneous soil 

structures of sandy and other types of soils. In addition, the velocity of preferential 
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flow reduces the opportunity for sorption by soil solid phase (Skopp 1981; Beven and 

Germann 1982; Brusseau and Rao 1990; Wang et al. 1998; Al Hagrey et al. 1999).  

Many experiments have demonstrated the presence of preferential flow 

phenomena when they found different concentrations of pollutants in different depths 

of contaminated soil, this may have attributed to the variety of the paths taken by 

water, which holds the solutes, and then may reach a small part of soil matrix in the 

unsaturated zone (Kung 1990; Al Hagrey et al. 1999). The concern arises from 

preferential flow is the potential of transporting nutrients and trace metals directly to 

the groundwater aquifer (Wang et al. 2000; Morales et al. 2010). However, the 

preferential flow transports a great amount of oxygen, moisture and nutrients, which 

are important to soil microorganisms to undergo the degradation of pollutants, and 

this transported amount is greater than that available in the rest of soil matrix (Pivetz 

and Steenhuis 1995; Morales et al. 2010). Bundt et al. (2001) estimated that the carbon 

concentration in the preferential paths was up to 70% greater than in matrix flow.   

Due to heterogeneous structure of the subsurface environment, high and low 

permeable regions can be found. Macropore network (root, fractures, fissures and 

wormhole) represent the regions with high permeability and the pathways of 

preferential flow. The regions with low permeability can be affected by diffusion 

exchange. Therefore, the solute movement with preferential flow is faster (Zhang and 

Xu 2003). Zhang and Xu (2003) found that the difference in heavy metals 

concentrations between exterior and interior of clayey soil higher than that in loam 

soil. This attributed to that the preferential flow is dominant in transferring the solutes 

in clayey soils, hence, the preferential flow contact exterior surface only in these soils. 

In contrast, in loam soils even flow is dominant which can distribute heavy metals and 
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radionuclides, to some extent, uniformly. The ability of heavy metals and 

radionuclides diffusion in soil structure affects their bioavailability. Zhang and Xu 

(2003) showed, as well, that the preferential flow is responsible for the differences in 

heavy metals concentrations between ped interior and exterior in contaminated soils, 

where some heavy metal has low mobility by diffusion. 

2.7.8 Calcium Carbonate and Cations Interaction 

Long–term sequestering of heavy metals with calcium carbonate precipitation is 

controlled by many parameters. Radius similarity of metallic cations with calcium, 

the geometry of adsorption complexes is among the parameters that found to control 

interaction mechanism (Sturchio et al. 1997; Elzinga et al. 2006). However, cadmium 

and calcium have almost identical atomic radius and metal desorption from hydrate 

layer is slow, whilst zinc remains hydrate until the incorporation occurs into the 

structure by calcium carbonate recrystallization. In term of structure compatibility 

between calcium carbonate and metal carbonate, cadmium forms a similar octahedral 

carbonate structure, whilst lead thought to make distorted octahedral surface 

complexes and zinc adsorption complexes have a tetrahedral geometry. Structural 

incompatibility may reduce the long term stability of divalent metals with calcium 

carbonate precipitation (Hausinger 2004; Teng and Zhao 2012). The co-precipitation 

of strontium with calcite controls by a number of factors, the concentration of the 

metal ions, the barium ions will act as competitive cation, and the precipitation rate, 

where the co-precipitation increase with increasing this rate (Lorens 1981; Pingitore 

Jr and Eastman 1986). The strontium incorporation into calcite lattice may result non-

long term immobilisation of this metal, by generating small and more soluble crystals 

of minerals (Mitchell and Ferris 2006; Tobler et al. 2011; Cuthbert et al. 2012). 
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Chapter 3: Methodology 

3.1 Introduction 

Batch and column experiments were conducted in this study to investigate the 

applicability of microbially-induced calcium carbonate precipitation to co-precipitate 

heavy metals and radionuclides (by using non-radioactive proxies) in aqueous 

solutions and particulate media. This chapter defines the chemicals, sand, apparatus 

and procedures (for preparing and accomplishing experiments) that were used in this 

study. The microorganisms that were used here and their growth medium were 

described in this chapter as well. Table 3.1 presents the main experiments in this 

research. All experimental works carried out in triplicates (test and control samples).  

Table 3.1. Main experiments conducted in this study. 

Experiment Purpose Medium 

Cell Number-Optical 

Density Relationship 

Estimate the number of 

bacterial cells (cell/ml) from 

the optical density value of 

bacterial suspension to know 

the viable cell number that 

may able to grow and operate 

in an experiment. 

S. pasteurii optimal 

medium. 

Heavy Metals Adsorption 

Isotherms Experiment. 

Explore heavy metals affinity 

to be adsorbed on sand grain. 

Heavy metals + calcium + 

sand. 

Bacteria Inhibition by 

Metals Toxicity. 

Estimate minimal inhibitory 

concentration (MIC) of tested 

heavy metals that cause 

growth inhibition for the 

bacteria. 

Heavy metal + nutrient 

broth + bacterial cells 

Precipitation in aqueous 

solutions. 

Investigate co-precipitation of 

heavy metals with calcium 

carbonate precipitation in 

through series of batch 

experiments. 

Heavy metal + 

Precipitation medium + 

bacteria. 

Precipitation in particulate 

medium. 

Investigate co-precipitation of 

heavy metals in porous media 

through a series of batch and 

column experiments. 

Heavy metal + 

Precipitation medium + 

sand + bacteria. 
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3.2 Strains and Culture Media 

Organisms that were used in all experiments of this study was Sporosarcina 

pasteurii, a gram-positive, no capsule, facultative anaerobe and endospore-forming, 

formerly known as Bacillus pasteurii (Warren et al. 2001). This strain obtained from 

the National Collection of Industrial & Marine Bacteria (Aberdeen, UK; 

NCIMB8221/ATCC6453), was used due to its ability to hydrolysis urea in aqueous 

solutions (Fujita et al. 2000). Sporosarcina pasteurii strain was grown at 30°C for 24 

hours in autoclaved solution containing Oxoid CM001 nutrient broth (13 g/L) and 

deionized (DI) water amended with 0.2µm filter-sterilised urea (final concentration 

20 g/L) (Fujita et al. 2000). Stocks were kept at 5°C to minimise the growth of the 

bacteria and to be used for preparing a fresh culture of the strain. Stocks of this 

bacteria were prepared weekly to keep the strain active over the study period.  

Preparation of bacteria inoculum was conducted by aseptically extracting 1mL 

from S. pasteurii stock described above and transferring it into an autoclaved 50mL 

of Oxoid CM001 nutrient broth (13 g/L) amended with 20 g/L filter-sterilised urea 

medium and incubated overnight at 30°C. Bacterial pellets were harvested by 

centrifuging the grown cultures at 1450 RCF for 20 minutes, then, to remove any used 

medium, the pellets were washed with phosphate-buffered saline (PBS: 8.3 mM 

Na2HPO4, 1.6 mM NaH2PO4, 145 mM NaCl, pH 7.2). Cells were again pelletised by 

centrifugation prior to resuspension in the working media defined later. 

3.3 Heavy Metals Stock Solution Preparation 

Appropriate amount of metal salts was dissolved in deionized (DI) water were 

added to give the required range of contaminant final concentrations. Then pH of all 
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solution, was corrected to 6.5 with hydrochloric acid in order to ensure solubility of 

all contaminants. Zinc chloride (ZnCl2), cadmium sulphate (3CdSO4.8H2O), hydrate 

copper chloride (CuCl2.2H2O), lead chloride (PbCl2) and strontium chloride 

(SrCl2.6H2O), were used to prepare dissolved free ions of zinc, cadmium, copper, lead 

and strontium, respectively.  Metals solutions were prepared concurrently with other 

requirements (bacteria and chemicals) of each experiment. Metal solutions were 

autoclaved at 126°C for 25 minutes before introducing aseptically in relevant 

experiment.  

3.4 Sand Preparation 

Leighton Buzzard sand (Hepworth Minerals and Chemicals Ltd) was used in 

this study and was sieved according to British Standard, Figure 3.1 shows the particle 

size distribution for the used sand. It was washed by soaking in 1M hydrochloric acid, 

then in 1M sodium hydroxide for 24 hours each with periodic stirring, to remove 

inorganic carbonate. Finally, the sand was rinsed with deionised water until reaching 

pH 7.0 (sand pH was determined using soil-water ratio of 1:1, see section 3.5 for more 

details). Sand was then separated into three fractions by dry sieving [fine (63-300 μm), 

medium (300-425 μm) and coarse (600-1180 μm)]. It was autoclaved for sterilisation 

before using in any experiment. 

Table 3.2 lists characteristics and the most important parameters of used sand 

in this study, as can be seen from the table the amount of organic matter and inorganic 

compounds that attach with medium sand fraction much lower than that with fine and 

coarse fractions.  
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Figure 3.1. Particle size distribution for sand used (subsequently divided into fine, medium 

and coarse. 

 

3.5 Analytical Methods  

3.5.1 pH 

Measuring pH values for liquid samples were done by using SevenMulti™ pH 

meter, for best reading this device was calibrated weekly and the probe was rinsed 

with deionised water. Sand samples pH were determined by using sand-water ratio 

1:1, which was done by adding 5 grams of sand and 5 mL of deionised water to a 50ml 

beaker. The mixture was stirred vigorously for 10 minutes before allowing to stand 

without agitation for 30 minutes, pH value then was taken immediately after well 

stirring (Kalra 1995).  
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Table 3.2. Characteristics and parameters of sand that used in this study 

characteristics 
Fine 
Sand 

Medium 
Sand 

Coarse 
Sand 

Analysis Method 

Particle density (g/cm3) 
2.55 2.58 2.55 Particle density 

determination  

Porosity (%) 35.31 36.27 35.42 
mass-volume 
relationship 

Organic Matter (%) 
±SD 

0.748 
0.045 

0.185 
0.021 

0.793 
0.113 

Lost on Ignition 

SiO2 (%) 
±SD 

95.517 
0.171 

98.761 
1.105 

96.977 
1.052 

XRD 

CaCO3 (%) 
±SD 

0.270 
0.005 

0.031 
0.004 

0.295 
0.20 

XRD 

Fe2O3 (%) 
±SD 

3.630 
0.071 

0.982 
0.057 

2.628 
0.101 

XRD 

K2O (%) 
±SD 

0.062 
0.006 

0.029 
0.002 

0.027 
0.005 

XRD 

MgO (%) 
±SD 

0.057 
0.003 

0.012 
0.001 

0.023 
0.002 

XRD 

MnO2 (%) 
±SD 

0.007 
0.001 

0.001 
0.000 

0.007 
0.000 

XRD 

Al2O3 (%) 
±SD 

0.384 
0.016 

0.153 
0.009 

0.259 
0.021 

XRD 

P2O5 (%) 
±SD 

0.037 
0.001 

0.010 
0.002 

0.047 
0.011 

XRD 

Na2O (%) 
±SD 

0.016 
0.006 

0.012 
0.003 

0.021 
0.003 

XRD 

TiO2 (%) 
±SD 

0.019 
0.003 

0.008 
0.000 

0.014 
0.003 

XRD 

Solubility in water Insoluble Sand Data Sheet 
Persistence Resistance to biodegradation Sand Data Sheet 

 

3.5.2 Calcium and heavy metals concentrations 

Collected liquids samples from relevant experiment were 0.2 µm filtered and 

diluted as required, then place in 35 ml vessels designed to test ion concentrations by 

Induction Coupled Plasma Spectroscopy (ICP, Optical Emission Spectrometer, 

Optima 2100 DV, PerkinElmer). This machine was used for measuring the heavy 

metals and calcium concentrations, sample in this analytical tool is aerosolised into 

the inductively coupled plasma, where the sample is excited and ionised at high 
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temperature plasma (up to 10000K). Due to this excitation a specific emission 

spectrum is created which belongs to a tested metal (Trevizan and Nóbrega 2007).  

3.5.3 Optical density 

Concentration of suspended S. pasteurii cells in working solutions was 

measured by taking optical density value at 600nm, samples were not filtered. 

Samples were collected (2 ml) aseptically in a disposable plastic UV cuvette 

(Fisherbrand). HITACHI U 1900 UV VIS Spectrophotometer was used to measure 

samples optical density or turbidity. Spectrophotometer was zeroed by using the same 

solution but free of the bacterial cells. 

3.5.4 XRF Analysis 

An Olympus–Innov-X, X-5000 X-ray fluorescence (XRF) was used to 

investigate the concentrations of calcium and heavy metal ions that were retained in 

sand fractions due to the bioprecipitation processes. Samples were first washed 

thoroughly with deionised water, then dried at 105ºC. Samples were then powdered 

and placed in XRF sample holder. XRF was calibrated before using, results were 

given in ppm units.  

3.5.5 XRD Analysis 

X-ray diffraction (XRD) analysis was performed on a Philips PW3830 X-ray 

diffractometer to determine the crystal structure of calcium carbonate (calcite, 

aragonite or vaterite) obtained in bioprecipitation processes in sand fractions. Samples 

were grounded and mounted on glass slides and placed in a sample holder and analysis 
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was conducted at angles from 20-80° 2θ with 2 seconds dwell time. The diffractometer 

was operated at 40 keV and 30 mA, at a step size of 0.02° 2θ.  

3.5.6 SEM Analysis 

Philips XL-30 ESEM (FEI K LTD., Cambridge UK) scanning electron 

microscope (SEM), fitted with secondary, gaseous secondary and backscattered 

electron detectors and a fully standardised EDX, X-ray analysis system (Oxford 

Instruments, High Wycombe, UK) were used to analyse a selection of sand test 

samples. Samples were mounted on aluminium stubs by using adhesive graphite tape 

and sputter-coated with carbon using K450 sputter-coater (Emitech, Kent, UK) prior 

to analysis to determine the most suitable imaging method for detection of 

precipitation pattern. Quantitative analysis of the chemical composition of samples 

was also conducted on the samples using an energy dispersive microanalysis of X-ray 

spectrometer (EDS) at an accelerating voltage of 20 keV. This was done to confirm 

that the crystals observed in the images were actually calcium carbonate crystals 

precipitated on the sand grains and to detect whether there was any precipitation of 

heavy metals in the samples. 

3.5.7 Speciation Analysis  

Visual MINTEQ is a Windows version of the US EPA code MINTEQA2, was used 

to simulate metal speciation in solutions in study experiments. Visual MINTEQ model 

outcomes depend on inputted data of metal and calcium concentrations and final pH, 

as well as on chemicals substances and their concentrations that were used in 

bioprecipitation experiments in this study. This model is useful in calculating the 

percentages of species that generated from the reactions between a specific metal and 



48 

 

the chemicals that represent calcium carbonate medium ingredients (but not the 

nutrient broth). This to compare the results that were gained from the experiments and 

the expected results from this model. Though Visual MINTEQ model cannot handle 

the biological processing due to the lack of equilibrium in such processes, but its data 

base can give a proper prediction about the resulted species from the chemical 

reactions (Gustafsson, 2013). 

Though Visual MINTEQ cannot reproduce biological phenomena due to a lack 

of equilibrium in such processes, it has been used to predict final metal speciation 

using knowledge of major ion concentrations present, ambient temperature, ionic 

strength plus the final pH.  

3.6 Cells Number-Optical Density Relationship 

This section was implemented to estimate the number of alive S. pasteurii cells 

in a bacterial suspension that may able to induce precipitation processes. Although, 

Ramachandran et al. (2001) found an equation to determine S. pasteurii cells number 

in solutions, but it thought that concentration of cells suspension in a solution is 

controlled by experiment conditions. Hence, this section aims to elicit a relationship 

by which can estimate number of bacterial cells suspending in each working solution 

before using these solutions in the experiments of this study. 

CTC (5-cyano-2, 3-ditolyl tetrazolium chloride) was used in this study to 

determine the number of suspended S. pasteurii cells in a solution. CTC staining is 

reliable, simple and quick method for bacteria counting, for this reasons CTC was the 

main method that used in this part (Bartosch et al. 2003; Créach et al. 2003). S. 

pasteurii cells were cultured in their normal growth medium and conditions, and 
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allowed to grow over 24 hours in two periods of time. Values of OD600 were 

determined for the culture every hour by using the Hitachi U1900 UV VIS 

spectrophotometer. Optical density values determined by spectrophotometer reflect 

the turbidity that resulted from both live and dead cells. At stationary phase cell 

division matches cell death, though high value of optical density can be recorded at 

this phase but the number of live cells may be lower. Therefore, discovering live cells 

number can be by other methods rather than spectrophotometer, such as, CTC. 

Samples were taken at different periods after measuring their optical density values 

to determine the number of live cells by CTC method. 

CTC is a redox dye able to penetrate bacteria membrane (this leads to kill the 

bacteria. The dye will precipitate in live cells after reduction by electron transfer 

system of bacteria cell to give an insoluble red high fluorescent precipitation under 

microscope (Yu et al. 1995; Sieracki et al. 1999; Yamaguchi et al. 2003). Based on 

many tests were implemented to find best dilution that gives countable number of 

cells (30-300) under the microscope, bacteria samples (that were selected to be stained 

with CTC-DAPI) were diluted to 10-2 and 10-3. 10 mg CTC (5-Cyano-2, 3-di-(p-tolyl) 

tetrazolium chloride, Sigma Aldrich, UK) was dissolved in 1.6mL deionised water to 

prepare 20mM working solution, stored in 4°C and used within two weeks. To prepare 

a DAPI stock solution, 5mg DAPI (4′, 6-Diamidino-2-phenylindole dihydrochloride, 

Sigma, Aldrich, UK) was dissolved in 5mL 0.2µm filtered deionised water. This stock 

solution stored in a temperature less than 0°C to be used within several weeks. 1 mL 

of this stock solution was added to 10 mL 0.2µm filtered deionised water to make 

DAPI working solution and stored in 4°C, which used within few weeks. 
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Number of total cells (live and dead) was determined by using CTC-DAPI 

double staining technique. Where 1mL of diluted S. pasteurii was placed in 2ml 

micro-centrifuge tube and amended with 100µL of CTC solution, for 2mM CTC final 

concentration, where is recommended CTC concentrations is 2-5mM. Then micro 

centrifuge tubes were mixed gently by vortex mixer and incubated at 30°C for four 

hours. After the incubation period, the CTC added bacterial suspension was amended 

with 100µm DAPI for 10µm/mL final concentration. The micro centrifuge tubes then 

incubated at room temperature for 10 minutes (Yu et al. 1995; Boulos et al. 1999; 

Sieracki et al. 1999; Créach et al. 2003; Yamaguchi et al. 2003; Tammert et al. 2008) 

2008). Stained bacterial suspension samples then immediately filtered through black 

0.2 μm pore-size polycarbonate filters (Nucleopore) at a vacuum pressure by using 

vacuum filter assembly. 

The filter then was air-dried and placed on a glass slide to be analysed under the 

microscope. A Nikon ECLIPSE LV100 microscope equipped with Nikon DS-

Fi1digital camera, was used for epifluorescence counts. Actively respiring cells that 

stained with CTC were determined and enumerated by red fluorescence under a blue 

450-490nm excitation filter and 520nm barrier filter. Whilst CTC-DAPI cells (total 

number) were viewed with 330-380nm excitation filter and 420nm barrier filter.  

The number of cells (N, cell/ml) in a suspension was found from the following 

equation (Boulos et al. 1999): 

� =

�×�

�×�×�
  ………………………………………….. 3.1 

Where: 
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R: is the average number of bacterial cells per field. 

A: is the surface of filtration (mm2).  

F: is the area of microscopic field (mm2) (depends on the used objective). 

D: is the dilution factor. 

V: is the volume of the sample (ml). 

3.7 Heavy Metals Adsorption Isotherms Experiment 

This part of study discovered the capacity of sand fractions to adsorb heavy 

metal cations through determining their equilibrium concentrations in the sand. This 

done according to the Environmental Protection Agency batch-type test procedure for 

estimating soil adsorption of chemicals (Roy et al. 1992). Three sand fractions fine, 

medium and coarse (as adsorbents) and eight concentrations of tested heavy metals 

(as solutes) were used in this experiment.  Metal solutions and sand fractions were 

prepared according to sections 3.3 and 3.4, respectively. However, 50 mM calcium 

was added to heavy metal solutions, to find if it competes metal cations adsorption on 

sand grains (same amount of calcium that was used with precipitation experiments).  

Soil: solution ratio used in adsorption isotherms experiment was 1:10 (Roy et 

al. 1992), hence, 4 g from each sand fraction was equilibrated with 40 mL of heavy 

metal solutions containing different concentrations of heavy metals. Sand samples 

either fine, medium or coarse were aseptically weighted (4 g) in 50 mL sterilised 

polypropylene centrifuge tubes. The medium in this experiment were prepared by 

dissolving calcium chloride in required amount of deionised water for final 

concentration of 50 mM. After autoclaving calcium chloride solution 30 ml were 
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poured in the tubes that contain 4g sand. Heavy metals salt solutions were then added 

aseptically to give a final total volume of 40 ml. Metal salts added to calcium chloride 

solutions to give a range of contaminant concentrations as shown in Table 3.3.  

Table 3.3. Zinc and cadmium concentrations that were used to study the adsorption 

capacity of used sand fractions in this study 

Metal Concentration (mM) 

Zinc 0.1 0.5 1 1.5 2 3 5 10 

Cadmium 0.01 0.05 0.1 0.3 0.5 1 3 5 

 

Samples were placed on an orbital shaker (120 RPM) for 1 hour before 

incubating at 30°C for 72 hours that was to be consistent with conditions of the 

bioprecipitation experiments. Samples prepared in triplicate. After equilibrating time, 

sand solution samples were centrifuged at 1450 RCF for 20 minute. Then 10 ml of 

each solution was poured in ICP bottles for measuring the concentrations of heavy 

metals and calcium. Zn, Cd and Ca concentrations were measured in aqueous 

solutions by using Induction Coupled Plasma Spectroscopy (ICP, Optical Emission 

Spectrometer, Optima 2100DV, PerkinElmer). pH values for the solutions were 

measured as well. 

3.8 Bacteria Inhibition by Metals Toxicity Experiment 

The aim of this experiment was to estimate the capability of S. pasteurii to 

survive in presence of a range of metallic concentrations for zinc, cadmium, copper, 

lead and strontium. Also to estimate minimum inhibitory concentrations (MICs) that 

inhibits S. pasteurii growth. Concentrations were chosen to demonstrate the limiting 

concentrations where growth was inhibited for each metal. In this part of study, the 
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bacterial cells allowed to grow in a medium containing only nutrient broth and heavy 

metals, no urea was used in this experiment to avoid any precipitation of metal ions 

which may lead to decrease the total concentrations of contaminants. Microcosms 

were prepared by suspending fresh bacteria pellets in 600 mL of autoclaved Oxoid 

CM0001 nutrient broth (13 g/L), then, aseptically, aliquots of 6 ml were dispensed 

into 10 ml acid washed and sterilised screw cap glass tubes. All solutions were then 

amended with sterilised metals salts solutions to give final volume of 8 ml. however, 

metal salts solutions were added to give a range of contaminant concentrations as 

shown in Table 3.4. The pH was then corrected to 6.5 with hydrochloric acid. The 

final bacterial optical density at 600 nm wavelength incident light (OD600) was 0.064 

(equivalent to approximately 1×107 cells / ml) in each tube. The medium used in this 

experiment denoted as M1. 

Table 3.4. Initial concentration of heavy metals that were tested in toxicity experiment. 

Metal Concentration (mM) 

Zinc 0 0.01 0.02 0.05 0.1 0.2 0.5 

Cadmium 0 0.005 0.01 0.02 0.05 0.1 0.15 

Copper 0 0.01 0.02 0.05 0.1 0.2 0.5 

Lead 0 0.01 0.05 0.1 0.2 0.5 1 

Strontium 0 0.1 0.5 1 2 5 10 

 

In this experiment the total turbidity in solutions results from bacterial cells and 

heavy metals presence in solutions. So to eliminate the turbidity that may result from 

metal presence, samples containing only nutrient broth and the heavy metal were 

prepared in same fashion to measure their optical density. Bacteria growing in a 
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medium containing 13 g/l nutriment broth and free of heavy metals or at 0 metal 

concentration was called full growth of bacteria. 

All microcosms were incubated at 30ºC for 72 hours, after which 2 ml from each 

sample was pipetted aseptically and placed in a cuvette to measure the optical density 

by the Hitachi U1900 UV VIS spectrophotometer. The spectrophotometer was zeroed 

with autoclave 13 g/L nutrient broth before taking any reading. Measuring optical 

density (OD600) values was to check bacterial growth under the stress of different 

concentrations of heavy metals.  Each metal concentration was tested in triplicate.  

This experiment only explored the absolute toxicity of various metal 

concentrations (similar to (Ruggiero et al. 2005)), and did not explore temporal issues 

such as increased lag. Typically, the majority of growth of S. pasteurii in these 

conditions occurs within 24 hours, the experimental duration was increased to account 

for growth hindrance due to the presence of metals. 

To find the response of S. pasteurii cells to heavy metal concentrations a value 

denoted R represents the fraction of full growth was calculate as shown below: 

� =

������	

���
   …………………….……3.2 

Where: - 

R (normalised): fraction of full growth for any metal at any concentration 

ODB: optical density (OD600) for samples containing bacteria, nutrient and 

heavy metals (medium M1), the value represents turbidity of solution due to bacteria 

growing under the effect of heavy metals. 
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ODM: optical density for samples containing only nutrient and heavy metals, 

the value represents turbidity of solution due to heavy metal presence.  

ODF: optical density at zero metal concentration for samples containing only 

bacteria and nutrient without heavy metals, the value represents the turbidity due to 

bacteria growing in a medium free of heavy metals, this considered full growth of 

bacteria.  

3.9 Calcium Carbonate Precipitation Experiment 

This part of the study is to define nutrients, chemicals and preparing procedures 

that were used in microbially induced process of calcium carbonate precipitation 

experiment. Nutrient broth and chemical concentrations that were used to prepare 

calcium carbonate precipitation medium (CCPM) are presented in Table 3.5. There is 

almost unanimity in literature regard using 3 g/l Oxoid CM001 nutrient broth when 

using S. pasteurii strains to mediate inducing calcium carbonate precipitation. 

Different initial concentrations of urea and calcium were used in such studies. In 

CCPM urea (CO(NH2)2) is nitrogen and energy source for the bacteria, and its 

hydrolysis produces ammonium and bicarbonate ions. The calcium chloride is the 

calcium ions source for the calcium carbonate formation.  
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Table 3.5. Nutrient broth and chemical concentrations that were used to prepare CCPM in 

this study. 

Ingredient Manufacturer Concentration Sterilising 

Oxoid CM0001 nutrient 
broth 

Oxoid tLd, 
Basingstoke, UK 

3 g/L Autoclaving 

Calcium Chloride 
Dehydrate 

Fisherbrand  See Table 3.6 Autoclaving 

Urea Fisherbrand  See Table 3.6 0.2μm filter 

Ammonium Chloride Fisherbrand  
10 g/L or 
187mM 

0.2μm filter 

Sodium Bicarbonate Fisherbrand  
2.12 g/L or 

25mM 
0.2μm filter 

Concentrated HCl Fisherbrand  
Adjusted to pH 

6.5 
Aseptically 

Equations from 3.3 to 3.7 below describe calcium carbonate precipitation after 

catalysing by a microorganism. The process starts with hydrolysing urea by urease 

enzyme then producing of carbonate and ammonia ions, in turn pH increases. When 

supersaturating state occurred calcium and carbonate ions at high pH environment, 

recrystallisation of calcium carbonate happens. The efficiency of process is 

considered 100% when all dissolved calcium and carbonate ions transfer into solid 

state calcium carbonate precipitate (Stocks-Fischer et al. 1999; DeJong et al. 2006; 

DeJong et al. 2010; Al Qabany et al. 2012; Dhami et al. 2013). 
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Where KSP: is the solubility product in Equation (2.5). 
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To optimise calcium and urea concentrations in this study current experiment 

included investigating 12 tests of initial calcium and urea concentrations, as shown in 

Table 3.6. Nutrient broth, ammonium chloride and sodium bicarbonate concentrations 

in all tests were 3 g/l, 10 g/l and 2.12 g/l, respectively. For each test 25 ml of nutrient 

broth and calcium chloride were prepared in deionised water then autoclaved at 126°C 

for 25 minutes under 1.4 bar pressure. After that washed bacterial pellets re-suspended 

in autoclaved broth-calcium solution and placed aseptically in sterile 50 ml 

polypropylene centrifuge tubes (Fisherbrand). Urea, ammonium chloride and sodium 

bicarbonate were sterilised by 0.2µm syringe filter (Fisherbrand) and added 

aseptically to the 50 ml tubes to give a total final volume of 30 ml. The final OD600 

was 0.082 (equivalent to approximately 1.3×107 cells / mL) and final calcium and urea 

concentrations as shown in Table 3.6. All tubes were incubated for 24 hours at 30ºC 

and all samples prepared in triplicates. Medium containing nutrient broth, calcium and 

urea is denoted as M2. 

