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ABSTRACT 

 

Microbially induced  

calcium carbonate precipitation  

to prevent soil erosion 

in heavy metals-contaminated sites 

as a measure of risk mitigation  

 

 

Hyeonyong Chung 

Department of Civil and Environmental Engineering 

The Graduate School 

Seoul National University 

 

 

Heavy metals contamination in soil may pose health problems to nearby 

receptors (i.e., human beings, ecosystems) and thus should be treated. When a 

large area is contaminated with relatively low concentrations of heavy metals 

but still exhibits toxic effects, tremendous cost is incurred to remediate the site; 

moreover, the time for remediation may sometimes be too long. This study 

focused a soil stabilization using microbially induced calcium carbonate 

precipitation (MICP), which inhibits the rainfall-induced soil erosion and 

prevents the introduction of contaminated soil particles into the surface water 

and off-site soil. By applying MICP, receptors near the contaminated site are 

essentially protected from the exposure of heavy metals; thus, potential risk is 
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likely to be reduced. 

Sporosarcina pasteurii (S. pasteurii) species was used as a key 

mediator for MICP. It can precipitate calcium carbonate in a solution containing 

high concentrations of urea and calcium of up to 1 M. The precipitated calcium 

carbonate was determined to be calcite and vaterite by X-ray diffraction 

analysis. When the solution to induce MICP, which included urea, calcium, and 

S. pasteruii, was applied into sand, a test soil in this study, the precipitate of 

calcium carbonate was observed on the surface of soil particles by scanning 

electron microscopy (SEM) analysis. Interestingly, the sizes and distributions 

of calcium carbonate precipitates were considerably different according to the 

composition of the MICP-inducing solution that was used, even for similar 

amounts of calcium carbonate precipitates. Repeated application with lower 

source concentration (i.e., urea and calcium) and the presence of a nutrient 

contributed to a larger and concentrated precipitates of calcium carbonate, 

which was expected to be advantageous in forming bond between soil particles. 

Finally, the composition of MICP-inducing solution was determined to be 4 g/L 

of tryptic soy broth, 450 mM each of CaCl2 and urea, and S. pasteurii. 

As the MICP-inducing solution was repeatedly applied into sand, the 

concentrations of calcium carbonate precipitates were proportionate to the 

number of applications. A one-time application generated 9.7 mg of calcium 

carbonate per gram of sand, and 46.2±1.8 mg of calcium carbonate precipitate 

per gram of sand was observed after five repeated applications. As calcium 

carbonate binds soil particles together and yields aggregates with increasing 

soil strength, the strength was measured by using a penetrometer. Penetration 

resistance increased as the concentration of newly formed calcium carbonate 
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increased linearly up to the fifth application of MICP-inducing solution; 

however, no further increase was observed in subsequent applications. After the 

fifth application, a penetration resistance of 23.9±1.2 N/mm was attained. An 

artificial rainfall test was conducted with sand and sandy loam with organic 

matter content of 2.6%. To simulate diverse field situations, various rainfall 

intensities and slopes were tested. At the harshest condition tested (i.e., rainfall 

intensity of 75 mm/h, slope of 15°), approximately 94% of loss reduction was 

obtained after five repeated applications in the sand; however, the loss rate 

decreased to only 58% in the sandy loam. As the generated concentrations of 

calcium carbonate precipitates in the two types of soils were similar, it is 

probable that the differences in particle size and organic matter content 

influenced the soil strength and resulted in varying reductions in soil loss rate. 