Table 3.6. Initial concentrations of calcium and urea that were tested to find optimum 

concentrations to prepare CCPM in this study. 

 

 

3.10 Heavy Metals Bioprecipitation in Aqueous Solutions Experiments 

After examining MICs for zinc, cadmium, copper, lead and strontium, in section 

3.8, this experiment was designed to discover the ability of S. pasteurii in sequestering 

metallic contaminants with calcium carbonate precipitation. This study hypothesises 

that metal precipitation technique provides a protective mechanism for the bacteria by 

  Calcium concentration (mM) 

 10 20 25 30 40 50 

Urea concentration 
(g/L) 

2 Test-1 Test-2 Test-3 Test-4 Test-5 Test-6 
20 Test-7 Test-8 Test-9 Test-10 Test-11 Test-12 
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reducing the overall metal concentrations to tolerable levels, hence, tested 

concentrations in this experiment were increased to be more than those in toxicity 

experiment.  

Calcium carbonate precipitation medium (M2) was prepared as described in 

previous section (by using optimum concentrations of urea and calcium found in 

section 3.9). Microcosms were prepared by re-suspension the pelletised and washed 

cells in the urea-amended medium (M2) before 25 ml was placed aseptically in sterile 

50 ml polypropylene centrifuge tubes and amended with heavy metals to give a total 

final volume of 30 ml. The final OD600 was 0.111 (equivalent to approximately 

1.7×107 cells / mL) and final metal concentrations are shown in Table 3.7. 

Table 3.7. Heavy metal initial concentrations that were applied in heavy metals precipitation 

in aqueous solution experiment 

 

However, beside test samples same number of controls were, synchronously, 

prepared in an identical fashion, but S. pasteurii cells were killed by autoclaving the 

initial bacterial suspensions prior to incorporation M2 medium. Test and control 

samples had the same nutrient broth, calcium, urea and heavy metal concentrations 

but the test samples included live cells of S. pasteurii whilst controls involved killed-

cells of the bacteria. All samples then incubated at 30ºC for 7 days. 

Metal Concentration (mM) 

Zinc 0 0.1 0.2 0.5 2 5 10 

Cadmium 0 0.015 0.03 0.1 0.5 1 3 

Copper 0 0.05 0.1 0.5 1 3 5 

Lead 0 0.05 0.1 0.1 0.5 1 3 

Strontium 0 1 3 5 10 20 30 
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Additionally, to check if the abiotic precipitation can lead to remove heavy 

metal ions in period up to 14 days, samples were prepared in the same fashion but no 

bacterial cells were added to the media. Chemical or abiotic precipitation can occur if 

metal ions react with carbonate ions (carbonate ions can be produced from abiotic 

urea hydrolysis in water). Furthermore, presence of calcium carbonate minerals can 

lead to remove heavy metal ions from contaminated solutions.  

Samples (5 ml) were obtained aseptically from each microcosm after 0, 1, 3 and 

7 days, filtered past a 0.2µm membrane filter and sub-divided for analysis. Calcium 

and heavy metal ion concentrations were determined by ICP-OES (Optima 2100 DV, 

PerkinElmer) for the drawn samples after measuring their pH. The weight change of 

microcosm tubes over the experiment was recorded in order to determine the mass of 

precipitation seen adhering to the tube. Following completion of the experiment, tubes 

were emptied, carefully rinsed with deionised water and dried in an oven at 30ºC (to 

prevent heat damage to tubes) to constant weight before final weighing. Because of 

the small masses involved, loss of precipitate upon rinsing and drying may contribute 

to errors. The tubes were weighted before starting the experiment, the net precipitation 

weight was found from the difference in two weights (after and before). 

3.11 Heavy Metals Bioprecipitation in Particulate Media Experiments 

This section was designed to investigate the ability of Sporosarcina pasteurii 

bacteria to induce the precipitation of calcium carbonate and co-precipitation of heavy 

metals in porous media. The biomineralisation of heavy metals in soil may be 

influenced by a number of physical, chemical and biological factors. Presence of 

inorganic compounds and organic matters in soil may lessen metals availability 

through chemical and physical adsorption processes, where metal ions have to be 
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dissolved in solutions for bioprecipitation processes. Bacteria ability to initiate 

calcium carbonate precipitation may be affected by many factors such as metallic 

toxicity and nutrients delivering. Add to this, the heterogeneity of subsurface 

environment can play a main role in controlling biomineralisation processes. These 

effects were studied here through batch and column experiments.   

3.11.1 Bioprecipitation in Porous Media by No-Flow System (Static) 

Experiments 

The precipitation of heavy metals in porous media by using system without 

fluid flow was in investigated in this part of the study. This section includes 

precipitation with and without heavy metals. This experiments were conducted to 

examine the bioprecipitation process in a static system (no fluid flow was used in this 

experiment) and then compare with bioprecipitation in sand by dynamic system (fluid 

flow) and in aqueous solutions. Microcosms were prepared by re-suspension the 

pelletised and washed cells in the urea-amended medium (M2) then were placed 

aseptically in sterile 50 ml polypropylene centrifuge tubes and amended with heavy 

metals to give a total final volume of 17 ml (equivalent to the pore volume, see Table 

3.2 for more details). The final metal concentrations and final OD600 are shown in 

Table 3.8. Then aseptically adding of 80g dry, autoclaved sand from individual 

fractions (fine, medium and coarse), which was wet-pluviated into the CCPM to 

minimise air voids and encourage uniform bacterial distribution. However, further 

homogenising of CCPM in sand was done by using vortex mixer. Metals 

concentrations were chosen base on previous and preliminary experiments. Multiple 

samples of each sand fraction were prepared such that specimens could be 

destructively sampled at 3 and 7 days. Control samples were prepared in an identical 
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fashion, medium used in these samples was free of urea (containing similar 

concentrations of nutrient broth, calcium and heavy metal but no urea added, denoted 

as M3). All samples then incubated at 30ºC.  

The response of heavy metal ions to bioprecipitation process in sand by S. 

pasteurii was discovered by measuring the free ions of zinc, cadmium, strontium and 

calcium in soil solution, pH was measured as well. Tubes were pierced at the base by 

hot needle, solutions were extracted from the bottom of tubes under vacuum pressure. 

Figure 3.2 shows the extraction system that were used to extract solutions from sand 

tubes in this section. Solutions were then filtered past a 0.2µm membrane filter and 

sub-divided for analysis. Calcium and heavy metal ion concentrations were 

determined by ICP-OES (Optima 2100 DV, PerkinElmer).  

Table 3.8. Final metal concentrations and final optical density and equivalent cell number in 

bioprecipitation in porous media by no-flow system (Static) experiments. 

Tested element Final concentration Final OD600 of the medium before 
adding sand 

(equivalent to approximately) 

Calcium 50 mM 
0.106 

(1.6×107 cells/ ml) 

Strontium 30 mM 
0.094 

(1.4×107 cells/ ml) 

Zinc 

2 mM 
0.094 

(1.4×107 cells/ ml) 
5 mM 0.101 

(1.5×107 cells/ ml) 10 mM 

Cadmium 10 mM 
0.101 

(1.5×107 cells/ ml) 
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Figure 3.2. Schematic diagram shows the system by which solutions were extracted from 

sand tubes to measure ion concentrations and pH 

3.11.2 Bioprecipitation in porous media by flow system (Dynamic) 

The experiments in this part were designed to investigate the bioprecipitation 

processes in porous media under the effects of ground conditions. This done through 

dynamic system (with fluid flow) comprised of sand columns and peristaltic pumps 

to inject solutions into these columns by using pulsed injection strategy. Sand columns 

in this part were made of clear acrylic tubes (inner diameter 26mm and length 

200mm). A stand was designed to this experiment with dimensions can fit into the 

incubator contained clamps to hold up to 18 sand columns. After positioning sand 

columns vertically on the stand, 4 mm clear tubes were used to connect inlets and 



63 

 

outlets of columns with peristaltic pumps and collection flasks, respectively, pumps 

also were connected to medium flasks by similar tubes. Dynamic system includes 

columns, tubes, connectors, pumps and flasks was sterilised by pumping Virkon 

solution (Rely+OnTM, multi-purpose disinfectant) into the system then was washed by 

large quantities of autoclaved deionised water. The system was sterilised before 

starting any experiment.  Dynamic systems used in this experiments are shown in 

Figure 3.3 and Figure 3.4.  

Washed pellets of S. pasteurii were suspended in PBS, optical density was 

recorded for the bacterial suspension after zeroing the spectrophotometer with PBS. 

A volume of 35 ml (equivalent to pore volume of sand column) of the bacterial 

suspension were poured in each column before aseptically adding 150g dry, 

autoclaved sand from individual fractions (fine, medium and coarse), which was wet-

pluviated into the bacterial suspension to minimise air voids and encourage uniform 

bacterial distribution. Thin layers of glass wool were placed at the top and bottom of 

the sand to prevent soil grains from traveling with injected fluids flow and to avoid 

any block may be occurred in the tubes or connectors. Then, couple of hollow rubber 

stoppers contain connectors, to be connected to the system tubes, were fitted into the 

ends of each column. All columns were prepared in triplicate in an identical fashion 

but were contained either fine, medium or coarse sand fraction. Control samples were 

prepared in an identical fashion. The system was then incubated at 30ºC for different 

periods of time depends on experiment purpose.  

Liquids including precipitation medium (or urea-treated samples which denoted 

M2) and control samples medium (or urea-free samples and heavy metals which 

denoted M3) were placed aseptically in medium flasks and injected into sand columns 
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by the peristaltic pumps by using pulsed injection strategy. Lauchnor et al. (2013) 

showed that pulsed injection strategy (followed by stagnation periods, no-flow) can 

be more efficient than continuous injection in precipitating calcium and heavy metals 

via microbial-induced calcium carbonate precipitation. In addition, pulsed injection 

can lead to promote homogeneous calcium carbonate precipitation along sand column. 

The strategy involved injection 1.5 pore volume (55 ml) at pumping rate of the fluids 

into the columns was 5 ml/min. Collected samples, after each running, were then 

filtered past a 0.2µm membrane filter and sub-divided for analysis. Calcium and heavy 

metal ion concentrations were determined by ICP-OES (Optima 2100 DV, 

PerkinElmer), pH was measured as well. Medium and collection flasks were acidic 

washed sterilised (by autoclave) after each run of the system.  

3.11.2.1 Homogenous Fluid Flow Experiment 

In this part number of sand columns equals to the number of pumps, fine, 

medium and coarse sand fractions in columns receive same amount of solution 

(homogenous injection of CCPM into sand columns), as shown in Figure 3.3. This 

section included two tests first one was investigating precipitation of cadmium 

without aging S. pasteurii cells with cadmium ions. In this test CCPM was amended 

with cadmium ions and injected into sand columns. Followed by no fluid flow period 

(24 hours) then only CCPM was injected for 6 days. The final bacterial optical density 

at 600 nm wavelength incident light (OD600) was 0.121 (equivalent to approximately 

1.8×107 cells / ml) in each column and final cadmium concentration in each column 

was 20 mM.  
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Figure 3.3. Schematic diagram illustrates the installation of homogenous fluid flow system in 

dynamic experiment. 

Additional test included aging bacterial cells with cadmium ion for 24 hours in 

porous media before injecting CCPM. In this experiment 1.5 pore volume of known 

concentration of cadmium solution was injected into sand columns. CCPM was then 

injected into sand columns after 24 hours. Followed by no fluid flow period, then only 

CCPM was injected for the rest of experiment time. The final bacterial optical density 

at 600 nm wavelength incident light (OD600) was 0.099 (equivalent to approximately 

1.5×107 cells / ml) in each column and final cadmium concentration in each column 

was 20 mM. 
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3.11.2.2 Heterogeneous Fluid Flow Experiment  

In this part of study, the effect of heterogeneous hydraulic conductivity on 

bioprecipitation processes was investigated. Soil physically, chemically and 

biologically is heterogeneous. Spatial heterogeneity is an intrinsic property of 

subsurface environment; liquids flow is affected by spatial changes in porous media. 

The variation in hydraulic conductivity in soil may lead to find different 

concentrations of biomass, substrates and pollutants within soil matrices. Porous 

media are rarely homogeneous, liquids transport in porous media varies spatially and 

temporally. This experiment was designed to mimic, to some extent, a heterogeneous 

permeability section of soil. Coarse fraction sand allows solutions to flow faster than 

other fractions due to its relative high hydraulic conductivity.  

The system of this experiment involved 27 sand columns divided in 3 groups 

(G1, G2 and G3), each group included 3 sets, each set contained 3 sand columns (fine, 

medium and coarse sand fractions), as shown in Figure 3.4. All groups prepared in the 

same fashion. Group 1 (G1) contained 9 sand columns (triplicates of fine, medium 

and coarse sand fractions) represented control (no cadmium ions used) to investigate 

the behaviour of precipitation processes in heterogeneous porous media without metal 

toxicity. Group 2 (G2) (test samples) was prepared in the same fashion of G1 but 0.03 

mM cadmium concentration was injected 24 hours before pumping calcium carbonate 

medium. Group 3 (G3) represent another control to investigate the flow of liquids into 

sand columns without calcium carbonate precipitation influence (no urea was added), 

this group involved injecting 0.03 mM cadmium concentration at the same time with 

G2. All three columns in one set received liquids through a single inlet, represent 

layered heterogeneity. For each set 1.5 pore volume (165 ml) was injected into a single 
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inlet of the three columns. Hydraulic conductivity values for sand fraction before 

treatment were 7.3×10-5, 3.0×10-4 and 4.8×10-4 m/s for fine, medium and coarse sand 

fractions, respectively.  

This experiment included also aging bacterial cells with cadmium ions in 

porous media where 1.5 pore volume of known concentration of cadmium solution 

was injected into each sand column of groups G2 and G3 (each column received same 

amount of cadmium solution). Cadmium ions left with bacterial cells for 24 hours 

before injecting M2 or M3 media. The final bacterial optical density at 600 nm 

wavelength incident light (OD600) was 0.089 (equivalent to approximately 1.4×107 

cells / ml) in each column and final cadmium concentration in each column was 20 

mM. Groups were prepared and ran as following: - 

• Group-1 or G1 (control-1): sand columns containing bacterial cells were 

injected with CCPM or M2 medium for 32 days, no cadmium ions were 

injected. This to monitor the behaviour of calcium carbonate precipitation 

without metal effects.  

• Group-2 or G2 (test samples): sand columns containing bacterial cells were 

injected with 0.03 mM of cadmium ions and aged for 24 hours before injecting 

CCPM or M2 medium for 32 days. This group contains the main samples to 

investigate the ability of this technique to co-precipitate metals under the 

heterogeneity in ground conditions. 

• Group-3 or G3 (control-2): sand columns containing bacterial cells were 

injected 0.03 mM of cadmium ions and aged for 24 hours before injecting M3 

medium (urea-free medium) for 32 days. This group without urea effect to 

monitor behaviour of calcium and cadmium ions under these conditions.  
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Figure 3.4. Schematic diagram illustrates the installation of Heterogeneous fluid flow system 

in dynamic experiment. 
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Chapter 4: Bacteria Inhibition by Metals Toxicity  

4.1 Introduction 

This chapter discusses toxicity of a range of heavy metals concentrations (zinc, 

cadmium, lead, copper and strontium), in aqueous solution, to the growth of a urease-

positive bacterium, Sporosarcina pasteurii. This study hypothesises that the ability of 

this organism to breakdown urea and thus alter the chemistry of its environment 

provides it with a form of ‘defence mechanism’, as if sufficient numbers initially 

survive and hydrolyse urea, contamination in the vicinity will be reduced allowing 

enhanced microbial activity and further metal removal. The chapter includes two 

sections first one discusses S. pasteurii cells growing with time where optical density 

changes in bacteria suspension due to cells propagation. By counting bacterial cells 

(cells/ ml) at specific time and at known optical density value, then a relationship of 

[cells number-optical density] can be built. In second section the metals inhibition 

effect to S. pasteurii cells growing is explored.   

4.2 Viable Bacterial Cell Counts Experiment 

This section was implemented to estimate the initial number of S. pasteurii cells 

before suspending with working media in the experiments of this study. The increase 

in growing rate of the bacterial cells with time was investigated by measuring the 

turbidity in the bacterial suspension by spectrophotometer at 600nm (Chapter 3, 

section 3.6). Increased turbidity in the bacterial suspension is an indicator of cell 

number increase. However, at stationary phase cell division matches cell death, 

though high value of optical density can be recorded at this phase but the number of 

live cells may be lower. This study is mainly interested in live cells only.   
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4.2.1 Optical Density vs time 

Spectrophotometer measures optical density for a bacterial suspension, the 

reading reflects absorb or scatter light by live and dead cells in that solution 

(presuming only bacterial cells exist). As bacteria continue propagating, optical 

density increase with time. The relationship between optical density and S. pasteurii 

cells number were found over 24 hours in two periods of time. Figure 4.1 shows 

increase in absorbance with increase cell number in bacterial suspension. As it clear 

from the figure the initial cultured number in bacteria medium showed very little 

increase with time up to 4 hours, but after that started to show a significant increasing. 

Probably the first 4 hours were the lag phase of the bacteria growth, and the 

exponential phase started after that and displayed sharp increase especially after 8 

hours. Errors bars (standard deviation values) demonstrate that the dispersion of 

optical density values from their average at each hour increase with time or with cells 

number increasing, samples were tested in triplicate.  

4.2.2 Cell Number-Optical Density Relationship 

Estimating initial S. pasteurii cells number in their suspension was done by an 

expression (equation 4.1) was elicited from comparing optical density values and cell 

numbers that were found by CTC staining method at the corresponding interval during 

S. pasteurii cells growth. Equation 4.2 represent Ramachandran et al. (2001) equation. 

Figure 4.2 presents the relationship between number of S. pasteurii cells and optical 

density values in a bacterial suspension.   
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Figure 4.1. S. pasteurii cells growth over time in their normal medium shows increasing in 

bacterial cells with time and as a result optical density values were increased. The gab 

between hours 10 and 13 is due to cells OD values were measured over 24 hours in two 

periods of time. [Error bars: ± 1 SD, n=3]. 

 

� �	1.0!10�!��"���
�.����	  ……………………….……….….4.1 

� �	8.59!10�!��"���
�.���	 (Ramachandran et al. 2001) …....4.2 

By comparing the formula created in this study with Ramachandran et al. (2001) 

equation it found that the former gives higher number of cells. However, it noticed 

that the difference in cell numbers from both formulas decrease with increase optical 

density values. At optical density 0.01 cell number that can be gained from this study 

formula is 14 times more than Ramachandran et al. (2001) equation, whilst at OD of 

0.36 cell number is only 2 times more. At OD of 1.32 both formulas give almost 

similar number of cells/ml. Hence, the difference can be significant at low optical 

density values. The variance in estimation initial bacterial cells number and 

corresponding optical density may be related to the used bacteria strain activity, 

counting methods and experiment conditions, such as, incubation period and 
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temperature. In addition, the counting methods may affect the final counted number 

of cells. Ramachandran et al. (2001) used plate cell-counting method whilst in this 

study CTC staining method was used for counting.  

Data were fitted by curved power trendline, that is best used with such data sets 

(where cells number >0) and to compare measurements increase with time. 

Ramachandran et al. (2001) used the same trendline to create his expression (equation 

4.2) that was used to compare the equation found in this study. However, it noticed 

that both formulas may not suitable to calculate viable cells number in stationary 

phase of bacteria growth curve, reason behind this is both give increasing cell number 

with increase optical density. At stationary phase cell division matches cell death, 

though high value of optical density can be recorded at this phase but the number of 

live cells may be lower.  

 

Figure 4.2.Relationship between number of S. pasteurii cells and optical density values in a 

bacterial suspension, also data were compared with Ramachandran et al. 2001 (∆). [Error 

bars: ± 1 SD]. 
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4.3 S. pasteurii Response to Metallic Toxicity 

This section discusses the experimental results of the toxicity of a range of 

heavy metals (zinc, cadmium, lead, copper and strontium), in aqueous solution, on the 

growth of a urease-positive bacterium, Sporosarcina pasteurii. Generally metallic 

contaminants may prolong bacterial lag phase, bring about growth rate reduction or 

cause complete inhibition for the bacteria (Ruggiero et al. 2005). Such effects will be 

problematic when using bacteria in heavy metals precipitation processes. Heavy metal 

effects on the S. pasteurii cells growth in M1 medium (contained only nutrient broth 

and a range of contaminant concentrations) were monitoring by measuring the optical 

density (OD600) for samples after incubation period. Bacteria growth in their optimal 

medium (nutrient broth and urea) reaches more than 108 cells/mL after 24 hours of 

growing. However, in case of metallic toxicity, preliminary tests demonstrated that 

more time is required to discover the maximum tolerated concentration by S. pasteurii 

cells in M1 medium. This may because the presence of heavy metals lead to prolong 

the lag phase for bacteria growing and lowering normal growing rates (Ruggiero et 

al. 2005). Hence, toxicity of metal cations was estimated the after 72 hours to allow 

for some growth delays.  

The possible bioavailable portion of total heavy metal concentration in diluted 

solutions was predicted by using the geochemical equilibrium speciation model, 

MINTEQ. Table 4.1 presents the equilibrium concentration of heavy metals in dilute 

solutions. The MINTEQ calculations confirmed the presence of free heavy metal 

cations that dissolved in aqueous solutions. However, free metal ions were 

predominant over other species that resulted from dissolving heavy metal salts in 

deionised water. However, metal salts that were used here zinc, copper, lead and 
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strontium chlorides and cadmium sulphate. Cadmium sulphate can act as a weak acid 

leads to decrease the solution pH value to lower than 6, which may contribute to 

increase metal solubility. 

The response of S. pasteurii cells to heavy metals toxicity is shown Figure 4.3. 

Ruggiero et al. (2005) defined the toxic concentration or MIC of a metal in solution 

as that concentration inhibits the growth of a microorganism by >70% compared to 

normal growing (organism growth measured by optical density). Accordingly, 

cadmium exhibited the greatest toxicity with MIC 0.03-0.06 mM, whilst the bacteria 

resisted strontium with concentrations up to 10 mM. From measured optical density 

values and after comparing with optical density value at full growth (bacteria that 

were grown in nutrient broth but without heavy metal) it be able to specify heavy 

metal minimum inhibitory concentrations (MIC; defined as a 70% reduction in growth 

as measured by optical density).  

Table 4.2 present MICs estimated in this study. The bacteria responses to 

metallic toxicity, in term of propagation, were showed inhibition in the following 

order Cd >Zn >Cu >Pb >Sr. Lower values of optical density reflect that the bacteria 

could not able to keep growing in presence of increased concentrations range of heavy 

metals. 
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Table 4.1. Equilibrium concentration of heavy metals in dilute solutions that were predicted 

by using the geochemical equilibrium speciation model, MINTEQ. 

Zinc 

concentration 

Final pH 

Species (%) 

Cadmium 

concentration 

Final pH 

Species (%) 

Copper 

concentration 

Final pH 

Species (%) 

Lead 

concentration 

Final pH 

Species (%) 

Strontium 

concentration 

Final pH 

Species (%) 

0.01mM 

6.773 

Zn2+ (99.19) 

ZnOH+(0.77) 

Zn(OH)2(0.04) 

0.015mM 

6.897 

Cd2+(99.64) 

CdSO4(0.28) 

CdOH+(0.08) 

0.01mM 

6.068 

Cu2+(93.75) 

CuOH+(5.97) 

Cu(OH)2(0.03) 

Cu2(OH)2
2+(0.25) 

0.01mM 

6.348 

Pb2+ (95.35) 

PbOH+(4.6) 

PbCl+(0.05) 

0.1mM 

6.918 

Sr2+(99.99) 

SrCl+(0.01) 

0.02mM 

6.686 

Zn2+(99.33) 

ZnOH+(0.63) 

ZnCl+(0.01) 

Zn(OH)2(0.03) 

0.03mM 

6.878 

Cd2+(99.37) 

CdSO4(0.55) 

CdOH+(0.08) 

0.02mM 

6.245 

Cu2+(95.69) 

CuOH+(4.06) 

Cu(OH)2(0.01) 

Cu2(OH)2
2+ (0.23) 

0.05mM 

6.019 

Pb2+(97.55) 

PbOH+(2.2) 

PbCl+(0.25) 

0.5mM 

6.917 

Sr2+ (99.89) 

SrCl+(0.11) 

0.05mM 

6.555 

Zn2+(99.49) 

ZnOH+(0.47) 

ZnCl+(0.03) 

Zn(OH)2(0.01) 

0.06mM 

6.846 

Cd2+(98.84) 

CdSO4(1.09) 

CdOH+(0.07) 

0.05mM 

5.864 

Cu2+(97.17) 

CuOH+(2.58) 

Cu(OH)2
2+(0.23) 

CuCl+(0.02) 

0.1mM 

5.99 

Pb2+(98.37) 

PbOH+(1.35) 

PbCl+(0.28) 

1mM 

6.916 

Sr2+(99.78) 

SrCl+(0.22) 

0.1mM 

6.429 

Zn2+(99.60) 

ZnOH+(0.35) 

ZnCl+(0.05) 

0.15mM 

6.769 

Cd2+(97.29) 

CdSO4(2.65) 

CdOH+(0.06) 

0.1mM 

5.667 

Cu2+(98.12) 

CuOH+(1.65) 

Cu(OH)2
2+(0.19) 

CuCl+(0.04) 

0.2mM 

5.836 

Pb2+(98.48) 

PbOH+(0.95) 

PbCl+(0.56) 

Pb2OH3+(0.01) 

2mM 

6.915 

Sr2+(99.57) 

SrCl+(0.43) 

0.2mM 

6.302 

Zn2+(99.63) 

ZnOH+(0.26) 

ZnCl+(0.11) 

0.3mM 

6.746 

Cd2+(94.89) 

CdSO4(5.03) 

Cd(SO4)2
2-(0.02) 

CdOH+(0.06) 

0.2mM 

5.545 

Cu2+(98.45) 

CuOH+(1.25) 

Cu(OH)2
2+(0.23) 

CuCl+(0.07) 

0.5mM 

5.676 

Pb2+(98.25) 

PbOH+(0.57) 

PbCl+(1.15) 

Pb2OH3+(0.03) 

5mM 

6.911 

Sr2+(98.94) 

SrCl+(1.06) 

0.5mM 

6.12 

Zn2+(99.57) 

ZnOH+(0.17) 

ZnCl+(0.26) 

0.45mM 

6.721 

Cd2+(92.70) 

CdSO4(7.20) 

Cd(SO4)2
2-(0.04) 

CdOH+(0.06) 

0.5mM 

5.324 

Cu2+(98.86) 

CuOH+(0.76) 

Cu(OH)2
2+(0.20) 

CuCl+(0.18) 

1mM 

5.491 

Pb2+(97.32) 

PbOH+(0.37) 

PbCl+(2.27) 

Pb2OH3+(0.04) 

10mM 

6.900 

Sr2+(97.91) 

SrCl+(2.09) 

 



76 

 

 

Figure 4.3. Response of S. pasteurii cells that were cultured at various metal concentrations (mM) after 3 days incubation at 30ºC. Dashed line represents 

MIC value (70% reduction in growth). [Error bars ± 1 SD, n=3]. 
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Table 4.2. Minimum inhibitory concentrations (MIC) of heavy metals to S. pasteurii growth 

in solutions. 

Metal Zinc Cadmium Copper Lead Strontium 

MIC 
(mM) 

0.2-0.5 0.03-0.06 0.2-0.5 0.5-1 5-10 

It is likely that zinc, cadmium, copper, lead or strontium ions entered S. 

pasteurii cells by chemiosmosis gradient mechanism. Metallic cations movement 

results from the concentration difference across the membrane without any energy 

consuming from ATP (Adenosine triphophate), ions movement by this mechanism 

can be quick and unselected for specific ion. Accordingly, many heavy metal cations 

with high concentrations can be inside the cells cause toxicity problems (Bauda and 

Block 1990; Nies 1999; Jaysankar et al. 2008; Rathnayake et al. 2013). Nevertheless, 

S. pasteurii cells may tolerate metal ions at concentrations equal or less than MICs by 

many mechanisms include removing heavy metals from the cell by efflux system, 

reduce heavy metal ions valence to less toxic states and accumulation and 

complication of heavy metals inside the cell (Roane 1999; Murthy et al. 2011).  

No studies were found in the literature that were specified for the tolerance of 

S. pasteurii strains to metallic toxicant to compare with. The inhibitory concentrations 

values were found here are specified for this study and should not generalise for the 

bacteria strain. But it can consider basic or reference values of inhibitory 

concentration for Sporosarcina pasteurii with considering the experiment conditions. 
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4.3.1 Zinc Toxicity  

Zinc is one of the essential elements for microbial growth, at trace 

concentrations zinc stimulates bacteria growth. In spite of that zinc does not involve 

in biological redox reaction but it is important in forming complexes and is a 

component of different enzymes (Nies 1999). In this experiment S. pasteurii cells 

tolerated zinc concentrations <0.5mM by using their efflux mechanisms. Possibly zinc 

ions can affect bacteria by disrupting cell membrane or inhibiting their enzyme 

activity (Rajendran et al. 2003). As it clear from Figure 4.3 bacterial growth is fairly 

consistent up to 0.1 mM before the growth affected by higher concentrations of the 

metal.  

The inhibitory concentration of zinc for S. Pasteurii strains found in this study 

(0.2-0.5 mM) is consistent with other studies found MICs of zinc to other Bacillus 

species (Mgbemena et al. 2012; Nweke et al. 2007). However, it is lower than that 

estimated by Freitas et al. (2008) (2 mM) for Bacillus sp. that isolated from a steel 

plant wastes, this may be attributed to aging with contaminants for long time may 

improve microorganisms tolerance to heavy metals. 

4.3.2 Cadmium Toxicity 

Cadmium concentration that inhibited S. pasteurii growth is in the range from 

0.03-0.06 mM (Figure 4.3), which is low concentration compare to other heavy 

metals. Defence mechanisms toward heavy metals seem did not help the bacteria to 

detoxify even low cadmium concentrations. The detoxifying mechanism in gram-

positive bacteria is based on efflux the cadmium ions outside the cell. Cadmium ions 

may toxify bacteria by inhibiting cell division or enzyme activity, cell membrane 
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disruption and protein denaturation (Rajendran et al. 2003). This reflects the high 

sensitivity of this strain to this metal. The effect of cadmium is similar to that 

described by Ruggiero et al. (2005) for D. radiodurans, where it is seen to impact 

growth at far lower concentrations than other metals tested.  

By reviewing inhibitory concentrations of cadmium to Bacillus species or 

gram-positive bacteria that found by many studies, it noticed that cadmium MIC 

estimated in this study is close to that found by Rathnayake et al. (2009). However, 

0.4-16 mM was the estimated range of MICs of cadmium to Bacillus species or gram-

positive bacteria that found by many other (Farshid et al. 2013) studies (Roane and 

Kellogg 1996; Hu et al. 2007; Murthy et al. 2011; Samanta et al. 2012; Ankita et al. 

2013). This high variance may relate to bacteria type resistance.  

4.3.3 Copper Toxicity 

As it clear from Figure 4.3, S. pasteurii cells exhibited growth rates (0.01-0.2 

mM) higher than that in metal-free medium, before inhibition at copper concentration 

of 0.5 mM. The metal showed different trend (the response was different at each 

concentration) in affecting S. pasteurii cells at concentrations range 0.01-0.2mM. 

MIC (0.2-0.5 mM) of copper encountered to be similar to that for zinc in this study. 

Again no studies in literature to compare with but MICs that estimated for other 

Bacillus sp. showed how these values can be different from study to other (Tamil Selvi 

et al. 2012; Oladipo and Adeoye 2013; Chatterjee et al. 2014; Khusro et al. 2014).  
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4.3.4 Lead Toxicity 

The response of S. pasteurii cells to a range of lead concentrations (0.01-1 

mM) is shown in Figure 4.3. Bacteria tolerates lead toxicity may be attributed to 

physical, chemical and biological factors. Lead chloride (the salt used here as lead 

ions source) is less in soluble than other metal salts, it is noticed that lead chloride is 

readily to re-precipitate in the bottom of tubes when is left without shaking. However, 

MINTEQ data Table 4.1 predicts high dissolution of lead chloride salt. This imply 

that bacterial cells may not subject to total lead concentration because the 

bioavailability of lead ions in solutions can decrease with time due to precipitation.  

One of the important factors that affects bacteria tolerance to heavy metal, is the 

bioavailability or solubility of that metal. This availability increased with decreasing 

solution pH. The possibility of passing the outer membrane of any microorganism by 

metal ions increases with increasing the solubility. Therefore, the minimum inhibitory 

concentration of lead found in this study (1mM) may not resulted from total added 

lead concentration. The relative high MIC of lead may attribute to its low solubility, 

so the bacteria did not subject to total lead concentration but only soluble or available 

portion. This conclusion is consistent with Nies (1999) outcomes.  

The inhibitory lead concentration estimated in this study is compatible with 

some previous studies but for different bacteria (Roane and Kellogg 1996; Nath et al. 

2012; Tamil Selvi et al. 2012; Ankita et al. 2013).  

4.3.5 Strontium Toxicity 

The physical properties of strontium isotopes (radioactive and non-

radioactive) are almost similar. Bunzl et al. (1999), Tsukada et al. (1998) and Tsukada 
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et al. (2005) referred to the possibility of predicting the behaviour of a radioactive 

isotope by monitoring the stable one in the environment. Hence, the study of non-

radioactive Sr2+ ions behaviour will mimic the behaviour of radioactive isotope in the 

environment (Mitchell and Ferris 2005). As can be seen from Figure 4.3 S. pasteurii 

cells evidently uninhibited by high concentrations of strontium less than 10 mM (0.1-

5 mM). The high tolerance of strontium by the strain may attributed to many reasons. 

In spite of it has not any known benefit for organisms life, some findings suggest that 

strontium can suffice enzymes systems requirements for calcium, which makes 

strontium non-toxic (Nielsen 1986).  

Owing to their lower sensitivity to strontium, research has not paid significant 

attention for S. pasteurii toxicity by this metal. However, tremendous amount of 

attention has been given to use ureolytic bacteria for precipitating this heavy metals. 

Therefore, it is not surprise that the bacteria tolerated Sr concentrations up to 10 mM, 

because other bacteria tolerate more than this. Many studies showed high resistance 

of many organisms to strontium toxicity (Ghazvini et al. 2007; Ben Salem et al. 2012; 

Ozer et al. 2012) 
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Chapter 5: Heavy Metals Bioprecipitation in Aqueous Solutions 

5.1 Introduction 

This chapter describes the ability of S. pasteurii to cause precipitation or co-

precipitation of a number of metallic contaminants (zinc, cadmium, lead, copper and 

strontium) in aqueous solutions through generation of carbonate ions and elevated pH. 

Batch experiments were carried out to find whether bioprecipitation technique is 

applicable for long-term removal of above heavy metal cations with calcium 

carbonate precipitation. The metals were tested separately with calcium carbonate 

precipitation medium. Concentrations of heavy metal and calcium ions and solutions 

pH values were measured at periods of 0, 1, 3, and 7 days. The chosen concentrations 

of heavy metals were based on toxicity experiments and preliminary tests. 

In each case, live-cell and killed-cell (autoclave sterilisation) experimental data 

are presented side by side. Normalised metal and calcium concentrations, relative to 

initial values, are presented, indicating the extent of removal over time at the 

concentrations tested. In addition, pH data are presented. The conjunction of calcium 

removal and pH data provides an indication of whether calcium carbonate 

precipitation was occurring. 

  Visual MINTEQ, a Windows version of the US EPA code MINTEQA2, was 

used to compare the results that were gained from the experiments and the expected 

results from this model. Though Visual MINTEQ model cannot handle the biological 

processing due to the lack of equilibrium in such processes, but its data base can give 

a proper prediction about the resulted species from the chemical reactions 

(Gustafsson, 2013).  
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5.2 Calcium and Urea Concentrations 

This experiment was done to optimise calcium and urea concentrations to be used 

in precipitation medium. The initial concentrations of calcium and urea in 

precipitation medium were chosen from a range of concentrations (2 and 20 g/L for 

urea and 10, 20, 25, 30, 40 and 50 mM for calcium). Figure 5.1 shows the reaction 

between different concentrations of urea and calcium in presence of urease enzyme 

which produced by S. pasteurii in the solutions. Urease enzyme leads to hydrolyse 

urea in water to produce ammonium and carbonate ions. Carbonate and calcium ions 

react later at high pH to produce calcium carbonate precipitation (white precipitate 

was seen at the end of the experiment in all samples). This process can remove or 

decrease calcium and carbonate ions from the solutions. Simply, to precipitate all the 

dissolve Ca ions, it needs enough number of CO3 ions in the same solution.  

 

Figure 5.1. The effect of urea concentration on calcium precipitation with S. pasteurii. [Error 

bars: ±1 SD, n=3] 

As it clear from the figure, urea concentration of 2 g/l was not enough to 

precipitate all calcium ions dissolved in solution. This may mean carbonate ions ran 
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out before removing calcium ions. The amount of calcium removed with 2 g/l urea 

was not similar to each calcium concentration. Compared to other calcium 

concentrations significant proportion was recovered at 10 mM calcium concentration, 

which is unexpected, this may relate to bacterial activity (bacteria was less activity in 

these samples). With 20 g/l calcium ions removal was up to 99.5% at all 

concentrations (apart from highest calcium concentration) of dissolved calcium ions 

in solutions probably by precipitation reactions. At highest concentration 4% calcium 

ions were left, hence, mathematically optimal calcium concentration with 20 g/l urea 

is 48 mM (96%×50mM=48mM). Accordingly, 20 g/l (333 mM) urea and 50 mM 

calcium were chosen for all precipitation media in this study. pH in 20 g/l urea samples 

reached up to 9, whilst in 2 g/l samples was less. 

The selected urea initial concentration (20 g/l) was used in other microbially 

calcite precipitation studies (Fujita et al. 2000; DeJong et al. 2006; Achal et al. 2009; 

Lauchnor et al. 2013), but with different initial calcium concentration. Stocks-Fischer 

et al. (1999) proved that the precipitation rate and ammonia production rate are 

virtually the same for initial calcium concentrations of 12.6, 25.2 and 50.4 mM.  

5.3 Zinc  

In this experiment the ability of S. pasteurii cells to induce calcium carbonate 

precipitation and co-precipitation of zinc ions was explored. Figure 5.2 shows the 

response of S. pasteurii to different concentrations of zinc. Complete removal of zinc 

from solution in the 7 days period occurs up to a concentration of 0.5 mM in the 

presence of live cells, which indicates an improved resistance to metal toxicity over 

that seen in earlier experiments (Chapter 4, Figure 4.3: toxicity response seen at 

concentrations greater than 0.2 mM). This improvement is probably due to role of 
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urea hydrolysis by the bacterial cells that induce calcium carbonate precipitation and 

metal removal. 

 

Figure 5.2. Impact of S. pasteurii activity on zinc removal (A, D), calcium removal (B, E) and 

pH (C, F) at a range of zinc concentrations, with live (A-C) and killed (D-F) cells at 30ºC with 

urea growth medium. Dashed lines on (B) and (E) represent precipitate mass after day-7. 

[Error bars: ±1 SD, n=3] 
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Increase in pH and removal of calcium and zinc from solution are associated; the 

pH change is expected to be driven by urea hydrolysis by urease enzyme. These 

changes are evident at a zinc concentration of 0.5 mM or below, whilst at 2 mM or 

above the pH in live cell experiments is consistent with killed cell controls and shows 

a slight decrease with increasing zinc concentration. The rate of removal of both zinc 

and calcium also decreases with increasing zinc concentration. Calcium removal at 

higher zinc concentrations (10 mM) is generally low, albeit with some variability at 

different days. This implies that S. pasteurii cells were inhibited by metal ions or could 

not survive in presence of zinc concentration above 0.5 mM. The increasing in pH 

values in these samples and control samples may relate to abiotic reactions (chemical 

reactions may have led to change the pH value). Zinc recovery in controls has some 

variability at lower concentrations, possibly due to abiotic precipitation or inherent 

difficulties in preparing and analysing low-concentration experiments. It’s not clear 

in this experiment if any biosorption was occurred by zinc ions sorption on bacterial 

biomass (live or dead), if so would be responsible of partial metal decreasing in 

solutions.   

At zinc concentration equal or greater than 2 mM, metal toxicity to bacterial 

activity may affected urea hydrolysis process, also zinc ions can inhibit crystal growth 

of calcium carbonate (McBride 1980; Comans and Middelburg 1987; US EPA 1992). 

Such effects seem to prevent occurrence of any calcium and zinc precipitation at those 

concentrations, though the toxicity may have the more effect. However, as it clear 

from Figure 5.2 few amount of calcium has precipitated with zinc concentrations more 

than 2 mM.  
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Dashed lines on (B) and (E) in Figure 5.2 shows the amount of precipitate per each 

sample from the test and control samples (mg/L). The amount of precipitates that 

generated in live cells experiments at 0.1, 0.2 and 0.5 mM zinc concentrations much 

higher than those produced at zinc concentrations more than 0.5 mM and control 

samples. It’s clear that the precipitate amounts decrease with increasing zinc 

concentration up to 0.5 mM, which reflects the toxicity effect of zinc ions on the 

bacteria. Increased precipitate mass correlates well with elevated removal of calcium 

in solution, although there is a consistent minimum mass of precipitate even when 

there was no calcium removal. Loss of calcium ions from solutions associated with 

pH increasing. The highest precipitation amounts in live-cells samples occurred at 

zinc concentrations up to 0.5 mM, which were accompanied with almost full removal 

of calcium ions. Whilst the amount of precipitates and calcium removal in control 

samples were consistent.  

 Analysis of expected zinc and calcium speciation at chemical equilibrium in live 

and killed cells experiments was performed using Visual MINTEQ. Table 5.1 and 

Table 5.2 illustrate the main species expected to be present under the prevailing 

conditions in live and killed cells samples. Decreasing amounts of calcium carbonate 

and increasing amounts of ionic calcium species are expected as zinc concentration 

increases and pH decreases. This correlates broadly with the increasing calcium 

remaining in solution with zinc concentration (Figure 5.2). 
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However, in live cells samples, the prediction for zinc species results in entirely 

ionic/dissolved species apart from at the two highest zinc concentrations where small 

but increasing amounts of zinc carbonate are expected. This does not agree with 

Figure 5.2-A, where at lower zinc concentrations no dissolved zinc was found at the 

end of the experiment. This suggests that a mechanism not included in the Visual 

MINTEQ model had a significant role, likely to be sorption or co-precipitation of 

metals with increasing amounts of calcium carbonate. At higher concentrations (2 and 

5 mM), increasing amounts of dissolved zinc were found but at 10 mM there was a 

further decrease, which may indicate a decreasing effect of this mechanism partly 

counteracted by the increasing precipitation of zinc carbonates. Precipitation of 

relatively small amounts of zinc and calcium carbonates may therefore explain the 

small decreases in dissolved zinc and calcium seen in control specimens at pH similar 

to that observed at 10 mM with live cells. 

Visual MINTEQ model calculations for control experiment data according to zinc 

concentration and final pH after 7 days (Table 5.2) illustrate the possibility of zinc 

carbonate formation, though in small amounts. This amount increased with zinc 

concentrations although pH was decreasing. Contrary, the predicted amount of 

calcium carbonate decreased with zinc concentration increase and pH decrease. Based 

on Visual MINTEQ model results and providing that the precipitate amounts in Figure 

5.2 were accumulated from zinc and calcium carbonates, it can be assumed some 

consistency between the experiment outcomes and Visual MINTEQ model 

calculations. 
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Table 5.1. Zinc and calcium predominant species in calcium carbonate medium calculated by 

visual MINTEQ according to zinc concentration and final pH, for the test samples (live-cells 

experiments). 

Zinc (mM) 

(Final pH) 

Zn species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.1 

(9.17) 

Zn(CO3)22- 0.037 Ca2+ 2.644 

Zn(NH3)42+ 97.59 CaCl+ 1.39 

Zn(NH3)32+ 2.344 CaNH3
2+ 1.364 

Zn(NH3)22+ 0.025 Ca(NH3)22+ 0.217 

 
CaHCO3

+ 8.632 

CaCO3  85.752 

0.2 

(9.12) 

Zn(CO3)22- 0.037 Ca2+ 2.893 

Zn(NH3)42+ 97.455 CaCl+ 1.52 

Zn(NH3)32+ 2.475 CaNH3
2+ 1.411 

Zn(NH3)22+ 0.028 Ca(NH3)22+ 0.213 

 
CaHCO3

+ 9.536 

CaCO3  84.426 

0.5 

(8.80) 

Zn(CO3)22- 0.051 Ca2+ 5.03 

Zn(NH3)42+ 96.11 CaCl+ 2.642 

Zn(NH3)32+ 3.758 CaNH3
2+ 1.594 

Zn(NH3)22+ 0.065 Ca(NH3)22+ 0.156 

ZnCO3  0.014 CaHCO3
+ 17.293 

 CaCO3  73.284 

2 

(7.93) 

Zn2+ 0.02 Ca2+ 14.194 

Zn(NH3)42+ 79.756 CaCl+ 7.448 

Zn(NH3)32+ 16.498 CaNH3
2+ 0.85 

ZnCO3  1.239 Ca(NH3)22+ 0.016 

ZnHCO3
+ 0.177 CaHCO3

+ 49.307 

 CaCO3  28.186 

5 

(7.66) 

Zn2+ 0.169 Ca2+ 16.731 

Zn(CO3)22- 1.428 CaCl+ 8.778 

Zn(NH3)42+ 63.071 CaNH3
2+ 0.554 

Zn(NH3)32+ 23.591 CaHCO3
+ 56.565 

ZnCO3  5.474 CaCO3  17.365 

ZnHCO3
+ 1.456  

10 

(7.40) 

Zn2+ 1.003 Ca2+ 18.856 

Zn(CO3)22- 2.323 CaCl+ 9.892 

Zn(NH3)42+ 36.412 CaNH3
2+ 0.349 

Zn(NH3)32+ 24.399 CaHCO3
+ 60.666 

ZnCO3  17.024 CaCO3  10.235 

ZnHCO3
+ 8.238  
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Table 5.2. Zinc and calcium predominant species in calcium carbonate medium calculated by 

visual MINTEQ according to zinc concentration and final pH, for the control samples (killed-

cells experiments). 

Zinc (mM) 

(Final pH) 

Zn species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.1 

(7.67) 

Zn2+ 0.156 Ca2+ 16.442 

Zn(CO3)22- 1.432 CaCl+ 8.699 

Zn(NH3)42+ 63.797 CaNH3
2+ 0.557 

Zn(NH3)32+ 23.338 CaHCO3
+ 56.536 

ZnCO3  5.273 CaCO3  17.76 

ZnHCO3
+ 1.37  

0.2 

(7.66) 

Zn2+ 0.168 Ca2+ 16.525 

Zn(CO3)22- 1.471 CaCl+ 8.744 

Zn(NH3)42+ 62.972 CaNH3
2+ 0.547 

Zn(NH3)32+ 23.554 CaHCO3
+ 56.755 

ZnCO3 5.553 CaCO3 17.423 

ZnHCO3
+ 1.476  

0.5 

(7.63) 

Zn2+ 0.211 Ca2+ 16.767 

Zn(CO3)22- 1.593 CaCl+ 8.908 

Zn(NH3)42+ 60.391 CaNH3
2+ 0.519 

Zn(NH3)32+ 24.148 CaHCO3
+ 57.365 

ZnCO3 6.466 CaCO3 16.435 

ZnHCO3
+ 1.842  

2 

(7.48) 

Zn2+ 0.606 Ca2+ 17.91 

Zn(CO3)22- 2.192 CaCl+ 9.635 

Zn(NH3)42+ 45.242 CaNH3
2+ 0.397 

Zn(NH3)32+ 25.313 CaHCO3
+ 59.905 

ZnCO3 12.852 CaCO3 12.15 

ZnHCO3
+ 5.173  

5 

(7.40) 

Zn2+ 0.998 Ca2+ 18.542 

Zn(CO3)22- 2.388 CaCl+ 10.221 

Zn(NH3)42+ 36.21 CaNH3
2+ 0.343 

Zn(NH3)32+ 24.263 CaHCO3
+ 60.659 

ZnCO3 17.215 CaCO3  10.233 

ZnHCO3
+ 8.33  

10 

(7.17) 

Zn2+ 2.978 Ca2+ 20.211 

Zn(CO3)22- 2.161 CaCl+ 11.587 

Zn(NH3)42+ 13.408 CaNH3
2+ 0.222 

Zn(NH3)32+ 15.138 CaHCO3
+ 61.837 

ZnCO3 28.289 CaCO3  6.143 

ZnHCO3
+ 23.247  

 

Zinc sorbs strongly to calcium carbonate minerals (Zachara et al. 1991; Garcia-

Sanchez and Alvarez-Ayuso 2002; Elzinga et al. 2006) though is readily desorbable 

due to its high hydration energy and because sorbed zinc is only slowly absorbed into 

a solid solution unless recrystallization occurs. Garcia-Sanchez and Alvarez-Ayuso 

(2002) report sufficient sorption capacity on calcite to full sorb zinc at all but the 
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largest concentration tested in this study. Here, however, calcium carbonate crystals 

are being formed concurrently and so co-precipitation as a Ca-Zn-CO3 solid solution 

(as noted by Buekers et al. (2007)) is likely, possibly alongside sorption and 

subsequent encapsulation. Zinc forms a tetrahedral carbonate structure (Teng and 

Zhao 2012) which may reduce long term stability of any co-precipitate due to a 

mismatch with the microstructure of calcium carbonate (the calcium carbonate matrix 

in calcite is octahedral). Zinc has been reported to accelerate heterogeneous nucleation 

(Zeppenfeld 2010) so may lead to a larger number of smaller crystals forming, which 

may reduce long term sequestration of encapsulated zinc, although this was not 

directly observed.  

The experimental data do not indicate whether sorption, co-precipitation or a 

combination of the two are responsible for removal of zinc, as there is good correlation 

between calcium removal (and therefore presumably formation of carbonate) and loss 

of zinc.  

5.4 Cadmium 

Removal of cadmium in live cell experiments again correlates well with pH change 

and calcium removal (Figure 5.3). Almost all tested cadmium concentrations were 

removed by day 3 at all concentrations tested, with a decrease in removal rate evident 

at higher concentrations (1.5 mM). Considering use different media, this is a 

substantial improvement on resistance of S. pasteurii to cadmium toxicity (Chapter 4, 

Figure 4.3), with the organism able to remove the metal from solution at 

concentrations at least 25 times that at which growth was impaired when urea was not 

present (MIC).  
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Figure 5.3. Impact of S. pasteurii activity on cadmium removal (A, D), calcium removal (B, E) 

and pH (C, F) at a range of cadmium concentrations, with live (A-C) and killed (D-F) cells at 

30ºC with urea growth medium. Dashed lines on (B) and (E) represent precipitate mass after 

day-7. [Error bars ±1 SD, n=3]. 

In live cells experiment pH increased gradually over seven days to reach up to 9.14. 

In previous experiment where no cadmium added (section 5.2), only calcium 

carbonate medium (bacteria, urea and calcium), S. pasteurii needed less than 24 hours 
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to induce pH increasing up to 9, due to urea hydrolysis in water. This reflects the effect 

of cadmium ions in weakening bacterial activity to produce urease enzyme in solution. 

In control experiments, there were no observed changes in pH as expected, 

although there was some reduction in calcium concentration over time particularly at 

low cadmium concentrations, correlated with loss of cadmium. At low cadmium 

concentrations (0.015 and 0.03 mM) full removal of metal ions was noticed. This 

correlation may indicate occurrence of similar mechanism of calcium precipitation to 

that with live cells samples driving completely and partly cadmium removal in control 

samples. S. pasteurii is nominally a spore-forming organism and so spores may have 

survived the autoclaving process (Stolp 1988; Todar 2005), with subsequent 

regeneration leading to microbial activity in controls. No significant pH increase was 

seen, although it may be that a small change in pH was sufficient to cause a degree of 

precipitation but that this was then buffered by the mineralisation process. The slow 

change in calcium and cadmium concentrations could be attributed to delays in spore 

regeneration and subsequent growth. There was excess recovery of cadmium at times, 

which was unexpected. 

Removal of cadmium ions in this study may due to adsorption on precipitated 

calcium carbonate crystals or precipitated as metals carbonate. At low metal 

concentrations adsorption on calcium carbonate precipitation surface is more 

potential, while at higher concentration metal carbonate precipitation is dominant 

(Papadopoulos and Rowell 1989). Davis et al. (1987) reported that the adsorption of 

cadmium ions on calcite is a pH dependent process, also cadmium ions can exchange 

with calcium ions in hydrate layers after 24 hours of reaction. Also, according to 

Papadopoulos and Rowell (1989) and Garcı́a-Sánchez and Álvarez-Ayuso (2002) 
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cadmium sorption mechanism on calcium carbonate is almost similar to zinc, but 

cadmium has affinity to be adsorbed on calcite higher than zinc, also cadmium 

desorption is slow (Zachara et al. 1991). At 1.5 mM cadmium concentration S. 

pasteurii response was different from other concentrations, more time was needed to 

precipitate cadmium and calcium ions and minimum pH value recorded when 

compares with other live cells samples. 

The precipitation amounts of calcium carbonate in cadmium experiment are shown 

in Figure 5.3 (B and E). In live cells samples calcium carbonate precipitation occurred 

in conjunction with calcium removal from solutions. At the first three cadmium 

concentrations where cadmium ions were removed after 24 hours, the amount of 

precipitates were higher than that at the other three concentrations. The precipitates 

produced in control samples (killed cells) were much less than live cells samples. 

Precipitated amounts in both experiments (live and killed cells) probably were 

responsible for cadmium removal from solutions. Many studies referred to that 

cadmium chemisorption at low concentration by CaCO3 is possible and very rapid, 

while at higher concentration of this heavy metal the possibility of CdCO3 is more 

probable (Bradl 2004; Choi 2006; Stietiya and Wang 2014; Zhao et al. 2014).  

As with zinc, there is a degree of commonality between Visual MINTEQ and 

experimental data for removal of calcium from solution, with the former indicating a 

decreasing proportion of precipitated calcium with increasing cadmium (Table 5.3). 

In experiments, although the final results indicated no calcium in solution, the rate at 

which it was removed does decrease as cadmium concentration increases (Figure 5.3, 

B). In addition, although Visual MINTEQ predicts that all cadmium should remain in 
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solution, no cadmium was actually found (Figure 5.3, A). Again, it is thought that 

sorption and co-precipitation with calcium carbonate are the main reasons for this. 

Analysis of expected cadmium and calcium speciation at chemical equilibrium for 

cadmium control experiment was performed using Visual MINTEQ (Table 5.4) as 

well. The small amount of precipitates that were expected by the model against each 

concentration are consentient with the control experiment results (Figure 5.3, E). 