Further experiments with sand samples of different particle size showed that; 

after the fifth application, the penetration resistance was the highest (i.e., 

23.9±1.2 N/mm) in medium-sized sand (150-500 μm), followed by a 

penetration resistance of 13.1±0.1 N/mm in coarse sand (500-1000 μm), and 

that of 7.0±0.0 N/mm in fine sand (75-150 μm). The effect of organic matter 

content was more pronounced. After the fifth application, the penetration 

resistance decreased from 23.9±1.2 to 17.0±4.1, 6.4±0.4, and 3.0±0.5 N/mm 

corresponding to the increase in organic matter content from 0 to 1, 2.5, and 

5%, respectively. Further, in SEM analysis, smaller sizes of calcium carbonate 

were observed in the soil with higher organic matter content. The dissolved 

organic carbon (DOC) may inhibit the growth of calcium carbonate precipitates, 

resulting in ineffective precipitates forming bond between soil particles, and 

thereby generating less increase in penetration resistance. 



iv 

 

To analyze the extent of the bonding between soil particles by calcium 

carbonate precipitates, X-ray computed tomography (X-ray CT) and an object-

based image analysis were conducted on MICP-applied sand. As the MICP-

inducing solution was applied repeatedly, it was observed that calcium 

carbonate precipitates grew on the surface of each sand particle, filled the void 

space among these particles, and finally formed the bond between soil particles. 

Using three dimensional image processing, the sand particles of the sample 

without MICP application were separated into individual objects, and the same 

process was applied to the samples with MICP application. By this process, the 

sand particles that bonded with calcium carbonate precipitates were recognized 

as one object; moreover, the extent of bonding was analyzed based on the 

increase in the effective radius of the object. The effective radius of each 

individual object increased as the number of MICP applications increased. After 

five repeated MICP applications, one large particle, which occupied 55% of the 

volume of the total particles, was formed; further, the volume of one large 

particle increased up to 95% after nine applications. The number of calcium 

carbonate bonds also increased; however, an average of six bridges/particle was 

observed after five MICP applications. These trends were similar to that of the 

increase in penetration resistance corresponding to the number of applications. 

Additionally, the effect of the nutrient and DOC, which were factors affecting 

the qualitative characteristics of calcium carbonate precipitates, on the extent 

of bonding was assessed. The effective radius was significantly smaller when 

DOC was present in the solution and was larger when the nutrient was absent, 

at the same number of MICP applications (i.e., five times). This result supported 
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that the difference in the size of calcium carbonate precipitates, which was 

affected by the composition of the MICP-inducing solution or organic carbon, 

can qualitatively contribute to the difference in bonding and the increase in the 

strength of the MICP-applied soil. 

 The applicability of MICP was assessed in Cu-contaminated soil 

because Cu is a potential inhibitor for MICP in soil. Urea hydrolysis, a crucial 

step of MICP, was reduced up to 50% in the soil contaminated even with 25 

mg-Cu/kg; moreover, it decreased continuously as the Cu concentration in the 

soil increased up to 1,000 mg/kg. As the Cu concentration in the soil solution 

contributes significantly to the toxic effect, the inhibitory effect of Cu in soil 

was evaluated based on the Cu concentration of the soil solution. The half 

maximal inhibitory concentration (IC50) of Cu was determined to be 1.3 mg-

Cu/L in sand (pH 7.8) and 0.9 mg-Cu/L in sandy loam (pH 5.2). Even at 

identical Cu concentrations of 250 mg/kg, the inhibition rate decreased as it 

aged (i.e., 85 to 57% in sand and 97 to 93% in sandy loam), which was highly 

correlated to the reduction in the Cu concentration of the soil solution. The 

developed technology was tested in three types of heavy metal-contaminated 

field soils from a former smelter site. The lower Cu concentration in the soil 

solution of the three soils (i.e., 0.28±0.00, 0.26±0.06, and 0.15±0.03 mg/L) 

indicated that MICP could be applied. To obtain the strength to prevent soil 

erosion, MICP-inducing solution was applied three, four, and five times, 

respectively, according to the increasing organic matter content of the tested 

soils (i.e., 0.8% in sand, 1.4% in loamy sand, and 2.0% in loam). In the artificial 

rainfall test with a rainfall intensity of 33 mm/h and slope of 8.5°, the soil loss 

of the three field soils was successfully decreased, demonstrating 69, 82, and 
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56% in sand, loamy sand, and loam, respectively. Interestingly, Ca2+, an 

essential element of the MICP-inducing solution, primarily increased the Cu 

concentration of the soil solution by exchanging the soil-sorbed Cu, causing a 

higher MICP inhibitory effect. 