Cadmium is similar in atomic radius to calcium and forms a similar octahedral 

structure with carbonate (Teng and Zhao 2012). It therefore can substitute for calcium 

relatively easily in carbonate minerals, forming solid solutions and co-precipitates 

readily. On existing surfaces of calcite, rapid sorption as a stable complex can form 

an epitaxial layer, preventing further sorption of the metal and limiting dissolution of 

the mineral (Chada et al. 2005; Du et al. 2011) although Stipp et al. (1992) and 

Buekers et al. (2007) found that movement from surface layers into the mineral was 

possible in a relatively short period. Sorption to other, more openly structured forms 

of calcium carbonate such as aragonite is not affected as an epitaxial layer does not 

form (Prieto et al. 2013) although these minerals are relatively soluble and over time 

may recrystallize as calcite, incorporating the metal as a solid solution.  

As with zinc, however, the non-equilibrium status of the carbonate minerals (with 

growth over the experiment) may prevent formation of a coherent epitaxial layer due 

to continuous deposition of new material. In such cases, cadmium carbonate may 

precipitate initially as otavite, even at low, non-saturated concentrations (Tesoriero 

and Pankow 1996), in preference to calcium carbonate due to the lower solubility of 

the former; this may then be encapsulated by more calcium-rich material (Prieto et al. 

2013). 
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Table 5.3. Cadmium and calcium predominant species in calcium carbonate medium 

calculated by visual MINTEQ according to cadmium concentration and final pH, for the test 

samples (live-cells experiments). 

Cadmium (mM) 

(Final pH) 

Cd species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.015 

(9.12) 

CdCl+ 0.01 Ca2+ 2.893 

Cd(NH3)4
2+ 67.858 CaCl+ 1.52 

Cd(NH3)3
2+ 25.949 CaNH3

2+ 1.413 

Cd(NH3)2
2+ 2.93 Ca(NH3)2

2+ 0.213 

CdCO3  0.194 CaHCO3
+ 9.535 

Cd(CO3)2
2- 2.969 CaCO3  84.424 

0.03 

(9.13) 

Cd(NH3)4
2+ 68.113 Ca2+ 2.841 

Cd(NH3)3
2+ 25.754 CaCl+ 1.493 

Cd(NH3)2
2+ 2.876 CaNH3

2+ 1.403 

CdNH3
2+ 0.072 Ca(NH3)2

2+ 0.214 

CdCO3  0.19 CaHCO3
+ 9.348 

Cd(CO3)2
2- 2.972 CaCO3  84.696 

0.06 

(9.14) 

Cd(NH3)4
2+ 68.361 Ca2+ 2.791 

Cd(NH3)3
2+ 25.562 CaCl+ 1.467 

Cd(NH3)2
2+ 2.823 CaNH3

2+ 1.394 

CdNH3
2+ 0.07 Ca(NH3)2

2+ 0.215 

CdCO3  0.186 CaHCO3
+ 9.164 

Cd(CO3)2
2- 2.975 CaCO3  84.962 

0.15 

(9.13) 

Cd(NH3)4
2+ 68.111 Ca2+ 2.842 

Cd(NH3)3
2+ 25.756 CaCl+ 1.494 

Cd(NH3)2
2+ 2.876 CaNH3

2+ 1.403 

CdNH3
2+ 0.072 Ca(NH3)2

2+ 0.214 

CdCO3  0.19 CaHCO3
+ 9.347 

Cd(CO3)2
2- 2.97 CaCO3  84.683 

0.3 

(9.10) 

CdCl+ 0.011 Ca2+ 3 

CdCl2  0.01 CaCl+ 1.576 

Cd(NH3)4
2+ 67.329 CaSO4  0.032 

Cd(NH3)3
2+ 26.353 CaNH3

2+ 1.431 

Cd(NH3)2
2+ 3.046 Ca(NH3)2

2+ 0.211 

CdCO3  0.202 CaHCO3
+ 9.915 

Cd(CO3)2
2- 2.964 CaCO3  83.834 

1.5 

(8.81) 

CdCl+ 0.045 Ca2+ 4.949 

CdCl2  0.042 CaCl+ 2.599 

Cd(NH3)4
2+ 57.096 CaSO4  0.021 

Cd(NH3)3
2+ 33.066 CaNH3

2+ 1.596 

Cd(NH3)2
2+ 5.655 Ca(NH3)2

2+ 0.159 

CdCO3  0.437 CaHCO3
+ 16.992 

Cd(CO3)22- 3.419 CaCO3  73.683 
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Table 5.4. Cadmium and calcium predominant species in calcium carbonate medium 

calculated by visual MINTEQ according to cadmium concentration and final pH, for the 

control samples (killed-cells experiments). 

Cadmium (mM) 

(Final pH) 

Cd species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.015 

(7.76) 

Cd2+ 0.602 Ca2+ 15.7 

CdCl+ 11.855 CaHCO3
+ 54.382 

Cd(NH3)3
2+ 18.18 CaCO3  21.018 

Cd(NH3)2
2+ 24.257 

 
CdCl2 10.988 

CdCO3  10.267 

Cd(CO3)2
2- 7.218 

0.03 

(7.58) 

Cd2+ 0.996 Ca2+ 17.146 

CdCl+ 19.596 CaHCO3
+ 58.445 

Cd(NH3)3
2+ 9.056 CaCO3  17.923 

Cd(NH3)2
2+ 18.024 

 CdCl2 18.163 

CdCO3  11.035 

0.06 

(7.69) 

Cd2+ 0.773 Ca2+ 16.369 

CdCl+ 15.207 CaHCO3
+ 56.339 

Cd(NH3)3
2+ 13.712 CaCO3  18.111 

Cd(NH3)2
2+ 21.839 

 CdCl2 14.095 

CdCO3  10.885 

0.15 

(7.65) 

Cd2+ 0.839 Ca2+ 16.607 

CdCl+ 16.52 CaHCO3
+ 56.989 

Cd(NH3)3
2+ 12.192 CaCO3  17.097 

Cd(NH3)2
2+ 20.759 

 CdCl2 15.312 

CdCO3  11.003 

0.3 

(7.65) 

Cd2+ 0839 Ca2+ 16.604 

CdCl+ 16.524 CaHCO3
+ 56.952 

Cd(NH3)3
2+ 12.19 CaCO3  17.086 

Cd(NH3)2
2+ 20.758 

 CdCl2 15.316 

CdCO3  11.00 

1.5 

(7.62) 

Cd2+ 0.908 Ca2+ 16.816 

CdCl+ 17.881 CaHCO3
+ 57.289 

Cd(NH3)3
2+ 10.754 CaCO3  16.04 

Cd(NH3)2
2+ 19.604 

 CdCl2 16.573 

CdCO3  11.034 

 

Again, it is unclear to what extent sorption or co-precipitation are prevalent here, 

as both are linked to increasing amounts of calcium carbonate. However, Garcia-

Sanchez and Alvarez-Ayuso (2002) quote a sorption capacity for cadmium on calcite 

of 10 mg/g, which is more than enough to sorb all the cadmium present in these 

experiments given the amounts of precipitate produced (assuming the precipitate is 
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calcite). Li et al. (2013) again found tolerance to and rapid removal (> 90% over 48 

hours, mostly within 2 hours) of cadmium at much higher concentrations than tested 

here with S. pasteurii (10.9 mM compared to 1.5 mM) although complete removal 

was observed here at the highest concentration tested and so no toxicity limit was 

observed. High cadmium removal rates (99.95%) in aqueous solutions were observed 

by Kang et al. (2014) by using calcite-formation bacteria, metal concentration was 7.3 

mM. 

5.5 Copper 

Experiments with copper contamination again indicate that microbial pH 

amendment leads to commensurate calcium removal (Figure 5.4). In this case, activity 

was seen up to a concentration of 1 mM copper. Despite the formation of calcium 

carbonate, and the elevated pH, a significant proportion (>50%) of copper ions remain 

in solution and so the toxicity of the system is not significantly reduced.  

Full removal of calcium ions (up to a concentration of 1 mM copper) and 

recovering more than 50% of copper ions after 7 day may indicate that copper ions 

were not incorporated with calcium carbonate precipitate. Also, it is less likely to 

copper to precipitate as CuCO3 due to instability of this carbonate (Franklin and Morse 

1981). It seems that S. pasteurii survived under toxicant copper concentrations up to 

1mM, where pH increased due to urea hydrolysis and almost full removal of calcium 

ions had occurred. However, bacteria showed less tolerance in toxicity experiment 

(Chapter 4, Figure 4.3) inhibited at copper concentration more than 0.2 mM, 

indicating that bacterial cells have more protection when present in precipitation 

medium (urea, calcium and other chemicals) though copper ions were not fully 

removed.  
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Figure 5.4. Impact of S. pasteurii activity on copper removal (A, D), calcium removal (B, E) 

and pH (C, F) at a range of copper concentrations, with live (A-C) and killed (D-F) cells at 30ºC 

with urea growth medium. [Error bars ± 1 SD, n=3]. 

High affinity of copper ions for CaCO3 surfaces were reported, but presence of 

these ions into the lattice of calcium carbonate leads to distort its structure (Franklin 

and Morse 1981; Compton and Pritchard 1999; Schosseler et al. 1999). The partial 

loss of copper ions from solutions may also attributed to reaction with other species, 
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or copper ions precipitated as clusters in the structure of produced calcium carbonate 

(Nassrallah-Aboukais et al. 1996). However, this is not predicted by MINTEQ model. 

Nonetheless, the copper ions affected the biomineralisation processes. Calcium 

removal from solution with increasing copper concentration is shown to gradually 

become slower (Figure 5.4, B) though is complete apart from at the highest 

concentration (5 mM) where almost all of the copper remained in solution after 7 days. 

Also the remaining amount of calcium ions in solutions after 7 days increased with 

increase the metal concentration. Add to this, final pH value for each copper samples 

decreased with increasing its concentration. This may have attributed to decreasing 

happened in S. pasteurii activity to produce urease enzyme with increasing copper 

concentration. 

Copper is reported to impact upon both microbial activity in mineralising 

carbonates as well as the formation of carbonate crystals themselves. Warren etal. 

(2001) found that a copper concentration of 0.75 mM hindered microbially mediated 

removal (by S. pasteurii strain) of the copper through the metal’s toxicity. This 

compares well to the upper limit of observed microbial effects here (in the form of 

increased pH), at concentrations of 0.5-1 mM.  

Calcium removal in the presence of copper was not notably hindered apart from at 

the highest concentration of 5 mM, but the amount of copper concurrently removed 

was less than observed with other metals. Schosseler et al. (1999) found that the form 

of copper carbonate complexes on the surfaces of calcite and vaterite can hinder 

further sorption as well as growth or dissolution of the mineral, and at high 

concentrations an epitaxial layer may form. This may account for the relatively limited 
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removal of copper in the experiments presented here even when carbonate minerals 

are expected to be present.  

Low levels of copper ions may form a solid solution upon recrystallization, with 

up to 0.2 ppm copper reported by Khosravi et al. (2009), although the tetrahedral 

structure that arises around copper ions (Teng and Zhao 2012) can destabilise the 

mineral (Schosseler et al. 1999). Zeppenfeld (2010) found that at very low 

concentrations copper hindered abiotic calcite formation, but at the range of 

concentrations of the present study, Cu(OH)2 formed, which catalysed nucleation of 

calcite crystals. Growth was still inhibited, at an increasing level as copper 

concentration increased, suggesting the creation of larger numbers of smaller crystals. 

Li et al. (2013) achieved good removal of copper ions up to a concentration of 15.4 

mM (compared to 0.01 mM here) with S. pasteurii.  

As happened in other experiments in this study, spores of S. pasteurii may have 

survived the autoclaving process (Stolp 1988; Todar 2005), with subsequent 

regeneration leading to microbial activity in controls. This could led to limited pH 

increase and corresponding calcium concentration decrease was seen in killed cell 

controls. In copper control experiment this was seen at 0.01 and 0.05 mM 

concentrations. At these concentrations copper removal was 100% and 50%, 

respectively. Whilst almost all no calcium ions were recovered and pH increased up 

to 8.5.  

The amount of precipitates produced in copper experiment are presented in Figure 

5.4 (B and E). The precipitates in live samples exceeded their corresponding ones in 

killed samples. This may be attributed to bacterial activity that led to hydrolysis urea 
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and increasing pH which in turn leads to calcium removal and calcium carbonate 

precipitation.  

Modelling in Visual MINTEQ predicted a gradual reduction of the amount of 

calcium carbonate with increasing copper concentration, with a significant drop (and 

corresponding increase in ionic species) at 5 mM (Table 5.5), mimicking the 

experimental data. Copper is expected to remain in solution in all cases, apart from a 

small amount of copper carbonate in the 5 mM experiment. This is very different from 

the experimental data (Figure 5.4, A) which has total removal at the lowest 

concentration, substantial removal (~30-60%) at intermediate concentrations and 

almost no removal at 5 mM.  

Visual MINTEQ model for control samples (Table 5.6) predicted copper species 

in entirely ionic/dissolved species apart from at the highest copper concentrations 

where small of copper carbonate was produced. The removal of calcium ions from the 

solutions was inversely proportional to calcium carbonate precipitate amounts. Also 

the precipitation amounts of calcium carbonate decreased with copper concentration 

increase. The experiment data for controls showed decreasing in calcium carbonate 

precipitation with copper concentration increase up to 1 mM. At 5 mM copper 

concentration the precipitate amount increased which may due to copper carbonate 

precipitation according to Visual MINTEQ model.  
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Table 5.5. Copper and calcium predominant species in calcium carbonate medium calculated 

by visual MINTEQ according to copper concentration and final pH, for the test samples (live-

cells experiments). 

Copper (mM) 

(Final pH) 

Cu species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.01 

(9.09) 

Cu(NH3)4
2+ 97.756 Ca2+ 3.052 

Cu(NH3)3
2+ 2.22 CaCl+ 1.604 

Cu(CO3)2
2- 0.014 CaNH3

2+ 1.44 

 

Ca(NH3)2
2+ 0.21 

CaHCO3
+ 10.115 

CaCO3  83.578 

0.05 

(8.89) 

Cu(NH3)4
2+ 97.102 Ca2+ 4.329 

Cu(NH3)3
2+ 2.865 CaCl+ 2.274 

Cu(NH3)2
2+ 0.016 CaNH3

2+ 1.572 

Cu(CO3)2
2- 0.016 Ca(NH3)2

2+ 0.176 

 
CaHCO3

+ 14.75 

CaCO3  76.898 

0.1 

(8.85) 

Cu(NH3)4
2+ 96.931 Ca2+ 4.631 

Cu(NH3)3
2+ 3.033 CaCl+ 2.432 

Cu(NH3)2
2+ 0.018 CaNH3

2+ 1.586 

Cu(CO3)2
2- 0.017 Ca(NH3)2

2+ 0.168 

 
CaHCO3

+ 15.845 

CaCO3  75.338 

0.5 

(8.50) 

Cu(NH3)4
2+ 94.571 Ca2+ 7.899 

Cu(NH3)3
2+ 5.333 CaCl+ 4.146 

Cu(NH3)2
2+ 0.057 CaNH3

2+ 1.501 

Cu(CO3)2
2- 0.037 Ca(NH3)2

2+ 0.088 

 
CaHCO3

+ 27.647 

CaCO3  58.718 

1.0 

(8.45) 

Cu(NH3)4
2+ 94.049 Ca2+ 8.44 

Cu(NH3)3
2+ 5.836 CaCl+ 4.43 

Cu(NH3)2
2+ 0.069 CaNH3

2+ 1.457 

Cu(CO3)2
2- 0.043 Ca(NH3)22+ 0.078 

 
CaHCO3

+ 29.588 

CaCO3  56.006 

5.0 

(7.25) 

Cu(NH3)4
2+ 48.732 Ca2+ 19.557 

Cu(NH3)3
2+ 39.708 CaCl+ 10.26 

Cu(NH3)2
2+ 6.135 Ca(NH3)2

2+ 0.257 

CuNH3
2+ 0.259 CaHCO3

+ 62.464 

CuCO3  2.937 CaCO3  7.46 

CuHCO3
+ 0.039 

 
Cu(CO3)2

2- 2.186 
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Table 5.6. Copper and calcium predominant species in calcium carbonate medium calculated 

by visual MINTEQ according to copper concentration and final pH, for the control samples 

(killed-cells experiments). 

Copper (mM) 

(Final pH) 

Cu species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.01 

(8.54) 

Cu(NH3)4
2+ 94.951 Ca2+ 7.476 

Cu(NH3)3
2+ 4.965 CaCl+ 3.925 

 
CaHCO3

+ 26.127 

CaCO3  60.843 

0.05 

(8.25) 

Cu(NH3)4
2+ 91.41 Ca2+ 10.682 

Cu(NH3)3
2+ 8.356 CaCl+ 5.606 

 
CaHCO3

+ 37.558 

CaCO3  44.857 

0.1 

(7.88) 

Cu(NH3)4
2+ 82.54 Ca2+ 14.609 

Cu(NH3)3
2+ 16.459 CaCl+ 7.666 

 
CaHCO3

+ 50.962 

CaCO3  25.964 

0.5 

(7.72) 

Cu(NH3)4
2+ 76.404 Ca2+ 16.041 

Cu(NH3)3
2+ 21.682 CaCl+ 8.416 

 
CaHCO3

+ 55.402 

CaCO3  19.528 

1.0 

(7.49) 

Cu(NH3)4
2+ 64.572 Ca2+ 17.804 

Cu(NH3)3
2+ 30.651 CaCl+ 9.341 

 
CaHCO3

+ 59.997 

CaCO3  12.452 

5.0 

(6.88) 

Cu2+ 0.032 Ca2+ 22.319 

Cu(NH3)4
2+ 22.192 CaCl+ 11.707 

Cu(NH3)3
2+ 42.022 Ca(NH3)2

2+ 0.257 

Cu(NH3)2
2+ 15.088 CaHCO3

+ 62.656 

CuCO3  14.625 CaCO3  3.192 

CuHCO3
+ 0.039 

 
Cu(CO3)2

2- 4.081 

5.1 Lead 

In the presence of lead up to 5 mM, live cell experiments exhibited large pH 

increases, with corresponding removal of calcium ions from solution and almost 

complete removal of lead ions (Figure 5.5). It is likely that the loss of lead ions 

allowed bacteria to operate in higher concentration scenarios than in metal toxicity 

experiments (Chapter 4, Figure 4.3), suggesting that urea hydrolysis did play a role. 
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Although there is at least a small role expected due to microbial carbonate 

precipitation (there is more lead removal with live cells) it may not be the most 

affected mechanism. This may also explain the ability of S. pasteurii to apparently 

resist higher concentrations of lead than other metals in the toxicity experiment. 

Complete removal of lead from solution with S. pasteurii and several other organisms, 

at similar concentrations (7.2 mM compared to 5 mM here), was reported by Li et al. 

(2013), although no controls were performed to confirm whether another mechanism 

was responsible. It is suggested that this ‘perfect’ removal may also include a 

contribution from mechanisms not related to carbonate precipitation. 

However, with killed cell controls similar, albeit slightly slower, lead removal was 

observed, despite only limited pH change and corresponding calcium concentration 

decrease being observed (possibly due to regeneration of S. pasteurii spores at low 

concentrations of lead). Once more, precipitate mass broadly agrees with the degree 

of calcium removal, although the mass produced in live cell specimens was greater 

than that in controls even when calcium removal was comparable as shown in Figure 

5.5 (B and E).  
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Figure 5.5. Impact of S. pasteurii activity on lead removal (A, D), calcium removal (B, E) and 

pH (C, F) at a range of lead concentrations, with live (A-C) and killed (d-f) cells at 30ºC with 

urea growth medium. [Error bars ± 1 SD, n=3] 

As with other metals, lead ions can sorb strongly to calcium carbonate surfaces, 

particularly calcite, and can become incorporated into a solid solution in this mineral, 

albeit forming a distorted lattice (Chada et al. 2005; Rouff et al. 2006; Teng and Zhao 

2012). However, here lead removal occurred prior to calcium carbonate formation, in 
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control specimens at least, and so this cannot be a full explanation. Although lead 

removal correlates well with calcium removal and pH change in live cell experiments, 

it does not in killed cell controls, indicating that some other mechanism is at work in 

the latter, and which is likely in the former too.  

Lead ions precipitate in killed cell samples almost looks like an inverse correlation 

to calcium removal or pH increase, where almost full removal of lead ions occurred 

in 1, 3 and 5 mM of control samples, more than 40% of calcium ions remained in the 

solutions and no significant increase occurred in pH values. pH increase in control 

samples with lead concentrations of 0.05, 0.1 and 0.5 mM and the consequence 

decrease in calcium concentration, may be due that spores of S. pasteurii may have 

survived the autoclaving process (Stolp 1988; Todar 2005), with subsequent 

regeneration leading to microbial activity in controls. 

Visual MINTEQ models based on final live-cell experiment conditions predict 

similar outcomes to experimental data (Figure 5.5, B) in that calcium carbonate 

concentrations are relatively constant, and that the majority of calcium is removed 

from solution (Table 5.7), primarily due to the lack of variability in pH. However, 

only a small amount of insoluble lead carbonate was predicted, whereas complete 

removal of lead ions was observed experimentally (Figure 5.5, A).  

However, the prediction of lead species by visual MINTEQ revealed that lead ions 

do not react with available chemicals, at specific concentration and pH, to produce 

many complexes like zinc, cadmium and copper. Table 5.7 presents the species that 

can produced from reacting lead ions with precipitation medium chemicals. Where 

almost all lead ions were not precipitated but reacted only with carbonate or 

bicarbonate ions. Therefore, the loss in lead ions may down to be adsorbed on calcium 
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carbonate surfaces, especially this affinity has been proved (Comans and Middelburg 

1987; Sturchio et al. 1997; Shahwan et al. 2005; Elzinga et al. 2006; Adekola et al. 

2012; Callagon et al. 2014). Shahwan et al. (2005) concluded that lead ions retention 

on calcite is pH-dependent and the mechanism included co-precipitation and 

precipitation overgrowth (cerussite, hydrocerussite). However, Adekola et al. (2012) 

pointed out that lead ions uptake on calcite depends on precipitate particle size and 

there was less dependent on pH. 

Visual MINTEQ model prediction for control samples (Table 5.8), predicts that 

the amount of calcium carbonate precipitates decreasing with lead concentration 

increase, whilst lead carbonate precipitates increase. The optimal pH for PbCO3 

precipitation was found to be 8.0–9.0 (Wang et al. 2006). Hence, it is uncertain why 

the model predicts increasing amount of lead carbonate with pH decrease. This 

suggests that a mechanism not included in the Visual MINTEQ model had a 

significant role, likely to be sorption or co-precipitation of metals with increasing 

amounts of calcium carbonate. According to MINTEQ calculations CaCO3 and 

PbCO3 were calcite and cerussite, respectively. Apart from calcite and cerussite, all 

other species are unsaturated. 
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Table 5.7. Lead and calcium predominant species in calcium carbonate medium calculated 

by visual MINTEQ according to lead concentration and final pH, for the test samples (live-

cells experiments). 

Lead (mM) 

(Final pH) 

Pb species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.05 

(9.07) 

Pb(CO3)2
2- 97.984 Ca2+ 3.164 

PbCO3  2.005 CaCl+ 1.662 

 

CaNH3
2+ 1.457 

Ca(NH3)2
2+ 0.207 

CaHCO3
+ 10.517 

CaCO3  82.991 

0.1 

(9.08) 

Pb(CO3)2
2- 98.026 Ca2+ 3.108 

PbCO3  1.963 CaCl+ 1.633 

 

CaNH3
2+ 1.449 

Ca(NH3)2
2+ 0.209 

CaHCO3
+ 10.314 

CaCO3  83.285 

0.5 

(8.99) 

Pb(CO3)2
2- 97.609 Ca2+ 3.649 

PbCO3  2.375 CaCl+ 1.917 

PbHCO3
+ 0.013 CaNH3

2+ 1.52 

 

Ca(NH3)2
2+ 0.196 

CaHCO3
+ 12.259 

CaCO3  80.459 

1.0 

(9.05) 

Pb(CO3)2
2- 97.891 Ca2+ 3.288 

PbCO3  2.097 CaCl+ 1.727 

 

CaNH3
2+ 1.478 

Ca(NH3)2
2+ 0.205 

CaHCO3
+ 10.931 

CaCO3  82.37 

3.0 

(8.97) 

Pb(CO3)2
2- 97.485 Ca2+ 3.807 

PbCO3  2.498 CaCl+ 2 

PbHCO3
+ 0.014 CaNH3

2+ 1.545 

 

Ca(NH3)2
2+ 0.194 

CaHCO3
+ 12.721 

CaCO3  79.733 

5.0 

(8.95) 

Pb(CO3)2
2- 97.359 Ca2+ 3.965 

PbCO3  2.623 CaCl+ 2.083 

PbHCO3
+ 0.015 CaNH3

2+ 1.566 

 

Ca(NH3)2
2+ 0.191 

CaHCO3
+ 13.197 

CaCO3  78.996 
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Table 5.8. Lead and calcium predominant species in calcium carbonate medium calculated 

by visual MINTEQ according to lead concentration and final pH, for the control samples 

(killed-cells experiments). 

Lead (mM) 

(Final pH) 

Pb species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

0.05 

(8.64) 

Pb(CO3)2
2- 94.935 Ca2+ 6.469 

PbCO3  4.998 CaCl+ 3.396 

 
CaHCO3

+ 22.492 

CaCO3  65.941 

0.1 

(8.57) 

Pb(CO3)2
2- 94.109 Ca2+ 7.168 

PbCO3  5.801 CaCl+ 3.763 

 
CaHCO3

+ 25.009 

CaCO3  62.105 

0.5 

(8.10) 

Pb(CO3)2
2- 84.102 Ca2+ 12.369 

PbCO3  15.223 CaCl+ 6.491 

PbCl2 0.011 CaHCO3
+ 43.374 

 CaCO3  36.674 

1.0 

(7.59) 

Pb(CO3)2
2- 59.178 Ca2+ 17.113 

PbCO3  35.733 CaCl+ 8.978 

PbCl2 0.084 CaHCO3
+ 58.21 

 CaCO3  15.21 

3.0 

(7.39) 

Pb(CO3)2
2- 45.169 Ca2+ 18.615 

PbCO3  44.731 CaCl+ 9.766 

PbCl2 0.171 CaHCO3
+ 61.192 

 CaCO3  10.088 

5.0 

(7.14) 

Pb(CO3)2
2- 27.528 Ca2+ 20.387 

PbCO3  51.667 CaCl+ 10.694 

PbCl2 0.375 CaHCO3
+ 62.879 

 CaCO3 5.83 

5.2 Strontium 

In this section the ability of live S. pasteurii to induce calcium carbonate 

precipitation in the presence of a range of strontium concentrations (0-30 mM), and 

therefore co-precipitate strontium, was investigated. The changes in strontium and 

calcium concentrations, and pH, are shown in Figure 5.6. In live cell experiment pH 

increased over the testing period, reaching around 9.2 in all specimens by 7 days, 

thought to be due to the action of the S. pasteurii urease enzyme on urea. Calcium was 
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rapidly removed in all samples, with approximately 50% remaining in solution after 

one day and being undetectable after 3 days at all tested concentrations; this was 

concurrent with generation of white crystalline precipitates in each case. The decrease 

in concentration of calcium ions in solution was faster than that of strontium ions, 

with the amount lost in 24 hours greater than that of strontium by a factor of 1.45 

(±0.1). Strontium was almost fully removed after 3 days, and not detectable after 7 

days.  In previous experiments, without strontium but otherwise identical, the majority 

of calcium ions were removed from solution in the first 24 hours with a pH value of 

up to 9.0. The delay of calcium removal in this experiment is thought to be related to 

the presence of strontium ions in solution. S. pasteurii cells were found to tolerate far 

higher strontium concentrations in this experiment with urea than in aqueous solution 

without it.  It is therefore suggesting that the co-precipitation of strontium with 

calcium carbonate offered a mechanism of protection against metal toxicity.   

In killed-cell controls, pH had only slightly increased after three days and there 

was little loss of Ca or Sr from solution. The slight pH increase may be partially due 

to abiotic hydrolysis of urea in solution, which is slower than the biotic hydrolysis 

(United States Environmental Protection Agency, 2002), but by day 7 the pH had 

increased substantially. It is thought that the autoclave procedure used to sterilise 

samples in this part of the study was insufficient to deactivate bacterial spores, which 

then regenerated and had similar but delayed effects to live cells by day 7 (Stolp 1988; 

Todar 2005). The minimum inhibitory concentration in the presence of the urea 

medium has not been established, but appears to be greater than 30 mM for this 

system, more than three times the previous value in toxicity experiment. 
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Figure 5.6. Impact of S. pasteurii activity on strontium removal (A, D), calcium removal (B, E) 

and pH (C, F) at a range of strontium concentrations, with live (A-C) and killed (D-F) cells at 

30ºC with urea growth medium.[Error bars ±1 SD, n=3] 

Figure 5.6 (B, E) shows the amounts of produced precipitate in live and control 

samples for strontium experiment. As it clears the amount of precipitate in live cell 

and kill-cell experiments increased with strontium concentration. There were no signs 

that strontium inhibited calcium carbonate mineralisation at all tested concentrations.  
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Visual MINTEQ model for test (Table 5.9) and control (Table 5.10) samples 

predicted strontium carbonate with calcium carbonate precipitation (strontianite and 

calcite, respectively, according to the model). The amounts of SrCO3 and CaCO3 

decreased with increase strontium concentration. For the metal carbonate decreasing 

with increase its concentration, is a behaviour had not occurred with other tested 

metals. Experiment results indicated opposite behaviour, where precipitate amounts 

were increasing with strontium concentration. This suggests that a mechanism not 

included in the Visual MINTEQ model had a significant role, likely to be sorption or 

co-precipitation of metals with increasing amounts of calcium carbonate. 
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Table 5.9. Strontium and calcium predominant species in calcium carbonate medium 

calculated by visual MINTEQ according to strontium concentration and final pH, for the test 

samples (live-cells experiments). 

Strontium (mM) 

(Final pH) 

Sr species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

1 

(9.18) 

Sr2+ 5.12 Ca2+ 2.605 

SrCl+ 1.704 CaCl+ 1.369 

SrNH3
2+ 1.685 CaNH3

2+ 1.359 

SrCO3  68.171 CaHCO3
+ 8.459 

SrHCO3
+ 23.319 CaCO3  85.989 

3 

(9.16) 

Sr2+ 5.296 Ca2+ 2.717 

SrCl+ 1.763 CaCl+ 1.428 

SrNH3
2+ 1.706 CaNH3

2+ 1.387 

SrCO3  67.174 CaHCO3
+ 8.802 

SrHCO3
+ 24.061 CaCO3  85.446 

5 

(9.16) 

Sr2+ 5.328 Ca2+ 2.734 

SrCl+ 1.773 CaCl+ 1.437 

SrNH3
2+ 1.716 CaNH3

2+ 1.396 

SrCO3  67.135 CaHCO3
+ 8.798 

SrHCO3
+ 24.047 CaCO3  85.413 

10 

(9.12) 

Sr2+ 5.709 Ca2+ 2.982 

SrCl+ 1.98 CaCl+ 1.633 

SrNH3
2+ 1.759 CaNH3

2+ 1.456 

SrCO3  65.016 CaHCO3
+ 9.51 

SrHCO3
+ 25.535 CaCO3  84.198 

20 

(9.09) 

Sr2+ 6.124 Ca2+ 3.246 

SrCl+ 2.21 CaCl+ 1.85 

SrNH3
2+ 1.823 CaNH3

2+ 1.531 

SrCO3  63.232 CaHCO3
+ 10.056 

SrHCO3
+ 26.61 CaCO3  83.093 

30 

(9.08) 

Sr2+ 6.4 Ca2+ 3.412 

SrCl+ 2.399 CaCl+ 2.02 

SrNH3
2+ 1.883 CaNH3

2+ 1.591 

SrCO3  62.432 CaHCO3
+ 10.22 

SrHCO3
+ 26.885 CaCO3  82.527 
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Table 5.10. Strontium and calcium predominant species in calcium carbonate medium 

calculated by visual MINTEQ according to strontium concentration and final pH, for the 

control samples (killed-cells experiments). 

Strontium (mM) 

(Final pH) 

Sr species 

name 

% of total 

concentration 

Ca species 

name 

% of total 

concentration 

1 

(8.92) 

Sr2+ 7.171 Ca2+ 4.125 

SrCl+ 2.385 CaCl+ 2.167 

SrCO3  54.688 CaHCO3
+ 13.962 

SrHCO3
+ 34.041 CaCO3  77.998 

3 

(8.88) 

Sr2+ 7.555 Ca2+ 4.443 

SrCl+ 2.513 CaCl+ 2.333 

SrCO3  52.437 CaHCO3
+ 15.006 

SrHCO3
+ 35.789 CaCO3  76.451 

5 

(8.86) 

Sr2+ 7.772 Ca2+ 4.622 

SrCl+ 2.585 CaCl+ 2.428 

SrCO3  51.285 CaHCO3
+ 15.543 

SrHCO3
+ 36.652 CaCO3  76.626 

10 

(8.86) 

Sr2+ 7.887 Ca2+ 4.693 

SrCl+ 2.623 CaCl+ 2.465 

SrCO3  51.181 CaHCO3
+ 15.520 

SrHCO3
+ 36.578 CaCO3  75.513 

20 

(8.85) 

Sr2+ 8.218 Ca2+ 4.923 

SrCl+ 2.733 CaCl+ 2.585 

SrCO3  50.408 CaHCO3
+ 15.748 

SrHCO3
+ 36.865 CaCO3  74.877 

30 

(8.80) 

Sr2+ 8.941 Ca2+ 5.518 

SrCl+ 2.973 CaCl+ 2.898 

SrCO3  47.400 CaHCO3
+ 17.118 

SrHCO3
+ 38.895 CaCO3  72.540 

5.3 Overall Discussion  

Microbial activity in the presence of urea-amended medium has been 

demonstrated to occur at metal concentrations higher than the minimum inhibitory 

concentrations (MIC) determined for each of the metals considered here (Chapter 4). 

In the cases of zinc, cadmium and strontium, the amount and rate of pH increase and 

Ca removal have been demonstrated to correlate strongly with significant removal of 

these metals from solution. However, a mechanism other than carbonate precipitation 
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appears to have contributed to lead removal, whilst only limited removal of copper 

was noted via this method, leading to microbial inhibition at similar concentrations to 

those observed in toxicity experiments without urea.  

It is suggested that at metal concentrations above the MIC there may be a low 

level of microbial activity that allows a diminished rate of urea hydrolysis, leading to 

a small amount of carbonate, and metal, precipitation. This in turn reduces the overall 

toxicity, allowing enhanced microbial activity and therefore further biomineralisation; 

once this process commences, provided sufficient nutrients and feed are provided, 

similar remedial outcomes to those seen at lower concentrations might be expected. 

Therefore, as long as the conditions permit the initial survival of a viable population 

of cells, remediation may continue even at relatively high metal concentrations.  

In the presence of urea, calcium and suitable nutrients, S. pasteurii can grow 

rapidly, altering the pH and causing calcium carbonate precipitation. Their cell walls 

act as nucleation sites for calcium carbonate formation, and this in turn can lead to the 

bacteria becoming embedded within the solid matrix which is likely to kill cells by 

prevent access to nutrients and energy sources (Tobler et al. 2011). Due to the 

presence of a large number of cells, providing a small population remain following 

the precipitation of the mineral, the removal of metals from solution will enhance the 

environment for the remaining live cells. The technique provides a protective 

mechanism for the bacteria by reducing the overall metal concentrations to tolerable 

levels. 

However, when bacterial cells were not added to check the abiotic or chemical 

precipitation of heavy metals, only very few amounts of metal ions were removed 

from solutions. Chemical or abiotic precipitation of heavy metals can occur from a 
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reaction of metal and carbonate ions or due to co-precipitate with abiotic precipitation 

of calcium carbonate minerals in presence of calcium ions. Carbonate ions can be 

produced from abiotic hydrolysis of urea in water which is much slower than biotic 

hydrolysis. This is clear from the abiotic experiments that were done in this study. 

The results are presented in Appendix A. pH in abiotic experiments did not increase 

much (8.1 after 14 days), which seems not enough to precipitate metal ions in 

solutions. As it clear from the figures in Appendix A pH decreased with metal 

concentration increase (which was more clear in zinc, copper and lead samples). This 

may be due to acidity effects of higher concentrations of metal salts (metal chloride). 

The mechanism of removal here is probable to be a combination of a form of 

carbonate precipitation or co-precipitation of the metal ions in conjunction with 

calcium alongside or following sorption to calcium carbonate crystals. It is possible 

that the form of calcium carbonate produced by this organism in this manner are 

aragonite and calcite, based on crystal structures observed in other experiments in this 

study (Chapter 6) and previous studies (Fujita et al. 2000; Achal et al. 2012; Kang et 

al. 2014). As noted by Tesoriero and Pankow (1996), divalent metal ions can be 

removed from solution as a solid solution with calcium carbonate. Results from basic 

Visual MINTEQ models of the experiments suggest that the heavy metals would be 

expected to be largely in soluble form at the end of each experiment. The removal 

process is therefore thought to be microbially driven through biomineralisation of 

calcium carbonate, leading either to co-precipitation as heavy metal ions associate 

with a growing calcium carbonate lattice or through sorption to calcium carbonate 

surfaces, possibly followed by encapsulation through continued mineralisation. In the 

latter case, the continued generation of calcium carbonate precipitate would continue 

to provide new surface area for sorption, preventing formation of a coherent epitaxial 
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layer and increasing the potential for removal from solution. Unlike many previous 

studies (e.g. Elzinga et al. (2006)) where interaction of heavy metals and calcium 

carbonate surfaces were explored under equilibrium conditions, the dynamic 

conditions experienced here with prolonged removal of metals alongside precipitate 

generation are more similar to conditions found by Schosseler et al. (1999), where 

dissolution and recrystallization allowed sequestration of metals in solid solution 

within calcium carbonate.   

The form of calcium carbonate crystals does not appear to be strongly dependent 

on whether they are formed through abiotic or biotic means (Mitchell and Ferris 

2006), although there is evidence to suggest that microbial action may lead to larger 

crystals, albeit with greater variation in size, and an increased rate of formation. In 

addition, Lea et al. (2001) report inhibition of crystal dissolution in the presence of 

heavy metals due to the greater insolubility of their carbonates relative to calcium. 

Larger crystals containing heavy metals in solid solution may therefore be more 

recalcitrant and act as a potentially durable method of sequestering heavy metal 

contamination.  

Elevation of pH and removal of calcium from solution are shown to be strongly 

linked to remove zinc (0.1-0.5 mM), cadmium (0.015-1.5 mM), copper (0.01 mM) 

and strontium (1-30 mM). This reflect the ability of S. pasteurii cells to keep their 

activity in producing urease enzyme and urea hydrolysis over those metallic 

concentrations. Whilst in lead experiment (0.05-5 mM) the loss of lead ions allowed 

bacteria to operate in higher concentration scenarios than in metal toxicity 

experiments (Chapter 4), suggesting that urea hydrolysis did play a role. Contrast of 

this at zinc concentrations (2-10 mM) the bacteria could not show the same activity 
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in hydrolysing urea and in result increasing solutions pH. While at copper 

concentrations (0.05-1 mM) the bacteria was able to keep the required activity for 

urea hydrolysis, and precipitate calcium ions but more than 50% of copper ions have 

been recovered after 7 days.  

pH of all heavy metal samples (apart from zinc concentrations 5 and 10 mM and 

copper concentration 5mM) increased only to around 8.0 after day-1 and not full 

removal of calcium ions was observed. However, in previous experiments (section 

5.2) without heavy metals but otherwise identical, the majority of calcium ions were 

removed from solution in the first 24 hours with a pH value of up to 9.0, suggesting 

that presence of heavy metal cations caused delay in bacterial activity. Noticeably 

most of heavy metal concentrations had similar effect on bacterial activity, regarding 

pH change which relate to urea hydrolysis. However, after day-3 there were obvious 

clear variety in pH values. 

Metal response to be removed from solution by S. pasteurii activity and carbonate 

precipitation mechanism was not similar for all heavy metals. Calcium and metal ions 

were removed after day-1, 3 or 7 depend on metal concentration, however, some 

concentrations of zinc and copper were not removed. The removal of metal ions 

mainly depends on bacterial activity to enhance urea hydrolysis and precipitate 

calcium carbonate precipitation. It also depends on the metallic cation affinity to be 

adsorbed on formed calcium carbonate surfaces. In case of copper experiments (0.05-

5 mM) in spite of significant amount of calcium ions were removed from solutions 

but more than 50% of copper ions remained in solution. Mitchell and Ferris (2005) 

reported the presence of strontium ions in precipitation medium can slightly reduce 

calcite precipitation rates. Once more, calcium removal rates depend on bacterial 
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activity, which means if cells less affected by metallic toxicity can hydrolyse urea in 

high rates.  

 Results revealed that every metal has its own trend in responding to be 

bioprecipitated in calcium carbonate medium, and this behaviour depends on the 

concentration and physical and chemical properties of that metal. This also may 

depend on ionic radii of metals compared to calcium [atomic radii in angstrom are: 

Cu (0.73), Zn (0.74), Cd (0.97), Sr (1.12), Pb (1.19) and Ca (0.99)] (Barbalace 1995). 

According to Schosseler et al. (1999), Sturchio et al. (1997), Shahwan et al. (2005), 

Elzinga et al. (2006) and de Nooijer et al. (2007) cations that have an identical ionic 

radius to that of calcium are most likely to adsorb on calcite surface during 

recrystallisation. Whilst metals have atomic radii greater than calcium are more likely 

to precipitate as metals carbonate, this can be seen in visual MINTEQ outcomes 

regarding lead and strontium. 

S. pasteurii is nominally a spore-forming organism and so spores may have 

survived the autoclaving process, with subsequent regeneration leading to microbial 

activity in controls (Stolp 1988; Todar 2005). This microbial activity may have led to 

increase pH values of low concentrations of copper (0.01-0.05 mM) and lead (0.05-

0.5 mM) up to 8.6 and strontium (1-30 mM) up to 9 after day-7. This change in pH 

led to precipitate metal and calcium ions at these concentrations. This implies that if 

the bacteria spores resisted increasingly heat when sterilised by autoclave, but they 

could not tolerate the toxicity of any zinc and cadmium tested concentrations or high 

copper and lead concentrations.  

In spite of no significant pH increase in cadmium control samples, full removal of 

cadmium ions and more than 40% of calcium ions decreasing were seen at 
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concentrations of 0.015 and 0.03 mM at day-7. This thought to be due to an abiotic 

precipitation. The MINTEQ model (Table 5.4) predicted precipitation amounts (up to 

30%) may result from the precipitation of calcium carbonate, cadmium carbonate and 

cadmium chloride (white crystalline compound, hygroscopic solid that is highly 

soluble in water).  

It’s not clear in this study if any biosorption was occurred by metal ions sorption 

on bacterial biomass (live or dead), if so would be responsible of partial metal 

decreasing in solutions. 

Figure 5.7 to Figure 5.11 present comparison between the results that were gained 

from the bioprecipitation experiments after 7 days and the expected results from 

Visual MINTEQ model, for both live and killed cell experiments. The experiments 

and model shared the same pH value and chemical concentrations, this to discover 

whether experimental results are predictable by this model. The bacterial activity 

makes the main differences in resulted species when enhance urea hydrolysis and pH 

increase in solutions. Therefore, in the absence of this activity, due to bacterial cells 

inhibition by toxic metals, the gained results may match expected results to high 

extent.  

In case of zinc (Figure 5.7), generally, MINTEQ outcomes and experimental data 

agree reasonably well in terms of calcium removal from solution, resulted calcium 

carbonate precipitation and also the behaviour of zinc in control samples. In addition, 

at zinc concentrations more than 2 mM in live cell experiment, microbial urea 

hydrolysis was limited due to metal toxicity the expected and actual data were agreed 

to some extent as well at those concentrations. 
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Figure 5.7. A comparison between the results that were gained from the zinc experiments 

after 7 days and the expected results from Visual MINTEQ model. A&B for live-cells and C&D 

for killed-cells experiments. Dashed lines on (B) and (D) represent pH values. [Error bars ±1 

SD]. 

In cadmium experiment predicted final concentrations by MINTEQ model 

calculations (Figure 5.8), were unexpected in terms of cadmium removal from 

solutions. The model expected full recover of cadmium ions from live cell samples 

whilst more than 20% of metal ions precipitated in killed cell specimens. Calcium 

removal in cadmium precipitation experiment was probably predicted by MINTEQ 

according to final pH value of the sample. Generally, MINTEQ outcomes and 

experimental data agree reasonably well in terms of calcium removal from solutions 

in cadmium experiment. 
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Figure 5.8. A comparison between the results that were gained from the cadmium 

experiments after 7 days and the expected results from Visual MINTEQ model. A&B for live-

cells and C&D for killed-cells experiments. Dashed lines on (B) and (D) represent pH values. 

[Error bars ±1 SD]. 

As it clear from Figure 5.9 both experimental and predicted data show not full 

removal of copper ions from live and killed samples, this apart from lowest copper 

concentration. Again because calcium removal is correlated with solution pH 

MINTEQ predicted calcium removal from high pH samples. However, experimental 

data display full calcium removal whilst it is partially in MINTEQ results. 
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Figure 5.9. A comparison between the results that were gained from the copper experiments 

after 7 days and the expected results from Visual MINTEQ model. A&B for live-cells and C&D 

for killed-cells experiments. Dashed lines on (B) and (D) represent pH values. [Error bars ±1 

SD]. 

In case of lead experiment (Figure 5.10) MINTEQ expected no removal of lead 

ions from live cell samples, whilst metal removal increased with its concentration in 

control samples. The model predicted PbCO3 precipitation increase with lead 

concentration in killed cell samples, which is responsible for metal removal according 

to the model. High lead removal rates were noticed in experimental data in live and 

killed cell experiments, but it is not clear if the behaviour of lead removal was as 

described by MINTEQ in control samples at high metal concentrations, or other 

mechanism. Visual MINTEQ models of final live-cell experiment conditions predict 

similar outcomes to experimental calcium data in that the majority of calcium is 

removed from solution with live cells whilst increasing amounts remain in controls. 
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Figure 5.10. A comparison between the results that were gained from the lead experiments 

after 7 days and the expected results from Visual MINTEQ model. A&B for live-cells and C&D 

for killed-cells experiments. Dashed lines on (B) and (D) represent pH values. [Error bars ±1 

SD]. 

Experimental and expected results in case of strontium (Figure 5.11) experiments 

demonstrated high removal of metal and calcium ions from solutions, but in actual 

results the removal was higher.  

According to the results gained in this study, not all tested heavy metals are good 

candidates to be remediated with S. pasteurii. Zinc and copper did not full precipitate 

with calcium carbonate. This may be attributed to many reasons, such as the 

differentiation in ionic radii and the inhibition of calcium carbonate crystal growth by 

some heavy metals (McBride 1980; Comans and Middelburg 1987; US EPA 1992).  
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Figure 5.11. A comparison between the results that were gained from the strontium 

experiments after 7 days and the expected results from Visual MINTEQ model. A&B for live-

cells and C&D for killed-cells experiments. Dashed lines on (B) and (D) represent pH values. 

[Error bars ±1 SD]. 
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Chapter 6: Bioprecipitation of Heavy Metals in Particulate Media 

6.1 Introduction 

The ability of Sporosarcina pasteurii bacteria to induce precipitation of calcium 

carbonate and co-precipitation of strontium, zinc and cadmium ions in porous media 

has been explored in this chapter. The biomineralisation of heavy metals in soil may 

be influenced by a number of physical, chemical and biological factors. Presence of 

inorganic compounds and organic matters in soil may lessen metals availability 

through chemical and physical adsorption processes, where metal ions have to be 

dissolved in solutions for bioprecipitation processes. Heavy metals affinity to be 

adsorbed on sand grains was investigated in this chapter. Bacteria ability to initiate 

calcium carbonate precipitation may be affected by many factors such as metallic 

toxicity and nutrients delivering. In addition, the heterogeneity of subsurface 

environment can play a main role in controlling biomineralisation processes. This may 

be due to possible uneven distribution of injected nutrients and chemicals into 

contaminated sites.  

The effects of sand particle size, metal ions adsorption capacity of sand fractions 

and heterogeneity in hydraulic conductivity were studied through static (no fluid flow) 

and dynamic (with fluid flow) experiments. The results from these two systems were 

compared with each other and to bioprecipitation in aqueous solution experiment 

alone. All bioprecipitation systems were working under the same experimental 

conditions in this study. In static system the microcosms were 50 mL sterilised 

polypropylene tubes filled with sand, working solutions (M2 or M3, that were defined 

in Chapter 3) amended with heavy metals and bacterial cells. In dynamic system (fluid 

flow) working solutions (M2 or M3) and heavy metal solutions were injected into sand 
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columns by using peristaltic pump. Bacterial cells were mixed with sand fractions by 

using PBS before packing sand in columns. All experiments included test the 

bioprecipitation in three sand fractions (fine, medium and coarse) in triplicate. Control 

samples prepared in the same fashion as main samples but different working solutions 

were used. Table 6.1 presents the experiments that were conducted to investigate the 

bioprecipitation processes in particulate media.     

Table 6.1. Presents name and system of experiments that were done in this chapter and 

tested heavy metals with samples number.  

Experiment Name System Used 

Heavy 

Metal 

Tested 

Adsorption Isotherms 

50 mL 

sterilised 

polypropylene 

tubes 

Zinc, 

cadmium 

Bioprecipitation in porous media by no-flow system 

(Static) 

50 mL 

sterilised 

polypropylene 

tubes 

Strontium

, Zinc, 

cadmium 

Bioprecipitatio

n in porous 

media by flow 

system 

(Dynamic) 

Homogenous 

porous media 

Without aging 

bacterial cells 

with cadmium 

ions 

200 mm 

Height, 26 mm 

diameter 

acrylic 

columns  

cadmium 

With aging 

bacterial cells 

with cadmium 

ions for 24 hours 

in sand porous 

media 

Heterogeneous 

porous media 

With aging 

bacterial cells 

with cadmium 

ions for 24 hours 

in sand porous 

media 

 

The choice of strontium, zinc and cadmium for this part of study, was based on 

the results that gained from bioprecipitation in aqueous solutions experiments 

(Chapter 5). Results indicated that copper removal is not as significant with this 
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mechanism as it is for other metals, though bacterial cells operation was efficient in 

presence of metal ions (up to 1 mM). In spite of that lead removal in solution was 

noticed at concentrations up to 5 mM, but still uncertain if the metal ions were 

removed by biotic or abiotic mechanisms. The possibility of that strontium, zinc and 

cadmium were co-precipitated with calcium carbonate precipitation is higher.  

6.2 Adsorption Isotherms 

Adsorption affinities of cadmium and zinc on adsorption sites of fine, medium 

and coarse sand fractions were estimated in this part of study. In preliminary 

experiment of metals precipitation in particulate media, sand particles showed high 

affinity to adsorb zinc and cadmium ions at normal pH, whilst the affinity to strontium 

and calcium ions was almost non-existent. This may due to ability of zinc and 

cadmium to make stronger complexes with inorganic compounds (e.g. ferrous and 

manganese oxides) and organic matter than strontium and calcium (McLean et al. 

1992; Gunawardana et al. 2015).  

The obtained data from these experiments was fitted with Langmuir and 

Freundlich adsorption isothermal models to check which model that is more 

applicable with obtained results. The assessment was based on the regression 

coefficient (R2) values obtained after plotting the models according to obtained data. 

The conceptual basis of semi empirical Langmuir model is the formation of a 

monolayer adsorbate molecules on the external surface of the adsorbent, after that no 

additional uptake of molecules may occur. Freundlich model is an empirical 

adsorption model can apply for multilayer adsorption, this model considers the 

heterogeneity of adsorption sites and the interaction between the adsorbate (Bradl 

2004; Coles and Yong 2006; Chen et al. 2010; Foo and Hameed 2010; Dada et al. 
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2012; Dawodu et al. 2012; Pan et al. 2012; Armagan and Toprak 2013; Desta 2013; 

Sun et al. 2014). 

Based upon these assumptions, Langmuir represented the following equation:  
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Linear form of Langmuir equation is: 
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Freundlich model is represented by the following equation: 
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Linear form of Freundlich equation is: 
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Where: 

 Ce: (mg/l) is the equilibrium concentration of adsorbate (heavy metals). 

qe: (mg/g) the metal amount adsorbed per unit mass of the adsorbent at 

equilibrium. 

qm: (mg/g) is the maximum adsorption capacity. 

 b: (L/mg) is the Langmuir isotherm constant. 
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n: is a dimensionless constant describing the adsorption intensity, which 

indicates favourable sorption. The slope 1/n indicates the effect of concentration on 

the adsorption capacity and represents adsorption intensity 

Kf: (L/g) is the Freundlich isotherm constant describing the adsorption 

capacity of the adsorbent.  

6.2.1 Cadmium Adsorption Experiment 

Figure 6.1(A) presents the adsorption isotherms of cadmium ions on the 

particles of fine, medium and coarse sand fractions. The three sand fractions (fine, 

medium and coarse) displayed high affinity to adsorb cadmium ions from solution. 

Apart from highest cadmium equilibrium concentration, the uptake of the metal 

increased with equilibrium concentration. The adsorption capacity of fine sand 

fraction is higher than capacity for the other fractions. This may due to high adsorption 

surface area and the inorganic compounds and organic matter contents are higher than 

the other fractions (see Chapter 3, Table 3.2 for more details). Coarse sand fraction 

has lower specific surface area than medium fraction sand but the former included 

higher amounts of inorganic compounds and organic matter (inorganic compounds 

and organic matter quantities are present in Chapter 3, Table 3.2). This may justify 

the high adsorption capacity of coarse sand when compare with medium sand 

fractions. The proportion of adsorption generally decreased with cadmium 

equilibrium concentrations (Figure 6.1, B). This may relate to limited adsorption sites 

on sand grains. 

Cadmium equilibrium sorption data were fitted into Langmuir and Freundlich 

isotherms models. Modelling of experimental adsorption isotherm data is an essential 

means for predicting the mechanisms of adsorption. Linear plots are shown in Figure 
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6.2. For Langmuir model the values of b and qm were calculated from the slope and 

intercept respectively. Value of n for Freundlich model was obtained from the slope 

and intercept respectively. All parameters are presented in Table 6.2. Based on R2 

values Langmuir isotherm model fits more the results obtained from fine and medium 

sand fractions experiment, but Freundlich isotherm model fits more results gained 

from coarse sand fraction. Calculated low values of b (Table 6.2) indicate favourable 

adsorption processes of cadmium ions on sand grains for all fractions (fine, medium 

and coarse). n value (calculated from Freundlich model) for all sand fractions was 

more than 1, indicates that cadmium ions were adsorbed physically and adsorption 

was favourable on fine, medium and coarse sand fractions. Physical adsorption 

includes intermolecular forces (Van der Waals forces), which do not contain an 

important change in the electronic orbital patterns of the species (Alagumuthu et al. 

2010; Al-Anber 2011).  
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Figure 6.1. Adsorption isotherms of cadmium ions on three sand fractions samples (pH 

adjusted to 6.5), equilibrium adsorption capacity (A) and the percentage of adsorption (B). 

[Error bars represent ±1SD, n=3]. 
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Figure 6.2. Langmuir and Freundlich isotherms of adsorption of cadmium on fine sand (A&B), 

medium sand (C&D) and coarse sand (E&F), respectively. 
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Table 6.2. Equilibrium parameters of cadmium adsorption on sand fractions, obtained from 

Langmuir and Freundlich isotherms Models. 

Sand 

Langmuir model 

qm 

(mg/g)  

b  

(L/mg)  
R2 

Fine sand 0.671 0.0122 0.980 

Medium sand 0.206 0.0659 0.854 

Coarse sand 1.159 0.0018 0.539 

Sand 

Freundlich model 

qm 

(mg/g)  
n R2 

Fine sand 0.671 1.508 0.948 

Medium sand 0.206 1.594 0.802 

Coarse sand 1.159 1.097 0.949 

 

6.2.2 Zinc Adsorption Experiment 

Figure 6.3 shows the relationship between the zinc equilibrium concentrations 

and the equilibrium adsorption capacity (A) and the percentage of adsorption (B). 