 In this study, the composition of the MICP-inducing solution and 

the soil properties that could affect the formation of the bond by calcium 

carbonate precipitates were comprehensively understood based on the 

qualitative characteristics of individual calcium carbonate precipitates, the 

extent of bonding, and the strength of the soil. The results of this study 

confirmed the soil erosion prevention effect on the soils with various properties; 

further, the effect on the heavy metal-contaminated field soils indicates that 

MICP can be an effective measure to prevent soil erosion in heavy metals-

contaminated sites for risk mitigation.  

 

Keywords: Microbially induced calcium carbonate precipitation; Soil erosion 

prevention; Calcium carbonate; Soil erosion by rainfall; X-ray CT  

Student Number: 2014-21501 
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Chapter 1. Introduction 

 

1.1 Background 

Microbially induced calcium carbonate precipitation (MICP) is the technology 

of inducing calcium carbonate precipitation through microbial enzyme activity 

and using it for various engineering purposes, especially for ground 

improvement (Mujah et al., 2016, Ivanov and Chu, 2008, Dhami et al., 2013). 

Urea hydrolysis by urease-producing bacteria in soil (e.g., Sporosarcina 

pasteurii (S. pasteurii)) is commonly used to induce calcium carbonate 

precipitation. Several bacteria originating in the soil contain urease, which is 

responsible for the fast reaction of urea hydrolysis (Mujah et al., 2016, Dhami 

et al., 2013). When urease-producing bacteria, urea, and calcium are injected 

into the soil, the urease-producing bacteria hydrolyzes the urea; consequently,  

bicarbonate and ammonia are formed, which further increases the pH of the soil 

by the conversion of ammonia (i.e., NH3 to NH4
+ and OH-), resulting in calcium 

carbonate precipitation in conditions with abundant carbonate (Stocks-Fischer 

et al., 1999, Bachmeier et al., 2002). There are two types of methods (i.e., 

continuous injection and percolation methods) to inject the solution to induce 

MICP in soil (Mujah et al., 2016). The depth at which the solution can be 

injected is different for the two methods (i.e., up to 10 m by continuous injection 

method and up to 5 m by percolation method); however, both methods were 

reported to have high applicability when targeting soil surfaces (Whiffin et al., 
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2007, Harkes et al., 2010). 

Interestingly, the calcium carbonate precipitated in soil can act as a 

cementing agent, contributing to the increase in the strength of the soil (Mujah 

et al., 2016, Ivanov and Chu, 2008, DeJong et al., 2010). Several studies have 

reported the effect of MICP on ground improvement based primarily on 

unconfined compressive strength (UCS) (Mujah et al., 2016, DeJong et al., 

2010, DeJong et al., 2006, Cheng et al., 2013). It was reported that the UCS 

increased from 2 MPa (Cheng et al., 2013) to 34 MPa (Whiffin, 2004) after 

MICP application. Especially, it is known that the improvement by calcium 

carbonate precipitation is because of the bonding of soil particles bridged by 

the calcium carbonate precipitate (Mujah et al., 2016, DeJong et al., 2006, 

Cheng and Cord-Ruwisch, 2012, Cheng et al., 2013). Several researchers 

observed the bonded soil particles using scanning electron microscope (SEM) 

(Mujah et al., 2016, DeJong et al., 2006, Cheng and Cord-Ruwisch, 2012). For 

instance, DeJong et al. (2006) observed calcium carbonate precipitation 

between soil particles after MICP application in SEM images and through X-

ray compositional mapping; moreover, an increase in the shear strength was 

also observed.  

However, the observations based on SEM were conducted only on 

individual particles or a maximum of two bonded particles, because SEM 

analysis is conducted on broken down samples. Consequently, it is difficult to 

understand the overall condition of soil particles and the bonding by calcium 

carbonate. Terzis and Laloui (2018) further analyzed the MICP-applied sand 
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through a non-destructive three-dimensional structural analysis using an X-ray  

and observed that the calcium carbonate precipitates formed bonds among the 

soil particles. However, this analysis was conducted on a sample with one level 

of MICP application; therefore, further study to understand the mechanism of 

the bond formation with increasing calcium carbonate precipitate is required.  

Soil erosion, which occurs owing to wind and rainfall is a severe and 

adverse problem in civil engineering. It causes the sedimentation of the eroded 

soil at reservoirs, rivers, and drainage ditches, resulting in a reduction in their 

capacity (Morgan, 2009). Especially, soil erosion in heavy metal-contaminated 

sites demonstrates additional environmental impacts both inside and outside the 

site. Inside the site, the soil particles generated by wind erosion (i.e., fugitive 

dust) can result in a receptor (i.e., a human being) being exposed to heavy metal 

in the soil particles, causing risk through inhalation (Man et al., 2010, Luo et 

al., 2011, Kerin and Lin, 2010). In addition, outside the site, the deposition of 

the eroded soil particles and their transportation owing to water erosion and 

wind erosion contributes to the spread of heavy metal contamination into off-

site soil, surface water, and sediments (Quinton and Catt, 2007, Alloway, 2013). 

This can lead to significant increase in the risk of heavy metals, which are well-

known toxic substances to humans and the environment (Tchounwou et al., 

2012). Based on the bonding effect, the application of MICP was also studied 

for the prevention of soil erosion by wind (Maleki et al., 2016, Wang et al., 

2018b, Zomorodian et al., 2019, Naeimi and Chu, 2017) or water (Salifu et al., 

2016, Wang et al., 2018a). With MICP application, the increase in the strength 

of the soil and the corresponding decrease in soil erosion were confirmed. For 
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instance, Zomorodian et al. (2019) reported that no soil erosion was caused by 

wind at a speed of 20 m/s after MICP application; moreover, Wang et al. (2018a) 

confirmed the reduction in the erodibility owing to water flow at the surface of  

MICP-applied soil.  

However, only a few studies focused on rainfall-induced soil erosion 

and the effects of MICP in preventing it, despite rainfall being a major cause of 

soil erosion (Lal, 2001, Bullock, 2005). In addition, most research on the 

application of MICP was focused on the sand with minimal organic matter 

(Dhami et al., 2013, Mujah et al., 2016). To extend the applicability of MICP, 

it is necessary to apply MICP to soils with various properties, such as organic 

matter content and particle size, and to understand the effect of those properties 

on soil strengthening caused by MICP. Further, the effect of various heavy 

metals on MICP, which can occur when applying MICP to heavy metal-

contaminated soil, should be evaluated. Although there are few studies that 

applied MICP in heavy metal-contaminated soil (Mwandira et al., 2017, Xihai 

et al., 2018), these studies did not assess the effect of heavy metals on MICP 

(i.e., calcium carbonate precipitation or bonding); they merely confirmed the 

other effect of MICP (i.e., the immobilization of heavy metals). 

In this study, MICP was applied for the prevention of rainfall-induced 

soil erosion, especially in heavy metal-contaminated soil. The MICP-inducing 

solution was determined based on the expectation that calcium carbonate 

precipitates, which are favorable for bonding soil particles, were formed. Using 

the solution, the effect of MICP on the prevention of rainfall-induced soil 
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erosion was confirmed in two types of soils (i.e., sand and sandy loam with 2.6% 

organic matter) and in heavy metal-contaminated field soils by an artificial 

rainfall test. The effects of soil particle size, organic matter content, and Cu on 

MICP were evaluated. Further, the bonding of soil particles with calcium 

carbonate precipitated by MICP and the resulting soil strengthening effect were 

comprehensively understood by a three-dimensional structural analysis using 

X-ray computed tomography (X-ray CT) analysis and image processing tools. 