Apart from highest zinc concentration, metal adsorption on sand fractions increased 

with concentration. The capacity of fine sand fraction to adsorb zinc ions was higher 

than capacity for the other fractions. This may due to fine fraction offers relatively 

larger surface area than other fractions, hence higher adsorption occurred at 

equilibrium. Also, the amount of adsorption sites may affect the adsorption capacity 

of sand fraction. Many research proved the high affinity of zinc ions to inorganic 

compounds and organic matter Zinc is adsorbed preferentially to Fe, Mn and Al 

oxides in soil (McLean et al. 1992; Gunawardana et al. 2015). At zinc concentration 

of 10 mM the adsorption per unit mass was less than that at 5 mM, for fine and medium 

sand fraction, whilst for coarse sand fraction the adsorption at 5 and 10 mM was 

almost the same. This may be due to adsorption sites are different in each sand 

fraction.  

Generally, the affinity of sand fractions to adsorb zinc ions is higher than that 

for cadmium. This may be due to the fact that zinc makes complexes with inorganic 



136 

 

compounds and organic matter more strongly than those made by cadmium. Also, 

above pH 5.5 value zinc ions are subjected to nonexchangeable retention on Fe and 

Mn oxides (Stahl and James 1991; McLean et al. 1992; Gunawardana et al. 2015).  

To predict the mechanism of zinc ions adsorption on sand fractions metal 

equilibrium sorption data were fitted into Langmuir and Freundlich isotherms models. 

Figure 6.4 presents the linear plots of the models. Also Table 6.3 lists the calculated 

parameter of Langmuir and Freundlich isotherms models. Based on R2 values 

Langmuir isotherm model fits more the results obtained from all sand fractions. 

Calculated low values of b (Table 6.3) indicate favourable adsorption processes of 

cadmium ions on sand grains for all fractions (fine, medium and coarse). In addition, 

n value (calculated from Freundlich model) for all sand fractions was more than 1, 

indicates that zinc ions were adsorbed physically and adsorption was favourable on 

fine, medium and coarse sand fractions.  
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Figure 6.3. Adsorption isotherms of zinc ions on three sand fractions samples (pH adjusted to 

6.5), equilibrium adsorption capacity (A) and the percentage of adsorption (B). [Error bars 

represent ±1SD, n=3]. 
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Figure 6.4. Langmuir and Freundlich isotherms of adsorption of zinc on fine sand (A&B), 

medium sand (C&D) and coarse sand (E&F), respectively. 
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Table 6.3. Equilibrium parameters of zinc adsorption on sand fractions, obtained from 

Langmuir and Freundlich isotherms Models. 

sand 

Langmuir model 

qm 

(mg/g)  

b  

(L/mg)  
R2 

Fine sand 0.707 0.041 0.993 

Medium sand 0.187 0.039 0.906 

Coarse sand 0.355 0.017 0.959 

sand 

Freundlich model 

qm 

(mg/g)  
n R2 

Fine sand 0.707 2.4 0.936 

Medium sand 0.187 2.09 0.643 

Coarse sand 0.355 1.565 0.801 

 

6.3 Bioprecipitation in Porous Media by No-Flow System (Static) 

The precipitation of heavy metals in porous media by using system without fluid 

flow was investigated in this section. This section includes precipitation with and 

without heavy metals. When bioprecipitation processes take place in porous media 

can be affected by sand grains size and availability of heavy metals. Such effects did 

not influence the bioprecipitation of heavy metals in aqueous solutions. The outcomes 

of the static system experiments were considered to design bioprecipitation 

experiments by using fluid flow or dynamic systems.  

6.3.1 Calcium Carbonate Precipitation in Porous Media without Heavy 

Metals (precipitation in static experiment) 

The first experiment in this section was to examine the ability of S. Pasteurii 

strain to induce calcium carbonate precipitation in particulate media without presence 

of heavy metals. Figure 6.5 shows calcium precipitation response to bacterial activity 

in fine, medium and coarse sand fractions. As it clear more than 99% of calcium ions 

(50 mM) were removed from soil solution after day-3. Calcium removal occurred in 

conjunction with pH increase, up to 9 in fine sand and more than 9 in other fractions. 

Gradually increase in pH over 14 days reflects continuing bacterial activity, in spite 
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of their cell walls may act as nucleation sites for calcium carbonate formation, and 

this in turn can lead to the bacteria becoming embedded within the solid matrix which 

is likely to kill cells by prevent access to nutrients and energy sources (Tobler et al. 

2011). A similar effect is seen in fine, medium and coarse sand fractions regarding 

the ability of S. pasteurii to enhance calcium carbonate precipitation. pH increased 

with coarseness of sand grains under these static conditions, although over a very 

small range. This may be attributed to buffering capacity of fine sand (Liu et al. 2008).  

In control samples no significant calcium removal after 7 days, but after 14 

days calcium removal was only 20, 10, and 8 % in fine, medium and coarse sand 

fractions, respectively. This decreasing may occurred due to pH increase in control 

samples, which in turn increase sand capacity to adsorb cations or possible abiotic 

precipitation. Small pH increase in controls samples of fine, medium and coarse sand 

fraction was almost identical after 14 days. This may belong to the buffering capacity 

of used sand fractions in recovering their original pH after acidic washing (which was 

noticed by a side experiment). However, the presence of nutrient broth may affect 

medium pH value where its original pH after sterilisation was 7.4. 
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Figure 6.5. Response of calcium (50 mM) precipitation and pH to activity of S. pasteurii in soil 

pore fluid of the fine sand (A and D), medium sand (B and E) and coarse sand (C and F), with 

test samples (with urea growth medium, M2) (A-C) and controls (without urea growth 

medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 
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6.3.2 Strontium Precipitation in Porous Media (in static experiment) 

The ability of S. pasteurii cells to precipitate calcium carbonate seems not affected 

by presence of strontium ions (30 mM) or by porous media conditions. This 

comparing to precipitation without heavy metals (Figure 6.5) and precipitation of 

strontium (30 mM) in aqueous solutions (Chapter 5). Figure 6.6 presents experimental 

data obtained from precipitation of strontium in the three sand fractions (static 

system). The bacterial activity and the subsequent calcium carbonate mineralisation 

and strontium sequestration from soil solution were not influenced by the variety of 

sand fraction. This probably due to the immobility of fluid inside sand fractions for 7 

days, and, to some extent, the homogeneity in distributing the bacterial cells, 

precipitation medium and strontium ions within sand pores. 

With urea present, pH increased to around 9. There was little discernible 

difference in pH change, or recovery of strontium or calcium ions, between sand grain 

sizes, with perhaps a small increase in Sr removal with increasingly coarse grain size. 

Without urea in control samples, there was little loss of strontium (around 20% after 

3 and 7 days) whilst when urea was present removal was almost complete. Calcium 

ions removal in controls was very similar in all sand fractions after 3 days, then 

reduced further to around 50% after 7 days, perhaps due to abiotic precipitation. A 

slight increase in pH in no-urea controls may be due to buffering capacity of sand 

recovered its original pH  
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Figure 6.6. Response of strontium (30 mM) and calcium precipitation and pH to activity of S. 

pasteurii in soil pore fluid of the fine sand (A and D), medium sand (B and E) and coarse sand 

(C and F), with test samples (with urea growth medium, M2) (A-C) and controls (without urea 

growth medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 



144 

 

Strontium ions recovery after 7 days in controls indicates the low affinity of these 

ions to be adsorbed on the three sand fractions. The lack of sorption in controls 

indicates that sorption is not a major mechanism here, suggesting that the removal of 

strontium when urea is present arises due to the presence of microorganisms, increase 

of pH, and subsequent precipitation. The loss of strontium ions in sand fractions 

(control samples) may due to presence different amounts of inorganic compounds and 

organic matter in sand fractions. It is likely that strontium ions in main samples were 

either precipitated or co-precipitated with calcium carbonate (Achal et al. 2012b; 

Gebrehiwet et al. 2012). There is a possibility of proportion of strontium ions was 

adsorbed on bacterial biomass, but this kind of removal was not covered by this study. 

However, the results of this assay are consistent with many research studied 

regarding the ability of S. pasteurii to induce strontium remediation in soil (Fujita et 

al. 2000; Fujita et al. 2004; Mitchell and Ferris 2005; Mitchell and Ferris 2006; Fujita 

et al. 2008; Fujita et al. 2010; Brinza et al. 2013; Lauchnor et al. 2013). All these 

studies mentioned no obvious toxicity effects for the bacteria or inhibition influence 

to calcium carbonate recrystallisation of this metal. Fujita et al. (2004), based on X-

ray diffraction results, referred to that strontium ions not only adsorbed on calcite 

surface but present deeply within the particles. In addition, strontium cations are 

present as a solid solution in calcium carbonate precipitations samples.  

6.3.3 Zinc Precipitation (in static experiment) 

In this section zinc co-precipitation with calcium carbonate induced by S. pasteurii 

strain was investigated. Three zinc concentrations were tested (2, 5, 10 mM) to test 

metal bioavailability on bacterial activity to hydrolyse urea. In preliminary 

experiments zinc concentrations less than 2 mM exhibited very low availability in the 
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sand fractions (fine, medium and coarse). Adsorption of heavy metals on sand grains 

allow bacteria to operate as no presence of toxic cations. Hence, zinc concentrations 

were increased to increase their availability in porous media.  

Figure 6.7, Figure 6.8 and Figure 6.9 present the results of bioprecipitation 

experiments of 2, 5 and 10 mM zinc concentrations, respectively, in porous media of 

fine, medium and coarse sand fractions. As it clear bacterial activity affected by 

increasing zinc concentration, compared to bacterial activity when no heavy metals 

present. Almost all zinc ions were removed from urea-treated samples (M2 medium) 

at all metal concentrations after day-3, this apart from medium sand samples at zinc 

concentration of 5 mM, 11% was recovered. Calcium removal or precipitation was 

correlated with pH values. Full calcium removal occurred at zinc concentrations of 2 

mM (after day-7) and 5 mM (after day-3) in urea-treated samples. At 10 mM 

concentration high proportions of calcium ions were recovered from fine and coarse 

sand fractions. In urea-treated samples pH decreased with zinc concentrations in fine 

and medium sand fractions after day-3. Change in pH is an indicator of urea 

hydrolysing in solutions by bacterial activity or urease enzyme.   

In control samples (no urea was added, medium M3) zinc recovery increased with 

metal concentration in fine sand fractions after day-3. Whilst almost same amounts of 

zinc ions were recovered from medium and coarse sand factions at all metal 

concentrations after day-3. All calcium ions were recovered from all control samples 

at all concentrations, also, no significant change in pH was seen, apart from fine and 

medium sand fractions at zinc concentration 2 mM. Fine sand fractions showed high 

adsorption capacity than other fractions. 
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Figure 6.7. Response of zinc (2 mM) and calcium precipitation and pH to activity of S. pasteurii 

in soil pore fluid of the fine sand (A and D), medium sand (B and E) and coarse sand (C and 

F), with test samples (with urea growth medium, M2) (A-C) and controls (without urea 

growth medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 
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Figure 6.8. Response of zinc (5 mM) and calcium precipitation and pH to activity of S. pasteurii 

in soil pore fluid of the fine sand (A and D), medium sand (B and E) and coarse sand (C and 

F), with test samples (with urea growth medium, M2) (A-C) and controls (without urea 

growth medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 
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Figure 6.9. Response of zinc (10 mM) and calcium precipitation and pH to activity of S. 

pasteurii in soil pore fluid of the fine sand (A and D), medium sand (B and E) and coarse sand 

(C and F), with test samples (with urea growth medium, M2) (A-C) and controls (without urea 

growth medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 
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In 2 and 5 mM zinc concentration experiments pH increase may reflect significant 

bacterial activity that caused urea hydrolysis. Zinc ions removal from urea-treated 

samples may attribute to precipitation with calcium carbonate and adsorption on sand 

grains mechanisms. Hence, it may not possible here to identify the amount of zinc that 

adsorbed on sand grains or precipitated with calcium carbonate. In zinc adsorption 

isotherm experiment (section 6.2.2) metal ions showed less affinity to be adsorbed on 

sand fractions than their adsorption affinity in precipitation experiments (high 

adsorption zinc affinity in control samples is more clearly). This may due to pH 

change and the effects of presence of bacterial cells, nutrient broth and other 

chemicals, in addition, adsorption affinity may increase with pH increase (Abdus-

Salam and M’civer 2012).  

High removal proportion of zinc ions in control samples from 2 and 5 mM 

experiments after day-3 may mean the metal ions adsorption to sand grains is the main 

mechanism that responsible for metal removal. The available quantity of zinc and 

calcium ions in control samples seemingly depended on sand pH, sand grain sizes, 

inorganic compounds and organic matter. In control samples of the three experiments 

sand fractions were not similar in retaining zinc ions, which may reflect different sand 

fraction capacities to adsorb heavy metals. In fine sand specimens pH values were 

more than other sand fractions, albeit in small change. This again may due to acidity 

effect of zinc chloride salt, such effect was proven by visual MINTEQ model (pH of 

a solution containing zinc chloride and calcium chloride decrease with increase zinc 

chloride concentration). In 10 mM zinc experiment (Figure 6.9), bacterial activity in 

urea-treated samples seems to be affected by high concentration of zinc, pH values 

were less than that in 2 and 5 mM experiments after 3 days. Zinc ions were almost 

completely removed from urea-treated samples. Calcium was recovered in fine (60%) 
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and coarse (80%) sand fractions, whilst only 13% recovered in medium sand samples. 

In 2 and 5 mM experiment calcium was removed after day-3, hence, in this experiment 

bacterial cells probably were inhibited by zinc ions.  

Figure 6.10 (A, B, C, D, E and F) illustrates the SEM and EDX spectrums of 

calcium carbonate precipitation that resulted from bioprecipitation processes of 2 mM 

zinc concentrations. A, B, C, D and E show clearly the presence of zinc and calcium 

in precipitated calcium carbonate on sand particles, albeit calcium is much higher than 

zinc. Whilst F spectrum was taken outside precipitate zone shows clearly no presence 

of zinc or calcium. Accordingly, suggesting that zinc co-precipitated with calcium 

carbonate precipitates on sand particles. Kang et al. (2014) reported that mineral 

crystals were produced by ureolytic bacteria that induced calcium carbonate 

precipitation, as roughly rhombohedral, spherical, or needle-shaped, size of the 

produced solids is generally from 10-50 µm. The resulted precipitations are surface 

layers may not follow specific shape. Bacteria mechanism that leads to select a 

polymorph during calcium carbonate biomineralisation processes is not completely 

understood. Hammes et al. (2003) suggested that the crystal phase formation and 

morphology of precipitated calcium carbonate are strain specific. However, Sondi and 

Salopek-Sondi (2005) reported that variances in the amino acid sequences of urease 

enzymes (secreted by different type of strains) have influences on polymorphs 

precipitation during calcium carbonate bioprecipitation processes. In addition, vaterite 

or calcite polymorph formation can be affected by specific proteins in extracellular 

polymeric secretions (EPS) that produced by different types of bacteria (Kawaguchi 

and Decho 2002). Reasons mentioned above may responsible for different shapes of 

precipitation produced in this experiment. 
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Figure 6.10. SEM and EDX spectrum of calcium carbonate precipitation on sand particles induced by S. pasteurii in presence of zinc ions (2 mM) by 

using urea-containing medium (static system experiment). A, B, C, D and E represent the spectrums that taken inside the precipitate, whilst F is 

inside. 

F E 
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6.3.4 Cadmium Precipitation (in static experiment) 

Cadmium precipitation in sand depends on the available portion of total metal 

concentration. Figure 6.11 shows the response cadmium, calcium and pH to S. 

pasteurii activity in fine, medium and coarse sand fractions pores. High removal rates 

(99.8%) of cadmium ions from solution were observed in urea-treated samples 

following incubation for 3 days. Sequestering of the soluble 10 mM of this heavy 

metals was probably via adsorption on sand grains and precipitation with calcium 

carbonate. Regarding calcium ions more than 99% were removed from contaminated 

soil water in urea-treated samples. Calcium removal probably due to precipitation as 

calcium carbonate, especially this removal was conjunction with pH increase from its 

initial value (7) to up to 8.8. However, there were no obvious trends depend on sand 

fraction size. 

Fluids extracted from control samples had lower pH values, 7.5 for fine and coarse 

sand fractions and 6.5 for medium size, at these value of pH almost all calcium 

recovered. Cadmium ions adsorbed on fine sand grains were higher than other 

fractions. However, cadmium ions adsorbed on coarse sand fraction were higher than 

medium sand fraction. Metal ions were added as cadmium sulphate (3CdSO4.8H2O), 

this formula can give weak acid effect on containing solution. Visual MINTEQ model 

predicts pH value of 6.5 for a solution containing 20 mM cadmium concentration 

resulted from dissolving cadmium sulphate in water (same as pH value in medium 

sand samples). Hence, suggesting that fine and coarse sand fractions containing 

materials able to recover sand original pH value may not available in medium sand 

fraction. 
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Figure 6.11. Response of cadmium (10 mM) and calcium precipitation and pH to activity of 

S. pasteurii in soil pore fluid of the fine sand (A and D), medium sand (B and E) and coarse 

sand (C and F), with test samples (with urea growth medium, M2) (A-C) and controls (without 

urea growth medium, M3) (D-F), at 30ºC. [Error bars represent ±1SD, n=3]. 
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Cadmium ions showed less affinity to be adsorbed on sand grains than zinc 

(section 6.3.3). Cadmium ions have great affinity to be adsorbed on this poorly 

crystalline Fe oxides (like ferrihydrite), this adsorption increases with increase pH 

value (Jae-Young et al. 2002; Mustafa et al. 2004; Fortin and Langley 2005; Mustafa 

et al. 2006; Abdus-Salam and M’civer 2012). This affinity may be responsible for 

cadmium decreasing in extracted liquids from control sand samples. Metal adsorption 

depends on Fe oxides amount and pH value for the sand fractions. Figure 6.11 shows 

that more of cadmium ions in control samples were adsorbed on fine and coarse then 

medium sand fractions. 

In terms of cadmium toxicity to it seems that S. pasteurii cells survive and operate 

at high metal concentration in sand fractions. In control samples 23% (2.3 mM), 63% 

(6.3 mM) and 40% (4.0 mM) were recovered from fine, medium and coarse sand 

fractions, respectively.  Providing that these cadmium amounts (that recovered from 

control samples) were available in porous media of urea-treated sand samples at pH 

values similar to that in controls, hence, S. pasteurii cells induced calcium carbonate 

precipitation and probably cadmium co-precipitation, in presence of high amounts of 

metal ions.  

6.4 Bioprecipitation in porous media by flow system (Dynamic) 

Based on static condition tests results (section 6.3.2) strontium ions were readily 

precipitated or co-precipitated with calcium carbonate induced by S. pasteurii strain. 

This due to strontium ions pose less toxicity to the bacteria even at high concentrations 

and the metal cations easily incorporate into calcium carbonate lattice by replacing 

calcium ions (Fujita et al. 2004; Fujita et al. 2010; Achal et al. 2012b; Lauchnor et al. 

2013; Newsome et al. 2014). Contrary zinc ions (section 6.3.3) have two effects on 
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heavy metals biomineralisation with calcium carbonate precipitation processes, very 

toxic to S. pasteurii strain even at low concentration. Cadmium ions showed good 

response to be precipitated or co-precipitated with calcium carbonate induced by S. 

pasteurii strain. The rest of this chapter presents and discusses the bioprecipitation 

experiments of calcium and cadmium only. These experiments included monitoring 

bioprecipitation processes in dynamic system (with fluid flow) included sand columns 

and peristaltic pumps to inject solutions into these columns by using pulsed injection 

strategy. This is important to investigate the bacteria ability to maintain urea 

hydrolysis when the cells are decreased in their numbers due to act as nucleation sites 

for calcium carbonate formation, and this in turn can lead to the bacteria becoming 

embedded within the solid matrix which is likely to kill cells by prevent access to 

nutrients and energy sources (Tobler et al. 2011). 

The rate, magnitude and direction of seepage of fluid flow in porous media is 

important in maintaining bioprecipitation processes in subsurface environment. 

Transportation of nutrients and chemicals that are essential for biomineralisation 

processes in porous media is controlled by physical and chemical properties of soil. 

The permeability is the most important physical property of soil which governs the 

materials transmit with fluid flow. A section of soil can consider homogeneous when 

the permeability between two points is constant, whilst that section is considered 

heterogeneous when the permeability is different between that two points. Generally, 

flow in homogenous porous media is faster than that in heterogeneous porous media 

(Vadasz 1993; Alabi 2011).  

The effect of homogeneity and heterogeneity of subsurface media on 

bioprecipitation processes was investigated in this part of study. Spatial distribution 
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of hydraulic conductivity may control groundwater flow and direction which in turn 

affects solute transport. In homogenous experiment same amounts of solutions 

containing calcium carbonate precipitation medium were injected into fine, medium 

and coarse sand columns (see Figure 3.3, Chapter: 3 for more details). In 

heterogeneous experiment fine, medium and coarse sand columns were connected to 

one inlet supplies all columns (see Figure 3.4, Chapter 3 for more details). 

Permeability of sand fractions controls solutions amount that received by each sand 

column.  

6.4.1 Homogeneous Fluid Flow Experiments   

 The ability of Sporosarcina pasteurii bacteria to induce the precipitation of 

calcium carbonate and co-precipitation of cadmium ions in porous media has been 

explored in a dynamic system involved homogenous fluid flow of precipitation media 

into sand columns already containing bacterial cells. To try to mimic the nature, 

bacterial cells suspension (bacteria and PBS) was mixed with sand fractions in 

columns before pumping any solutions. When cells adsorbed to sand grains this help 

in minimising cells flushing out of columns with liquids flow, cells were left in sand 

for 2 hours before injection of any precipitation medium. In addition, the ability of S. 

pasteurii to tolerate cadmium ions toxicity during their presence in porous media was 

investigated by aging bacterial cells with cadmium ions in sand columns for 24 hours 

before injecting any growth or precipitation media. 

First experiment of this section examined the precipitation processes of calcium 

carbonate without using cadmium, which is important to study bacteria behaviour in 

inducing urea hydrolysis in absence of cadmium toxicity effect to be compared then 

with bacteria response in presence of toxic ions. Then the response of S. pasteurii cells 
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to precipitate cadmium ions without aging with metal ions (inject precipitation 

medium amended with cadmium ions into sand columns) was studied before testing 

the effect of aging with metal ions on bacterial activity. Experiment system is shown 

in Figure 3.3, Chapter 3 for more details.  

6.4.1.1 Calcium bioprecipitation without Heavy Metal (Homogenous 

Dynamic System) 

In this experiment, laboratory-scale porous media flow cells we used to examine 

the potential S. pasteurii initiate urea hydrolysis and then calcium carbonate 

precipitation in sand columns. Calcium carbonate medium was injected for 10 days, 

whilst in static experiment this medium was mixed with sand fractions. This is to 

investigate the continuous formation of calcium carbonate precipitates in porous 

media effects on reducing hydraulic conductivity and then delivering nutrients, 

calcium and urea to bacterial cells in sand porous media. 

Figure 6.12 shows activity of S. pasteurii in soil porous media to precipitate 

calcium carbonate in fine, medium and coarse sand fractions, calcium carbonate 

medium (M2) was injected every 2 days for 10 days. The indications of bacterial 

activity were pH and calcium ion concentration in extracted solutions after each 

injection. Calcium ion concentration was zero in all extracted solutions which means 

full precipitate of calcium in sand porous media. In fine and medium sand specimens 

values of pH were almost identical over test period while coarse sand pH increased 

with time. After 48 hours pH values reached up to 9.3 in fine and medium sand 

fractions, whilst it did not increase more than 8.4 in coarse sand fraction. Coarse sand 

samples needed 10 days to reach approximately same pH values as other sand 

fractions. Variation in bacterial activity occurred in sand samples, though same 
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amount of bacterial suspension was added to each sand fraction. It is possibly that 

bacterial cells were reduced after first injection of calcium carbonate medium in 

coarse sand columns, which is may relate to different hydraulic conductivity for each 

sand fraction (see Table 3.5, Chapter 3 for more details). It is possible that coarse sand 

fraction has less ability to retain bacterial cells than other sand fractions (Fontes et al. 

1991), which led to flush out significant amounts of bacterial cells and hence, bacterial 

activity was reduced.  

 

Figure 6.12. Response of pH to activity of S. pasteurii in soil porous media fluid of calcium 

carbonate precipitation in fine, medium and coarse sand fractions, calcium carbonate 

medium (M2) was injected every two days for 10 days, at 30ºC. [Error bars represent: ±1SD, 

n=3].   
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6.4.1.2 Cadmium Bioprecipitation (Homogenous Dynamic System) 

Two experiments were conducted in this section to demonstrate how cadmium 

toxicity can affect S. pasteurii growth and operation to precipitate metal in porous 

media, and whether ground conditions can affect bacteria tolerability to metal toxicity. 

In first experiment precipitation medium was amended with cadmium ions before 

injecting through sand columns, whilst, in second one cadmium ions were injected 

into sand columns to explore bacteria ability to tolerate metal toxicity during their 

presence in porous media. In second experiment precipitation medium was pumped 

through sand columns after 24 hours.      

6.4.1.2.1 Without Aging Bacterial cells with Cadmium Ions 

In this experiment precipitation medium (M2) was amended with 20 mM cadmium 

concentration (final concentration) before injecting into sand columns of test samples. 

Whilst medium M3 (urea-free medium) was also amended with 20 mM cadmium 

concentration and injected into control samples. Cadmium injection was only at day-

0, in the following days (1-6), only M2 (for test sampled) and M3 (for control samples) 

were injected into sand columns without any cadmium ions. Using high concentration 

of the metal is based on bacteria tolerability to 10 mM concentration in static 

experiment (section 6.3.4). The results of this experiment are shown in Figure 6.13. 
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Figure 6.13. Response of cadmium, calcium and pH to activity of S. pasteurii in soil porous 

media in medium sand fractions, with urea growth medium, M2(A) and controls M3(B) 

(without urea growth medium), at 30ºC. M2 and M3 media were injected every two days for 

10 days, at 30ºC. [Error bars represent: ±1SD, n=3]. 
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In urea-treated samples pH increased gradually up to 9 after day-6, which is 

probably due to S. pasteurii cells activity in hydrolysing urea. Removing of cadmium 

ions from solutions at day-1 may relate to precipitation with calcium carbonate, 

though the role of adsorption mechanism that may responsible for metal ions loss as 

well. Comparing to precipitation without heavy metal experiment (Figure 6.12) where 

pH in medium sand fractions increased up to 9.2 after first injection of precipitation 

media, whilst in this test pH was 8.3 in day-2. Such variation in response may reflect 

the role of cadmium ions presence in delaying bacterial activity. Suggesting that 

adsorption of cadmium ions on sand grains from day-1 may allowed bacterial cells to 

operate in less-toxic environment. Daily pH increase over test period is an indicator 

of bacterial cells were utilising daily injected growth medium to increases their 

number and consequent activity. This activity led to full removal of calcium ions from 

solution probably by precipitation as calcium carbonate. 

In control samples pH decreased from 7 to 6.3 at day-1, this may attribute to 

acidity effect of Cadmium Sulphate (3CdSO4.8H2O), MINTEQ model predicted pH 

value of 6.3 when dissolving 20 mM of cadmium and 50 mM calcium chloride in 

water. Increase pH for the next days may due to daily injection of M3 medium 

(included nutrient broth with pH of 7.4) or sand ability of buffering pH. Recovering 

of 64 % of cadmium ions at day-1 in urea-free samples may down to pH decrease, 

which may have led to increase metal availability. In cadmium bioprecipitation 

experiment by static system (Figure 6.11) cadmium amount that recovered from 

control samples (urea-free) of medium sand fraction was 63 %. Hence, cadmium ions 

showed almost similar affinity to adsorb on medium sand fraction under static and 

dynamic conditions. After day-6 total recovered amount of cadmium ions was 79 % 

of that injected at day-0. This suggests that flushing sand columns with working 
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solutions may help cadmium ions desorption from sand grains especially if pH value 

is less than 7. High recovery of calcium ions from control samples was noticed daily 

over test period.   