 

1.2 Objectives 

The primary objective of this study was to develop MICP as a measure for the 

prevention of soil erosion in heavy metal-contaminated site. The highlights of 

the study are as given below:  

1) The effect of MICP on soil loss prevention was confirmed in different 

types of soils (i.e., sand and sandy loam with 2.6% organic matter); 

further, it was confirmed in heavy metal-contaminated field soils 

through an artificial rainfall test. 

2) The effect of MICP on the bonding of soil particles and soil 

strengthening in the surface soil was comprehensively understood 

based on the characteristics of calcium carbonate precipitates that were 

affected by various factors (i.e., urea and calcium concentration, the 

presence of nutrient, and the presence of dissolved organic carbon) 

using microscopic analyses (i.e., SEM and X-ray CT). 
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1.3 Dissertation structure 

This dissertation consists of seven chapters (Fig. 1.1). Chapters 1 and 2 present 

the background and the literature review on related studies, respectively.  

Chapter 3 describes the results of the experiments to determine the MICP-

inducing solution. Chapter 4 presents the results of the effect of soil erosion 

prevention by MICP application using the solution determined in chapter 3. The 

three-dimensional structural proof about bonding of soil particles by MICP 

application is provided in chapter 5. Chapter 6 describes the result of MICP 

application in heavy metal-contaminated soil. Chapter 7 presents the summary 

of the entire results, conclusions, and scientific and practical importance of the 

results.  
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Fig. 1.1 Structure of dissertation 
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Chapter 2. Literature review 

 

2.1 Microbially induced calcium carbonate precipitation 

(MICP) 

2.1.1 Mechanism of calcium carbonate precipitation by microbial urease 

activity 

Microbially induced calcium carbonate precipitation (MICP) is the 

precipitation of calcium carbonate promoted by the enzyme activity of bacteria. 

It was previously reported that various enzyme activities of bacteria can induce 

calcium carbonate precipitation, such as urea hydrolysis by urease activity 

(Stocks-Fischer et al., 1999), denitrification (van Paassen et al., 2010a), and 

CO2 conversion by carbonic anhydrase (Achal and Pan, 2011, Dhami et al., 

2014). Among such reactions, calcium carbonate precipitation through urea 

hydrolysis is predominantly utilized (Ivanov and Chu, 2008, Dhami et al., 2013, 

Mujah et al., 2016). Urea is an organic compound that has two amine groups 

joined by a carbonyl functional group. Urease is the enzyme that is present in 

many soil bacteria; moreover, urea hydrolysis is a common reaction in natural 

soils (Lloyd and Sheaffe, 1973). In the well-known reaction mechanism of urea 

hydrolysis mediated by urease, urea is first cleaved to ammonia and carbamic 

acid; then, the carbamic acid is further hydrolyzed to ammonia and carbon 

dioxide (Mobley and Hausinger, 1989). Urea can also be hydrolyzed without 

the enzyme; however, the hydrolysis mediated by urease demonstrates a 
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significantly faster reaction (i.e., 1014 times faster) (Benini et al., 1999). As urea 

is hydrolyzed, the pH is increased due to the conversion of ammonia to 

ammonium and hydroxyl ion, and finally the carbonate ion is produced (Stocks-

Fischer et al., 1999). If calcium is present, it leads to the precipitation of calcium 

as calcium carbonate.  

This reaction also occurs in soil, when the solution containing urea, 

calcium, and urease-producing bacteria is injected into the soil (DeJong et al., 

2006). It is generally suggested that the injected urease-producing bacteria 

hydrolyzes urea and also acts as a nucleation site, as illustrated in Fig. 2.1, 

because its negatively charged surface can attract the calcium ion, which has a 

positive charge. (Ivanov and Chu, 2008, Dhami et al., 2013, Mujah et al., 2016). 