XRF (x-ray fluorescence) test showed cadmium (345.3 ± 3.3 ppm) and calcium 

(5223 ± 69 ppm) were retained in sand samples that treated with M2 (urea-treated 

medium), whilst no presence of cadmium and few amount of calcium were discovered 

in control samples. Adsorption and precipitations mechanisms can lead to retain metal 

and calcium cations in sand porous media, but probably precipitation with calcium 

carbonate is the mechanism is more responsible for cadmium and calcium ions 

retaining in sand porous media.  

Same amounts of cadmium and calcium were injected into control samples but 

because no precipitation occurred only small amount cadmium and calcium ions were 

held in sand samples. In addition, adsorption mechanism did not lead to retain metal 

and calcium ions on sand grains, though Mustafa et al. (2004) refer to that cadmium 

ions can be taken up on adsorption sites from pH value of 5 (control samples pH was 

around 7). This may be due to daily liquids injection into sand columns led to flush 

out the cadmium and calcium ions, however, calcium ions showed poor affinity to be 

adsorbed on sand grains in previous experiments.  

X-ray diffraction (XRD) patterns were used to illuminate the phase of the 

synthesised calcium carbonate (ran for 45 minutes for each sample). XRD analysis 

showed that all calcium carbonate crystals, that induced by S. pasteurii, in tested 

samples are calcite and aragonite (Figure 6.14). XRD for untreated sand samples 

showed no presence of these crystals. Such finding leads to suggest that crystalline 

polymorphs of calcium carbonate were induced by the activity of S. pasteurii strain. 



165 

 

Polymorphs of calcium carbonate produced in this study are consistent with many 

studies (Rivadeneyra et al. 1996; Stocks-Fischer et al. 1999; Fujita et al. 2000; Fujita 

et al. 2004; Mitchell and Ferris 2005; Fujita et al. 2008; Chahal et al. 2011; Abo-El-

Enein et al. 2012; Achal et al. 2012a; Achal et al. 2012b; Vahabi et al. 2015; Wei et 

al. 2015).  

Figure 6.15 illustrates the SEM and EDX spectrums of calcium carbonate 

precipitation that resulted from bioprecipitation processes of 20 mM cadmium 

concentrations. Spectrum 2 (taken inside the precipitate) shows clearly the presence 

of calcium, whilst a spectrum 1 that was taken outside the precipitates shows no 

presence of calcium only the sand elements. However, no cadmium peaks were 

emerged in EDX spectrum, probably because beam energy that used to focus X-ray 

on samples, was up to 20 KeV, whiles cadmium needs more than 23 KeV.  
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Figure 6.14. X-ray diffraction patterns of medium sand samples after cadmium 

bioprecipitation (20 mM) processes in homogeneous dynamic experiment without aging 

cadmium ions with bacterial cells. Samples treated with M2 (urea-containing medium) A, B 

and C represent samples from different columns. Test shows presence of Aragonite and 

calcite precipitations.  
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Figure 6.15. SEM and EDX spectrum of calcium carbonate precipitation on sand particles 

induced by S. pasteurii in presence of cadmium ions (20 mM) by using urea-containing 

medium (homogenous dynamic system experiment). Spectrum 1 and 2 represent the 

spectrum that taken outside and inside the aggregates, respectively. 
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6.4.1.2.2 Ageing Bacterial cells with Cadmium Ions 

The ability of S. pasteurii cells to tolerate cadmium ions during their presence in 

porous media was explored in this part of the study. This is to investigate if ground 

condition can affect bacteria ability to resist heavy metals. Microorganisms and heavy 

metals transport and distribution in porous media may be affected by physical 

properties of soil. Bacterial cells in this experiment were left with cadmium ions for 

24 hours in sand columns without supplying any nutrient or energy sources. Bacterial 

cells mixed with sand fractions (fine, medium and coarse) by using only PBS, then a 

solution (55 ml) containing 0.03 mM final concentration of cadmium was injected 

into each sand column. This concentration is MIC that found in cadmium toxicity 

experiment (Chapter 3, Figure 4.3), also, choosing this concentration is based on 

preliminary experiments, where bacteria could not tolerate higher concentration under 

similar conditions. Aging S. pasteurii cells with toxic metal can give an indication of 

the extent that bacterial activity may affected by toxic ions. However, calcium 

carbonate precipitation medium was injected into sand columns after 24 hours to 

investigate bacterial cells ability to hydrolyse urea and induce calcium carbonate 

precipitation in porous media. 

Figure 6.16 presents the results of this experiment. Generally different response 

can be seen of bacterial activity in the three sand fractions, although medium and 

coarse sand fraction almost have same response. Very small proportion (1 %) of 

cadmium ions were recovered in the effluent, metal ions either adsorbed on sand 

grains or precipitated calcium minerals. Mustafa et al. (2004) reported that at low 

cadmium concentration its affinity increase to adsorption sites on sand grains with pH 

increase and overcome the competition from calcium ions. The small added amount 

of cations may readily have absorbed on sand grains.  
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Figure 6.16. Response of cadmium (0.03 mM), calcium and pH to activity of S. pasteurii in 

porous media in fine (A), medium (B) and coarse (C) sand fractions, after aging bacterial cells 

with cadmium ions for 24 hours. Urea growth medium (M2) was injected from day-1 to day-

14, at 30ºC. [Error bars represent: ±1SD]. 
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The amount of recovered calcium ions was well correlated with pH of solutions, 

where the latter depends on bacterial activity in hydrolysing available urea. Calcium 

ions removal occurs rapidly after day-1 in conjunction with pH increase indicating 

precipitation of calcium carbonate. Calcium removal and pH increase are indicators 

for bacterial cells activity, whilst calcium ions show low affinity to adsorption sites 

on sand grains. Bacterial cells effectiveness by presence of cadmium ions in porous 

media seems not to the same degree in fine, medium or coarse sand fractions. S. 

pasteurii activity depends on survival cells number, survival cells number in fine sand 

fraction seems higher than that in other fractions, where pH value in fine sand samples 

reached 9 at day-2 and maintained high pH value (up to 9.3) over experiment time. 

This may attribute to high adsorption capacity of fine sand particles allowed bacterial 

cells to hydrolyse urea without affecting by metal toxicity. In medium and coarse sand 

specimens pH values after injection of M2 medium were unstable. Suggesting that 

bacterial activity was affected by aging with cadmium ions in porous media, or 

presence of bacterial cells in sand fractions coarser than fine sand facilitate their 

flushing out with injected liquids which in turn led to reduce their number and activity. 

In the previous experiment (Figure 6.13) cadmium ions were injected with 

precipitation medium bacteria showed high activity in removing metal ions. Hence, 

the presence of precipitation medium allowed bacterial cells to operate at higher 

performance. This reflects the role of urea hydrolysis mechanism in protecting 

bacterial cells from metal toxicity.  

Pore size and grain size may also have affected bacterial cells attach to sand 

particles and their transport in porous media. Bacterial cells transport in porous media 

may increase in large particles medium due to lower specific surface area and higher 

hydraulic conductivity of the coarse grained porous medium. Also occurrence of 
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preferential flow in soils may enhance bacterial cells transport in porous media, sand 

with greater permeability causes a preferential flow path for solute transport in soils 

(Gerlach 2001; Al-Abed and Chen 2002; Kapetas et al. 2012). Accordingly, S. 

pasteurii cells in fine sand may subjected to less influence regarding flushing out with 

injected liquids which may led to keep their original number or abled to increase it. 

Whilst in medium and coarse sand samples the bacterial activity was affected by either 

cadmium toxicity or flushing out with extracted solutions or both.  

6.4.2 Flow in Heterogeneous Porous Media Experiments   

In this part of study, the effect of heterogeneous hydraulic conductivity on 

bioprecipitation processes was investigated. Soil physically, chemically and 

biologically is heterogeneous. Spatial heterogeneity is an intrinsic property of 

subsurface environment; liquids flow is affected by spatial changes in porous media. 

Ground water is the carrier of bacteria, chemicals, nutrients and contaminations in 

soil. The differentiation in hydraulic conductivity in soil may lead to find different 

concentrations of biomass, substrates and pollutants within soil matrices. Porous 

media are rarely homogeneous, liquids transport in porous media varies spatially and 

temporally. Heterogeneity variation in porous media can have significant influence 

on liquids transport processes within soil. In case of biomineralisation processes such 

effect leads to uneven distribution of calcium carbonate precipitation. Information of 

solute transport in heterogeneous porous media is vital to monitor pollutant fate and 

transport in subsurface environment. Such influence can be estimated from hydraulic 

conductivity changes over time in soil sections (Zhao and Toksoz 1994; Leij and Van 

Genuchten 1995; Simmons et al. 2001; Wu et al. 2014; Majdalani et al. 2015). Using 

microbial induced calcium carbonate technique to remediate a contaminated 

subsurface environment, may change the original degree of heterogeneity of that 
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environment. Resulted minerals may segregate many regions by clogging porous 

throats which in turn leads to change the direction of liquids flow and hydraulic 

conductivity values for treated soil.  

This experiment was designed to mimic, to some extent, a heterogeneous 

permeability section of soil. Coarse fraction sand allows solutions to flow faster than 

other fractions due to its relative high hydraulic conductivity. Hydraulic conductivity 

may decrease due to precipitation of calcium carbonate minerals in porous media. 

This decreasing enforces solutions to divert their paths to less resistance regions. 

Arising preferential flow paths (due to calcium carbonate precipitation in porous 

media over time) may result to uneven distribution of injected liquids along the sand 

column.  

The system of this experiment involved 27 sand columns divided in 3 groups (G1, 

G2 and G3), each group included 3 sets, each set contained 3 sand columns (fine, 

medium and coarse sand fractions). All groups prepared in the same fashion. Group 1 

(G1) contained 9 sand columns (triplicates of fine, medium and coarse sand fractions) 

represented control (no cadmium ions used) to investigate the behaviour of 

precipitation processes in Heterogeneous porous media without metal toxicity. Group 

2 (G2) (test samples) prepared in the same fashion of G1 but 0.03 mM cadmium 

concentration was injected 24 hours before pumping calcium carbonate medium. 

Group 3 (G3) represent another control to investigate the flow of liquids into sand 

columns without calcium carbonate precipitation influence (no urea was injected into 

this group columns), this group involved injecting 0.03 mM cadmium concentration 

at the same time with G2. All three columns in one set received liquids through a 

single inlet, represent layered heterogeneity (see Figure 3.4, Chapter: 3 for more 
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details). For each set 1½ pore volume (165 mL) was injected into a single inlet of the 

three columns.  

6.4.2.1 Hydraulic Conductivity Effect   

Figure 6.17 presents the average of outflow volumes from each test group, outflow 

volumes controlled by hydraulic conductivity of sand fractions. Initial calculated 

hydraulic conductivity values for sand fraction before treatment were 7.3×10-5, 

3.0×10-4 and 4.8×10-4 m/s for fine, medium and coarse sand fractions, respectively. It 

seems that injecting working solutions into sand columns led to change initial 

hydraulic conductivity values. Liquids started to flow in coarse sand columns (higher 

hydraulic conductivity) then with time flow headed to medium and fine sand columns. 

Such effects happened in urea-treated samples (groups G1 and G2), which is possible 

due to decreasing occurred in coarse sand permeability because the bacterial activity 

in inducing calcium carbonate precipitation.  
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Figure 6.17. Average of outflow volumes (in milliliters) from each sand fraction (fine, medium 

and coarse) in each group (triplicates). G1 (urea-containing and free of cadmium medium), 

G2 (urea-containing with cadmium medium) and G3 (urea-free medium with cadmium 

medium). At 30ºC. [Error bars represent: ±1SD, n=3]. 
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In group G1, where no cadmium ions used only calcium carbonate precipitation 

medium was used, liquids headed to coarse sand samples in quantities much higher 

than these flowed in medium sand fractions. Probably due to decreasing occurred in 

permeability of coarse sand from day-8 solutions diverted their direction to medium 

and fine sand fractions, though in small quantities at days 8 and 10. Which implies 

hydraulic conductivity in coarse sand had reached a value less than medium sand 

fraction. This decreasing in hydraulic conductivity probably because occurrence of 

calcium carbonate precipitation in porous media led to clog flow paths. At days-12, 

14 and 16 (Figure 6.17, G1) injected liquids flowed in fine, medium and coarse sand 

fractions at the same time, this may due to the variation in hydraulic conductivity 

values was small. It is possibly that calcium carbonate precipitation increased with 

time in porous media and injected liquids diverted their flow wherever permeability 

allowed them to flow in sand columns. At days 30 and 32 the majority of solutions 

were running in fine sand specimens. However, from day-18 to day-28 coarse sand 

samples gave no outflow solutions, small quantities observed in days 30 and 32.  

In group G2 same effect of hydraulic conductivity happened but the diversion of 

flow from coarse sand to other fractions took longer time than group G1. This implies 

the decreasing in permeability of coarse sand was slow, where required 20 days before 

flow diverted to fine sand fraction. Suggesting that cadmium ions may cause delayed 

in bacterial activity, however, bacterial cells finally seem resisted cadmium toxicity 

and induced calcium carbonate precipitation in porous media. As can be noticed from 

Figure 6.17, G2 flow diverted to medium and fine sand specimens after decreasing 

occurred in coarse sand hydraulic conductivity.  
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The injected media into sand columns in group G3 contained only broth, cadmium 

(0.03 mM) and calcium (50 mM). The majority of liquids were running in coarse sand 

columns up to day-18. In spite of no calcium carbonate precipitation expected in this 

group (no urea injected) but the permeability of coarse sand decreased to allow 

solution diverting to medium sand columns. Suggesting that continuous injection and 

accumulation of broth and calcium ions into coarse sand fraction may led to decrease 

coarse sand hydraulic conductivity. Also bacterial cells may utilised injected broth to 

form biofilm in porous media which led to decrease permeability.   

6.4.2.2 pH and Concentrations of Calcium and Cadmium 

Bacterial activity in porous media after 24 hours aging with cadmium ions in 

porous media was investigated by measuring pH and cadmium and calcium 

concentrations for outflow solutions. Figure 6.18 shows pH values for outflow 

solution in each test group. High pH values in groups G1 and G2 reflect bacterial 

activity in hydrolysing urea in porous media, whilst pH values in group G3 are 

expected as no urea was added in this group. Generally, according to pH values 

bacterial activity in G1 (without metal toxicity effect) was higher than G2 (with metal 

toxicity effect). Such preference may because the presence of cadmium ions with 

bacterial cells in porous media.  
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Figure 6.18. Values of pH for outflow solutions from each sand fraction (fine, medium and 

coarse) in each group (triplicates). G1 (urea-containing and free of cadmium medium), G2 

(urea-containing with cadmium medium) and G3 (urea-free medium with cadmium 

medium). At 30ºC. [Error bars represent: ±1SD, n=3]. 
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In group G1, where no heavy metals added, it seems that bacterial cells were active 

in all sand columns and as soon as received calcium carbonate precipitation medium 

(M2) started to hydrolyse urea and increase pH (Figure 6.18, G1). M2 medium 

diverted to fine sand columns from day-8 (Figure 6.17), at day-10 pH increased from 

7.5 to 8.5. In spite of flow (carries precipitation medium) diverted to fine sand 

columns in group G2 from day-20 to the end of the test, bacterial cells seem were not 

totally inhibited by aging with cadmium ions and managed to hydrolyse urea and 

increase pH in porous media. Such response continued to the end of experiment. 

Bacterial activity in other sand fractions also showed same response in hydrolysing 

urea and increase pH. However, pH values decreased at the last week of experiment 

time, especially in medium and coarse sand samples. This decreasing may attribute to 

bacterial cells number had decreased due to aging with cadmium ions and may the 

survived cells then embedded by expecting calcium carbonate precipitation in porous 

media, which may have led to further reducing. Calcium ions were removed in high 

proportion from solutions (Figure 6.19, G2), this removal probably due to 

precipitation with calcium carbonate precipitation in porous media.  

In group G3 (heavy metals with urea-free medium) pH of medium and coarse sand 

samples were around 7. Such response was expected as no urea was injected. Little 

decreasing and increasing in pH values over experiment period may down to inject 

calcium chloride solution that can cause acidic effect can lead to decrease pH, this 

decreasing may then counteracted by sand buffering to increase pH. Medium and 

coarse sand fractions showed low affinity for calcium ions sorption especially pH did 

not increase above normal value, 90 % of calcium ions were recovered by outflow 

solutions (Figure 6.19, G3). 
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Figure 6.19. Percentages of calcium ions that recovered by outflow solutions from each sand 

fraction (fine, medium and coarse) in each group (triplicates). G1 (urea-containing and free 

of cadmium medium), G2 (urea-containing with cadmium medium) and G3 (urea-free 

medium with cadmium medium). At 30ºC. [Error bars represent: ±1SD, n=3]. 
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In all test groups calcium removal was conjunction with pH increase in sand 

samples. Again because pH value of sand samples in group G3 around 7 most of 

calcium ions were recovered. Contrary removal of calcium ions in groups G1 and G2 

was a consequence of pH increase, this removal probably due to precipitate with 

calcium carbonate.  However, cadmium recovery from groups G2 and G3 was not 

more than 1 %. Losing of cadmium ions may be due to the adsorption on sand grains, 

which can be happened at pH value from 5 (Mustafa et al. 2004).  

6.4.2.3 XRF, XRD, SEM and EDX Analyses 

Figure 6.20 presents the results obtained from XRF (x-ray fluorescence) test for 

fine, medium and coarse sand samples after treating with M2 and M3 media in 

heterogeneous dynamic experiment of cadmium bioprecipitation with calcium 

carbonate minerals. As it clear samples treated with urea-containing media (G1 and 

G2) held significant amount of calcium than samples treated with urea-free medium 

(G3). Also, G1 samples retained calcium ions more than G2, which may attribute to 

influence of cadmium ions in G2. Adsorption and precipitations mechanisms can lead 

to retain metal and calcium cations in sand porous media. In all the previous 

experiments calcium showed low affinity to be adsorbed on sand grains, suggesting 

that precipitation with calcium carbonate was the main mechanism that responsible 

for calcium ions retaining in sand porous media. XRF test did not show presence of 

cadmium ions in G2 and G3, this may because small amount of the metal was used 

(0.03 mM or 3.4 mg/l). Same amounts of cadmium and calcium were injected into 

group G3 samples but because no precipitation occurred only small amount calcium 

ions were held in sand samples. In addition, adsorption mechanism seems did not lead 

to retain calcium ions on sand grains, however, calcium ions showed poor affinity to 

be adsorbed on sand grains in previous experiments.  
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The amount of calcium in groups G1 and G2 (treated with urea-containing media) 

may give good conception of the calcium carbonate precipitations amount that 

occurred in each part (top, middle and bottom) of sand columns. Due to calcium 

carbonate precipitation in porous media changes occurred in permeability of sand 

fractions with time, played significant role in diverting flow from sand fraction to 

other. Generally, non-uniform distribution of calcium carbonate precipitations was 

found in each part (top, middle and bottom) of sand columns in groups G1 and G2. 

Comparing Figures 6.19 and 6.20 can reveal that the amounts of calcium are decreased 

in extracted solutions due to retaining or precipitating in sand fractions (G1 and G2), 

whilst high amount of calcium was recovered in G3 samples because no calcium 

carbonate was enhanced to precipitate in this group.  

Figure 6.21 illuminates the phase of the synthesised calcium carbonate in treated 

sand samples. XRD analysis showed that all calcium carbonate crystals, that induced 

by S. pasteurii, in tested samples are calcite and aragonite. However, XRD for 

untreated sand samples showed no presence of these crystals. Hence suggesting that 

crystalline polymorphs of calcium carbonate were induced by the activity of S. 

pasteurii strain. Li et al. (2013) reported that XRD results showed the presence of 

cadmium carbonate after bioprecipitation processes in aqueous solutions. The author 

did not use calcium in biomineralisation experiment (only urea and metal chloride).  
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Figure 6.20. XRF test results of sand samples (fine, medium and coarse) represent the amount 

of calcium ions (ppm) that were retained in sand porous media of all fractions (where T, M 

and B represent top, middle and bottom parts of sand columns, respectively). G1 (urea-

containing medium and free of cadmium ions), G2 (urea-containing medium with cadmium 

ions) and G3 (urea-free medium with cadmium ions). At 30ºC. [Error bars represent: ±1SD].  

Calcium concentration ppm 
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Figure 6.21. X-ray diffraction patterns of selected sand samples from G1 and G2 after 

bioprecipitation processes in heterogeneous dynamic experiment. Bacterial cells in G2 were 

aged with cadmium ions (0.03 mM)  for 24 hours. Samples treated with M2 (urea-containing 

medium). Test shows presence of Aragonite and calcite precipitations.  
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Figure 6.22 and Figure 6.23 present images for selected sand samples from group 

G1 and G2, respectively. Generally, can notice that crystals precipitated in G1 (no 

cadmium ions were present) are almost similar in their shape (rhombohedral) and size 

(5-20 µm). Whilst the solids in G2 (0.03 mM cadmium ions were present) were 

accompanied by smaller particles of precipitates.  

Figure 6.24 shows the EDX spectrum of calcium carbonate precipitation on sand 

particles induced by S. pasteurii. It can be noticed that calcium peaks in spectrum 

taken in sand samples of groups G1 and G2. However, no cadmium peaks were 

emerged in EDX spectrum, probably because beam energy that used to focus X-ray 

on samples, was up to 20 Kev, whiles cadmium needs more than 23 Kev.  

Apart from cadmium, experiments in groups G1 and G2 were done in similar 

conditions, hence, producing crystals with different shape and size in G1 and G2 may 

lead to suggest that presence of cadmium ions may influenced the polymorph, shape 

and size of resulted crystals. Such effect does not appear to have previously been 

noticed.  
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Figure 6.22. SEM test of calcium carbonate precipitation on sand particles induced by S. 

pasteurii by using urea-containing medium, where no cadmium ions were used in this test 

(heterogeneous dynamic system experiment). The images are for selected sand samples from 

group G1.  
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Figure 6.23. SEM of calcium carbonate precipitation on sand particles induced by S. pasteurii 

in presence of cadmium ions (0.03 mM) by using urea-containing medium (heterogeneous 

dynamic system experiment). The images are for selected sand samples from group G2. 
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Figure 6.24. Selected EDX spectrum of calcium carbonate precipitation on sand particles 

induced by S. pasteurii (heterogeneous dynamic system experiment), by using urea-

containing medium in groups G1 and G2. Whilst urea-free medium was used in group G3. 

Also cadmium ions (0.03 mM) were used in groups G2 and G3.  
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6.5 General discussion  

In this chapter the ability of ureolytic bacterium Sporosarcina pasteurii to produce 

alkaline conditions encouraging calcium carbonate precipitation and metals divalent 

co-precipitation in porous media of fine, medium and coarse sand fractions was 

investigated. Also, the factors that may affect the bioprocesses, such as metal 

bioavailability in sand, the effect of metal toxicity on bacterial activity and the 

influence of different hydraulic conductivity of sand fractions were studied. 

Bioprecipitation processes were explored in static (without fluid flow) and dynamic 

(with fluid flow) system experiments. Dynamic system involved homogenous and 

heterogeneous liquids flow.  

Calcium and strontium showed low affinity to be adsorbed on sand fractions (fine, 

medium and coarse). High proportion of injected calcium and strontium ions in 

control samples (urea-free samples) were recovered in extracted and outflow solutions 

in static and dynamic experiments, respectively. Results from adsorption isotherms 

experiments indicated that zinc and cadmium have high affinity to be taken up on 

adsorption sites in sand fractions. Hence, biomineralisation of these heavy metals 

depends on their availability in pore water, though their high availability may cause 

toxicity to the bacteria. Generally, adsorption is the main process lead to loss cations 

from soil aqueous solutions, especially at low concentrations of heavy metals. Fe, Mn 

and Al oxides, clay minerals and organic matter are the main adsorbents for cadmium 

ions in soil. Metal oxides contain surface functional groups rather than permanent 

charge sites (Bradl 2004; Choi 2006; Lafuente et al. 2008; Usman 2008; Gunawardana 

et al. 2015). As can be seen from Table 3.1 (Chapter 3) the amount of Fe oxides in 

medium sand fraction is less than that in other fractions, this may the reason behind 
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that medium sand showed less affinity to adsorb zinc and cadmium than other 

fractions.  

S. pasteurii showed ability to precipitate strontium, zinc and cadmium in porous 

media of different sand fractions through calcium carbonate mineralisation processes. 

This ability was investigated through static (without fluid flow) and dynamic (with 

fluid flow) system experiments. Adsorption of metal ions on sand particles reduces 

cations availability which in turn lead to moderate metal toxicity effects on the 

bacterial activity to hydrolyse urea. Increasing pH of sand samples due to urea 

hydrolysis can also lead to increase the sand capacity of metals adsorption.  

Firstly, the co-precipitation of strontium, zinc and cadmium was investigated in 

static system experiments. The microcosms in this part of study were 50 mL sterilised 

polypropylene tubes. Strontium bioprecipitation with calcium carbonate processes 

were running readily when compared to other divalent metals were tested in this study, 

in terms of metal availability, toxicity to the bacteria and can co-precipitates readily 

with calcium carbonate lattice during recrystallisation (Achal et al. 2012b; Lauchnor 

et al. 2013). Strontium displayed no resistance to precipitate by microbially induce 

calcium carbonate procedure at concentration up to 30 mM. The same response of the 

bacteria was noticed in strontium precipitation experiment in aqueous solutions 

(Chapter 5).  Zinc precipitation was investigated in 3 concentrations (2, 5 and 10 mM) 

in static system experiments to test metal availability on bacterial activity. Bacterial 

activity to hydrolyse urea was decreased with zinc concentration, though most of zinc 

ions thought to be adsorbed on sand grains. Bacterial cells showed activity in presence 

of 2, 5 and 10 mM zinc higher than their activity in aqueous solutions for similar 

concentrations. 
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 Full removal of cadmium ions (10 mM) was noticed in sand porous media in 

static system experiment compared to 1.5 mM metal removal in aqueous solutions. 

Although zinc and cadmium showed high toxicity to bacteria (Chapters 4 and 5) but 

adsorption of metal cations on sand particles seems allowed bacteria to operate in 

concentrations higher than those in aqueous solutions experiments. Cadmium showed 

response to precipitate with calcium carbonate precipitation better than zinc in 

aqueous solutions and particulate media experiments, though cadmium toxicity to S. 

pasteurii cells was higher than zinc (MIC is 0.03-0.06 mM for cadmium, whilst it is 

0.2-0.5 mM for zinc).  

Recovered zinc and cadmium concentrations in control samples (injected with 

urea-free media, M3) of static experiments indicated that the availability of cadmium 

ions was much higher than zinc especially in medium sand fractions. This may also 

mean the availability of cadmium was higher than zinc in urea-treated samples before 

pH increase due to urea hydrolysis. Hence, bacterial activity in presence precipitation 

medium (urea and calcium) to precipitate cadmium ions was higher than that for zinc 

precipitation. As this study hypothesises that metal precipitation technique provides a 

protective mechanism for the bacteria by reducing the overall metal concentrations to 

tolerable levels, it seems the removal of cadmium ions by carbonate precipitation is 

more efficient than zinc. Although zinc ions were reported to sorb strongly to calcite 

carbonate minerals (Zachara et al. 1991; Garcia-Sanchez and Alvarez-Ayuso 2002; 

Elzinga et al. 2006) but they may readily desorb due to zinc high hydration energy 

and it being only slowly absorbed into solid solution unless recrystallization occurs. 

In addition, zinc forms a tetrahedral carbonate structure (Teng and Zhao 2012) which 

may reduce long term stability of any co-precipitate due to a mismatch with the 

microstructure of calcium carbonate (in calcite this is octahedral). Zinc has been 
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reported to accelerate heterogeneous nucleation (Zeppenfeld 2010) so may lead to a 

larger number of smaller crystals forming, which may reduce long term sequestration 

of encapsulated zinc, although this was not directly observed. Hence, zinc ions may 

not fully have removed or removed slowly by calcium carbonate mineral (contrary to 

cadmium ions), which leads to prolong bacterial cells subjecting time to toxic cations 

then may reduce their activity. However, cadmium is similar in atomic radius to 

calcium and forms a similar octahedral carbonate structure (Teng and Zhao 2012). It 

therefore can substitute for calcium relatively easily in carbonate minerals, forming 

solid solutions and co-precipitates readily. On existing surfaces of calcite, rapid 

sorption as a stable complex can form an epitaxial layer, preventing further sorption 

of the metal and limiting dissolution of the mineral (Chada et al. 2005; Du et al. 2011) 

although Stipp et al. (1992) and Buekers et al. (2007) found that movement from 

surface layers into the mineral was possible in a relatively short period.  

In other experiments S. pasteurii strain grew and operated in presence of high 

cadmium concentrations (20 mM) in porous media but in presence of precipitation 

medium (urea and calcium). Bacterial cells seemed affected by cadmium toxicity 

when aging (for 24 hours) with 0.03 mM metal concentration in porous media before 

injecting precipitation medium. Suggesting that presence of bacterial cells and metal 

ions in porous media without any growing medium may inhibit bacterial activity. Such 

effect may occur in nature when cadmium contaminants in subsurface environment 

can kill many kind of bacteria if they could not show any defence mechanism. In 

presence of precipitation medium bacteria can tolerate high concentration of heavy 

metals especially when carbonate precipitation mechanisms can decrease toxic ions 

rapidly. Such effect was notice with cadmium precipitation more efficient than for 

zinc.  
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Sand particle sizes had affected bacterial activity when aging bacterial cells with 

cadmium ions in sand fractions. Bacterial cells showed higher activity in fine sand 

fraction than other fractions. It is possible that medium and coarse sand fractions have 

less ability to retain bacterial cells than fine sand (Fontes et al. 1991), which led to 

flush out significant amounts of bacterial cells and hence, bacterial activity was 

reduced. Also, may due to that metal ions availability in medium and coarse sand 

fractions is higher than that in fine sand, the more available toxic cations, the more 

inhibition may occur to bacterial cells. 

Layered heterogeneous system was created by injecting working solutions into 

sand columns (fine, medium and coarse) from one inlet. This was to consider the effect 

of different hydraulic conductivity of sand fractions in distributing bacterial activity 

and precipitation process, and how the precipitation of calcium carbonate in porous 

media can change sand initial permeability. Results showed that precipitation 

processes were affected by heterogeneity of solution flow. Flow headed to a specific 

sand fraction depending on its hydraulic conductivity. Firstly, flow ran in coarse sand 

columns then after the permeability reduced due to precipitation processes in porous 

media flow diverted to other sand fractions. Bacteria showed high activity after aging 

with cadmium ions (0.03 mM) for 24 hours before injecting precipitation medium in 

fine sand fraction. Such activity from S. pasteurii reflects their ability to survive in 

presence of small amount of cadmium (0.03 mM) especially in fine sand fractions. 

 Working solutions were injected into sand columns every 48 hours (48 hours 

stagnation period). It is possible that every set of sand columns (contained fine, 

medium and coarse sand columns connected to one inlet) functions as communicating 

vessels at stagnation period. Hence, when the liquid settle, it balances out to the same 
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level in all of the columns regardless of hydraulic conductivity in each column. Such 

effect can lead to move precipitation medium from column to another and then to 

maintain bacterial activity in each column.  

The effect of heterogeneity of subsurface environment can affect the solute 

transport in porous media, the fate of pollutants can be predicted when understanding 

the parameters that may influence contaminants distribution in soil. Microbially 

induce calcium carbonate precipitation means that depend on native ureolytic bacteria 

may affected by heterogeneous distribution of bacteria and contaminants 

(Chrysikopoulos et al. 1992; Zhao and Toksoz 1994; Simmons et al. 2001; Majdalani 

et al. 2015). Cherblanc et al. (2007) and Zhao and Toksoz (1994) reported that 

heterogeneity of hydraulic conductivity plays a main role in solute transport with 

groundwater. Also, this spatial variation can lead to inconsistent dispersion over wide 

range at field scale. Wu et al. (2014) indicated that under saturated flow conditions, 

advection controls solute transport in both high and low hydraulic conductivity 

domains. Sand with greater permeability causes a preferential flow path for solute 

transport in the heterogeneous soils. Preferential flow may occur in different types of 

soils. Many reasons can lead to arise preferential flow such as root channelling and 

earthworm digging as biological activities or due to presence of cracks and fractures 

as hydrological processes, also tillage, boring and digging soil can cause this 

phenomena (Kung 1990; Ritsema et al. 1993; Bundt et al. 2001; Rosenbom and 

Undersøgelse 2005; Merdun 2012).    

It was noticed that hydraulic conductivity of coarse sand was decreased by 

inducing calcium carbonate precipitation in porous media. After that flow diverted to 

more permeability media which are fine and medium sand fractions. Nevertheless, 
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this does not mean that coarse sand was totally clogged but its permeability reduced 

to a value less than other fractions. It noticed that after days of carbonate precipitation 

in fine and medium sand fractions the flow ran again in the coarse sand column after 

permeability reduced in these sand fractions. Continuous outflow of solutions from 

sand column without clogging may occurred under the effect of preferential flow. 

Such flow can occur in high permeability sand (Wu et al. 2014). 

The effect of sand particles size on heavy metals bioprecipitation processes was 

not obvious in static system, this apart from the capacity of different sand fractions 

(fine, medium and coarse) to adsorb metallic cations. This may due to no fluid flow 

may lead to desorb metal ions and bacterial cells from adsorption sites on sand grains 

depending on sand adsorption capacity. Retaining of bacterial cells, metal ions and 

nutrients on sand grains decreases with sand coarseness (Fontes et al. 1991; Sessitsch 

et al. 2001), which could lead to flush out significant amounts of bacterial cells and 

then bacterial activity may be reduced. Generally, a decrease in particle size causes 

an increase in the solid's total surface area.  

Precipitation in sand samples were examined by using XRD, SEM and EDX 

spectrum. All these tests confirmed that aragonite and calcite are the predominant 

calcium carbonate polymorphs produced. However, different morphologies were 

resulted from co-precipitation zinc and cadmium with calcium carbonate. 

Rhombohedral and sphere shapes were produced in zinc experiments, whilst only 

rhombohedral shapes were produced in cadmium and calcium carbonate precipitation 

without heavy metals experiments. Sizes of produced shapes were ranged from 5-35 

µm. Generally, this finding consistent with many studies in this field (Fujita et al. 

2000; Achal et al. 2012a; Achal et al. 2012b; Li et al. 2013; Kang et al. 2014).  
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Chapter 7: Conclusion and Suggestions for Further Research 

7.1 Conclusion 

current study investigated the ability of a bacterium, Sporosarcina pasteurii, to 

remove a range of heavy metals and radionuclides (by using non-radioactive proxies) 

in an aerobic system through calcium carbonate precipitation in aqueous solutions and 

particulate media. Microbially-induced calcite precipitation has been reported in only 

a very limited fashion for metallic cations removal from aqueous solution. 

Applicability of heavy metals removal by this technology that based on understanding 

metals availability and toxicity to bacteria and ground conditions effects on the 

bioprocesses is lacking. the study examined the possibility of a range contaminants 

removal by this technique and considering many parameters that may effects the metal 

removal mechanism. Parameters that were considered in this study are metal toxicity 

to the bacteria (Sporosarcina pasteurii) and effects of metal cations availability, sand 

particle sizes and the influence of the homogeneity and heterogeneity in hydraulic 

conductivity on bioprecipitation processes. An improve understanding of the 

parameters that relate to this technology can lead to increase its efficiency and to 

enable upscaling to suit in-situ applications.  

Toxicity experiments were designed to evaluate the ability of S. pasteurii to 

operate and grow in the presence of the target heavy metals (zinc, cadmium, copper, 

lead and strontium). These heavy metals are causing inhibition to bacteria growth, 

such as, an increased lag phase or reduced growth rate, however, bacteria may tolerate 

metals toxicity. Such effects can be problematic for heavy metals and radionuclides 

removal when using microbially induced calcium carbonate precipitation mechanism. 

In these experiments bacteria allowed to resist heavy metals toxicity in a medium 
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contained only nutrient broth (13 g/l) and the target metal for 72 hours at 30ºC (urea 

and calcium were not present). Soluble forms of all metals were used (metal solubility 

was examined by Visual MINTEQ model), hence metal ions were almost completely 

bioavailable to bacterial cells.  

Results gained from toxicity experiments showed that heavy metals (zinc, 

cadmium, copper and lead) are toxic to the bacteria (Sporosarcina pasteurii) at 

concentrations known as minimal inhibitory concentrations (MIC). MIC was defined 

as a 70% reduction in bacteria growth as measured by optical density. Cadmium 

exhibited the greatest toxicity (MIC = 0.03-0.06 mM), whilst zinc and copper were 

similar in their toxicity effect (MIC = 0.2-0.5 mM, for zinc and copper). However, 

bacteria showed growth rate at 0.2 mM copper concentration much higher than at 

similar concentration of zinc, but S. pasteurii cells were almost completely inhibited 

at zinc and copper concentration of 0.5 mM. Bacteria were able to grow at higher 

initial lead concentrations (MIC = 0.5-1 mM). Strontium is found only toxic at very 

high concentrations (MIC = 5-10 mM). Bacteria showed variety in response to each 

heavy metals. 

Bacteria showed variety in their response to metals toxicity, this may depend on 

bacteria mechanism to detoxify metals toxicity. Cadmium toxicity effect was expected 

as it has no essential biological function to bacteria, also it was found extremely toxic 

to microorganisms even at low concentration. Zinc and copper, though essentials 

metal at trace concentrations, but they appear toxic at higher concentrations. 

Interestingly, there was significant growth of S. pasteurii cells at lead concentrations 

up to 0.5 mM, though the metal is non-bioessential for bacteria and was reported as 

very toxic metal. Strontium showed low toxicity effect to bacterial cells, this may due 
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to the metal is not redox sensitive. No studies were found in literature that dealt with 

metals toxicity effects on S. pasteurii strains. Also, it thought such effects are species-

specific response, in addition, growth media and abiotic metal response may also have 

an impact on bacteria response. Hence, comparing the results of toxicity experiments 

in this study with other studies for different microorganisms but same heavy metals 

may be impractical. 

The ability of S. pasteurii to cause precipitation of the metallic contaminants via 

urease hydrolysis was then demonstrated through batch experiments. Precipitation 

medium in these experiments contained bacterial cells, nutrient broths, urea and 

calcium. Bacteria live-cells were used in main samples, whilst killed-cells (cells were 

killed by autoclaving) were used in control samples, both live and killed-cells samples 

were prepared in the same fashion. Results from metals bioprecipitation in aqueous 

solutions experiments showed an improvement to S. pasteurii resistance to heavy 

metals toxicity. The presence of urea and calcium ions in precipitation medium offers 

bacteria that possess the urease enzyme a protective mechanism against metals 

toxicity. Urea hydrolysis leads to an elevated pH and enhanced carbonate ion 

concentration in solution, making metal carbonate precipitation more likely. Initial 

precipitation reduces metal bioavailability, leading to enhanced bacterial growth and 

activity, which in turn causes further precipitation. A significantly increased minimum 

inhibitory concentration results, at least three times greater than the original value that 

was found in toxicity experiments. 

Heavy metals showed different responses to be precipitated with calcium 

carbonate precipitation. Final metal concentrations were as follows: zinc (0-10 mM), 

cadmium (0-1.5 mM), copper (0-5 mM), lead (0-5 mM) and strontium (0-30 mM). 
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Metal concentrations were increased (compared to toxicity experiments) because this 

study hypothesises that metal precipitation technique provides a protective 

mechanism for the bacteria by reducing the overall metal concentrations to tolerable 

levels. Heavy metal ions were almost completely bioavailable to bacterial cells 

(metals availability were checked by Visual MINTEQ model). Cadmium, lead and 

strontium were completely removed from solutions at all tested concentrations after 3 

days. Whilst zinc removal was limited, full metal removal was up to 0.5 mM. Copper 

removal was only at lowest concentration (0.01 mM). Metals removal occurred in 

conjunction with pH increase, calcium removal and white precipitate indicating co-

precipitation with calcium carbonate.  

S. pasteurii is nominally a spore-forming organism and so spores may survive 

autoclaving and subsequently regenerate. This may indicate that a similar mechanism 

of calcium precipitation driving pH change, calcium and metal removal also occurred 

in control samples (killed-cells samples) but only very slowly. Such effects happened 

at low concentrations of cadmium, copper and lead, however, it occurred at all 

strontium concentrations. Suggesting that bacterial spores were able to survive 

autoclaving but not high metal concentrations.  

By comparing the results from live and killed-cells experiments can notice the role 

of the bacteria live cells in removing metallic ions of zinc (up to 0.5 mM), cadmium 

and strontium ions from solutions, whilst, bacteria were able to remove only the 

lowest concentration of copper. In lead experiment high proportion of metal ions were 

removed in control samples, albeit slower, despite limited pH change and calcium 

concentration decrease. This again may be due to spore regeneration at low lead 

concentrations, the removal of lead is not correlated with this and increases at higher 
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lead concentrations; an abiotic mechanism is therefore suspected. Such a mechanism 

will allow greater microbial activity at higher lead concentrations. It is unclear, 

therefore, whether pH increase and calcium removal were the cause of lead removal, 

or facilitated by it. The loss of lead allowed bacteria to operate at higher 

concentrations than in earlier experiments, and live cell experiments did have an 

improved response compared to killed cell controls, suggesting that urea hydrolysis 

did play a role. 

It noticed that two main factors control metal removal with microbially induce 

calcium carbonate precipitation mechanism. First one is bacteria ability to tolerate 

metal toxicity in presence of urea and calcium, this is important to initiate calcium 

carbonate precipitation. Second factor is the possibility of metal-CaCO3 interaction 

that can lead to permanent sequester metal ions from solution and reduce metal 

availability. Metal-CaCO3 interaction when divalent contaminants substitute calcium 

ions in the crystal lattice of calcium carbonate. In the same context, the structure 

compatibility between metal carbonate and calcium carbonate is important for 

permanent metal adsorption on calcium carbonate precipitate. Calcium ions present 

in an octahedral coordination in the structure of calcium carbonate. Hence metals that 

can form octahedral surface complexes will be ideally for calcium substitution in 

calcium carbonate structure and to be adsorbed permanently. However, other 

coordination (tetrahedral) may lead to reduce long term stability of any co-precipitate 

due to a mismatch with the microstructure of calcium carbonate.  

It was found in this study that elevation of pH and removal of calcium from 

solution are shown to be strongly linked to removal of cadmium and strontium and 

zinc (not at higher zinc concentrations), but only partially linked to removal of lead 
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and copper. Strontium was found readily substitute calcium ions in calcium carbonate 

lattice structure.  Cadmium is similar in atomic radius to calcium and forms a similar 

octahedral carbonate structure. The case of zinc this may be due to the metal 

adsorption complexes have a tetrahedral geometry, which is not matching the 

octahedral coordination of cations in calcium carbonate. Also it is found that copper 

carbonate complexes on the surfaces of calcite and vaterite can hinder further sorption 

as well as growth or dissolution of the mineral, and at high concentrations an epitaxial 

layer may form. This may have led to limited removal of copper in the experiments 

presented here even when carbonate minerals are expected to be precipitated. Lead 

ions were reported to sorb strongly to calcium carbonate and can form a solid solution 

in this mineral, albeit with a distorted lattice. However, the experimental and visual 

MINTEQ model data suggest an abiotic mechanism is at least partially responsible 

for the observed results although a proportion of metal removal is thought to be due 

to microbial carbonate precipitation. This may also explain the ability of S. pasteurii 

to apparently resist higher concentrations of lead than other metals in the toxicity 

experiment. 

According to the results that obtained from bioprecipitation in aqueous solutions 

experiments, strontium, zinc and cadmium were chosen to be investigated in 

bioprecipitation in particulate media experiments. In batch and column tests the ability 

of S. pasteurii to induce metals removal in porous media of three sand fractions (fine, 

medium and coarse) was explored. Firstly, strontium (30 mM), zinc (2, 5 and 10 mM) 

and cadmium (10 mM) were tested in static system (no fluid flow). Microcosms in 

this system were sterilised 50 mL polypropylene tubes were filled with precipitation 

medium and sand fractions before incubating at 30ºC. Main samples (urea-treated 

samples) were treated with similar precipitation medium in previous experiments, 
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whilst, control samples were treated with urea-free medium. Sand fractions of urea-

treated and control samples contained live bacterial cells. Working solutions were 

amended with heavy metals before mixing with sand.    

Strontium removal (urea-treated samples) in porous media of fine, medium and 

coarse sand fractions was as efficient as that in aqueous solutions. Recovering high 

proportion of strontium and calcium ions from control or urea-free samples, indicated 

the role of urea hydrolysis in metals removal. Strontium and calcium showed low 

affinity to adsorb on sand grains, which means they were available to bacteria. 

However, zinc and cadmium displayed high affinity to take up on sand particles. 

Decreasing the availability of zinc and cadmium due to adsorption on sand grains 

allowed bacteria to grow and operate in metal concentrations much higher those in 

aqueous solution experiments. At 2 and 5 mM zinc concentrations bacteria were able 

to operate and remove available zinc ions, whilst at 10 mM bacteria appeared to be 

inhibited by this amount of metal. Although, the bioavailability of cadmium ions (at 

10 mM) seemed higher than zinc, bacteria were able to cope with high concentration 

of cadmium and induce precipitation of metal with calcium carbonate precipitation. 

This may due to cadmium ions are adsorbed on calcium carbonate surfaces more rapid 

than zinc. Hence, their availability decreased quicker than zinc in presence of calcium 

carbonate precipitation. According to EDX spectrum precipitation of calcium 

carbonate appears led to co-precipitate zinc ions, though the adsorption of zinc to sand 

particles seems dominant removal mechanism especially at high pH. It is still 

uncertain which mechanism (adsorption on sand particles or co-precipitation with 

calcium carbonate) is more responsible for metals removal. However, in case of 

strontium co-precipitation with calcium carbonate is probably the mechanism that 
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responsible for metal removal, because it was noticed that strontium has low affinity 

to be adsorb on sand grains. 

In dynamic system (fluid flow) bacterial cells were mixed with sand fine, medium 

and coarse sand fractions before packing in columns. Columns were connected to 

peristaltic pumps to inject metal solution and precipitation medium into sand columns 

by using pulsed injection strategy. The first experiment involved injecting 

precipitation medium amended with high cadmium concentration (20 mM). This was 

to examine bacteria ability to precipitate metal ions in presence of precipitation 

medium. First dynamic experiment only considered the medium sand fraction, but 

cells were able to tolerate and full removal of all cadmium ions from liquid phase. 

Bacterial survival in particulate media was found to be greater than in aqueous 

solution alone, indicating a protection mechanism due the presence of solid particles 

such as reduced contaminant bioavailability through physical structure, preferential 

flow paths or cell adhesion to surfaces. The induced precipitation of cadmium also 

allowed survival at much higher total concentrations than when a bioprecipitation 

mechanism was not present. 

In other experiment were all sand sizes considered, bacteria mixed with sand 

before packing in the columns. Cadmium solution (0.03 mM, final concentration) was 

pumped through columns to contaminate sand fractions and test bacteria ability to 

tolerate cadmium ions in porous media when bioprecipitation mechanism is not 

present. Precipitation medium was then injected into urea-treated samples after 24 

hours for 14 days, whilst, urea-free medium was pumped into control samples that 

were prepared in the same fashion of main samples. Bacteria showed higher resistance 

in fine sand fraction, this may attribute to high adsorption capacity of fine sand 
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particles allowed bacterial cells to hydrolyse urea without affecting by metal toxicity. 

It also may be the presence of bacterial cells in sand fractions coarser than fine sand 

facilitate their flushing out with injected liquids which in turn led to reduce their 

number and activity. 

In previous dynamic experiments the injection of working solutions was 

homogenous (similar amounts of fluid run in fine, medium and coarse sand fraction). 

The effect of heterogeneous hydraulic conductivity and preferential flow on 

bioprecipitation processes in different grain sizes was studied in other experiments. It 

is resulted that the heterogeneity of hydraulic conductivity plays a main role in 

distributing bacterial activity and subsequence precipitation processes in porous 

media. Heterogeneous hydraulic conductivity was considered by injecting solutions 

into fine, medium and coarse sand fractions from one inlet. Also, it is observed that 

precipitation of calcium carbonate in porous media affected solute transport, when it 

leads to decrease the permeability. It is thought that precipitating of calcium carbonate 

in sporadic parts of sand columns due to heterogeneity in bioprocesses activity may 

lead to arise preferential flow that can responsible for solute transport across sand 

sections. Clogging preferential flow paths by calcium carbonate precipitation can be 

slower than pore throat in soil, due to preferential flow allows solute transport much 

faster than matrix flow.   

The effect of sand particles size on heavy metals bioprecipitation processes was 

not obvious in static system, apart from the capacity of different sand fractions (fine, 

medium and coarse) to adsorb metallic cations. This may due to no fluid flow may 

lead to desorb metal ions and bacterial cells from adsorption sites on sand grains 

depending on sand adsorption capacity. Retaining of bacterial cells, metal ions and 
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nutrients on sand grains decrease with sand coarseness which led to flush out 

significant amounts of bacterial cells and then bacterial activity may be reduced. 

Generally, a decrease in particle size causes an increase in the solid's total surface 

area. 

Precipitation in sand samples were examined by using XRD, SEM and EDX 

spectrum. All these tests confirmed that aragonite and calcite are the predominant 

calcium carbonate polymorphs produced. However, different morphologies resulted 

from co-precipitation of zinc and cadmium with calcium carbonate. Rhombohedral 

and sphere shapes were produced in zinc experiments, whilst only rhombohedral 

shapes were resulted in cadmium experiments. Sizes of produced shapes were ranged 

from 5-35 µm. The gained results from this study demonstrate that microbially induce 

calcium carbonate technique is a means of sequestration of soluble heavy metals via 

co-precipitation with calcium carbonate precipitation that can be useful for divalent 

heavy metal and radionuclides bioremediation. Though, zinc and copper are partially 

removed by this remedial technology (only at low concentrations), but some low 

metals concentrations may not be removable by traditional methods. 

However, the most obvious finding to emerge from this study is that ureolytic 

bacteria (S. pasteurii in this study) able to permanent sequester heavy metal cations 

via co-precipitation with calcium carbonate minerals in contaminated soil. This 

suggestion is based on that resulted minerals from bioprecipitation processes 

(discovered by SEM, XRD and EDX) are aragonite and calcite, which are the most 

stable polymorphs of calcium carbonate and offer long-term removal of heavy metals. 

Results gained from dynamic system experiment, where calcium carbonate 

precipitation medium injected into sand columns by using peristaltic pumps, may 
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more mimicking the subsurface environment, when consider hydraulic conductivity 

and solute transport in porous media effects.  

The ability of ureolytic bacteria to induce the precipitation of calcium carbonate 

minerals offers an opportunity to develop an in-situ bioprecipitation technique for 

soils and groundwater contaminated with divalent metals or radionuclides. The 

experiments in this study by using ureolytic bacteria (S. pasteurii) have demonstrated 

that microbially mediated calcium carbonate precipitation can enhance the capture of 

toxic heavy metals. Urease enzyme is widespread in subsurface, so it may possible to 

rely on native microorganisms in contaminated sites rather than on introduction of any 

non-native species.  

Conditions in nature are different and uncontrolled compared to laboratory 

conditions. In this study the response of metals to be precipitated with calcium 

carbonate precipitation was studied separately for each metal. Whilst, in nature many 

metals can act at the same time and place. Also, their bioavailability can be varied 

from environment to other. In addition, ground conditions can be changed spatially 

and temporally in subsurface. Although, this study did not include these kind of 

environmental conditions all together, but studying each influence separately is 

required. This study covered many effects that are considered vital for bioprecipitation 

processes.  

7.2 Recommendation for Future work 

It is recommended that further research to be undertaken to improve understanding 

the influences that may limit applying bioprecipitation of heavy metals in 

contaminated sites. Although, the results of this study indicate that calcium carbonate 

precipitation induced by ureolytic organism is effective and may provide a useful 
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remediation strategy for contaminated sites, but additional estimation of this approach 

under conditions more closely mimicking environmental conditions is required. In 

addition, more examining works at large scale should be carried out to determine the 

efficiency of in-situ bioprecipitation for sequestration of divalent contaminants. This 

study has covered important factors that can affect heavy metals bioremediation, such 

as, metals toxicity and availability, metal-mineral interaction and the effects of ground 

conditions, but still more research is required to determine the efficacy of this 

technology with other divalent metals and radionuclides (e.g., 90Sr2+, UO2
+2, Co2+) 

that may contaminate subsurface. In addition, introducing the influence of 

radioactivity on ureolytic organisms can give impression to what extent divalent 

radionuclides can be co-precipitated with carbonate minerals. Usually the 

contamination of environments occurs with more than one metal with different 

availability and effects. Hence, studying the influence of multi metals on ureolytic 

organisms is required.   

It is not completely clear in this study to what extent that co-precipitation with 

calcium carbonate minerals mechanism contributed in removing heavy metal cations 

in presence of adsorption on sand grains mechanism. Hence, it recommended 

conducted the bioprecipitation of heavy metals experiments in a medium has low 

adsorption capacity to adsorb metal ions from solutions. In addition, investigating the 

effects of ground conditions on bioprecipitation processes was in one dimensional 

system, if such effects can be explored in two or three dimensional systems would be 

more mimicking to nature. Especially contaminants usually are moving in subsurface 

environment taking plume shape over long distances (vertically and horizontally). 

Monitoring, predicting and controlling calcium carbonate bioprecipitation distribution 

in porous media are essential to increase heavy metals bioremediation in contaminated 
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sites. Heterogeneous distribution of calcium carbonate can lead to exclude some 

sections in soil without complete treatment due to decreasing in permeability. Also, 

studying preferential flow phenomenon in more details (e.g. with tracking) would be 

more beneficial in investigating how can affect heavy metals biomineralisation in 

subsurface.  
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Appendix: A 

Heavy metals abiotic precipitation experiments: 

 

A1-1. Results of abiotic precipitation of heavy metals in solution (no bacterial cells were 

added), medium-1 consisted of 3g/l nutrient broth, 20 g/l urea, 2.12 g/l sodium bicarbonate 

and 10g/l ammonium chloride, medium-2 consisted of medium-1 and 50mM calcium. 
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Appendix: B 

Publications: 

 

Conferences 

MUGWAR, A. J. & HARBOTTLE, M. J. 2014. Biomineralisation of metals in soil – 
effect of metal toxicity and precipitation as a protective mechanism. In: BOUAZZA, 
A., YUEN, S. & BROWN, B. (eds.) 7th International Congress on Environmental 

Geotechnics. Melbourne, Australia. 

MUGWAR, A. J. & HARBOTTLE, M. J. 2014. Metal Bioprecipitation in Particulate 
Media–Effect of Particle and Flow Heterogeneity. In Situ Remediation ’14 
Conference, London 2nd–4th September 2014 (Abstract ID: 17). 

 

Journal  

Mugwar, A. J. and Harbottle, M. J. 2016. Toxicity effects on metal sequestration by 
microbially-induced carbonate precipitation. Journal of Hazardous Materials 314, pp. 
237-248. 
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Appendix: C 

Selected Photos from the Work 

 

A2.1. Precipitation in aqueous solutions (copper experiment). Red and black circles represent 

similar concentrations of copper in live and killed-cells experiments. Different in colours 

between live and killed cells samples may due to decreasing in dissolved copper ions in 

solutions. Photo was taken after day-1.  

 

 

A2.2. Counting bacteria by CTC method under Nikon ECLIPSE LV100 microscope 

Live cells Killed-cells 
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A2.3. Dynamic system in heterogeneous fluid flow inside the incubator experiment. 
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A2.4. Precipitation of calcium carbonate in sand display by Nikon ECLIPSE LV100 

microscope equipped with Nikon DS-Fi1digital camera.  