However, it was indicated that the role of the bacteria as a nucleation site was 

suggested based on the observations through scanning electron microscope 

(SEM) and on the state that calcium carbonate precipitation was complete 

(Zhang et al., 2018). Zhang et al. (2018) observed calcium carbonate 

precipitation on agar plates containing urea and calcium at single-cell resolution 

using time-lapse microscopic imaging, resulting in the identification of 

precipitation near the bacteria and not on the bacterial surface. Although the 

role of the injected bacteria as a nucleus in calcium carbonate precipitation is 

controversial, it is clear that urea hydrolysis promoted by the bacteria leads to 

calcium carbonate precipitation in soil.  
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Fig. 2.1 Calcium carbonate precipitation mediated by urease-producing 

bacteria in soil (DeJong et al., 2010) 
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Among various urease-producing bacteria, Sporosarcina pasteurii (S. 

pasteurii) is the most widely used species for MICP because it demonstrates 

high urease activity and is nonpathogenic (Mujah et al., 2016). It is a gram-

positive, alkaliphilic, and aerobic bacteria (Yoon et al., 2001, Martin et al., 

2012). Its ability to hydrolyze urea, which is represented as the urea hydrolysis 

rate of a pre-cultured cell, was reported to be approximately 3 mM/min, 

determined by one unit of optical density at 600 nm (OD600); further, this rate 

was not significantly affected by the pH in the range of 6-9 or ammonia of up 

to 300 mM (Lauchnor et al., 2015). Although it is an aerobic bacteria, the urease 

enzyme produced in the aerobic condition can act in an anaerobic condition, 

indicating its application in a subsurface environment where zero to minimal  

oxygen is present (Martin et al., 2012, Cuthbert et al., 2013). For instance, 

Cuthbert et al. (2013) injected urea, calcium, and S. pasteurii into a subsurface 

rock located 25 m below ground level, and induced calcium carbonate 

precipitation. 

The morphology of calcium carbonate precipitated by S. pasteurii is 

known to be calcite and vaterite (Zhang et al., 2018, Shivkumara et al., 2006, 

Rodriguez-Blanco et al., 2011, Gorospe et al., 2013, Van Paassen, 2009). In 

these studies, spherical and rhombohedral shaped precipitates were observed in 

the SEM analysis, indicating vaterite and calcite, respectively. It was also 

confirmed using X-ray diffraction (XRD) analysis of the precipitates (Zhang et 

al., 2018).  
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Fig. 2.2 Calcium carbonate precipitation caused by Sporosarcina pasteurii:  

(a) calcium carbonate precipitated near S. pasteurii in agar medium containing 

urea and calcium, (b) spherical and rhombohedral shape crystal of the 

precipitated calcium carbonate, and (c) the result of X-ray diffraction analysis 

of calcium carbonate precipitates. Arrows point to the peaks of vaterite; the 

other peaks are of calcite (modified from Zhang et al. (2018)) 
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2.1.2 Application of MICP on ground improvement 

As the solution to induce calcium carbonate precipitation is repeatedly injected 

into soil, the amount of calcium carbonate that is precipitated increases and the 

pores between soil particles is filled up. When calcium carbonate precipitates 

fill the space between soil particles, calcium carbonate acts as a bond between 

soil particles, and eventually the strength of the soil increases with the bonding 

(Fig. 2.3) (DeJong et al., 2010). Based on this effect, the ground improvements, 

such as the reduction of permeability and the increase in the strength of soil, 

were primarily studied in previous MICP research (Ivanov and Chu, 2008, 

Dhami et al., 2013, Mujah et al., 2016). For instance, Stabnikov et al. (2011) 

reported that the permeability decreased to 1.6×10-7 m/s after the sixth 

treatment of MICP; moreover, Nemati (2003) obtained a 98% decrease in 

permeability after two injections of MICP-inducing solutions. While 

considering the strength of the soil, unconfined compressive strength (UCS) is 

primary indicator of strength (Mujah et al., 2016). The UCS of MICP-treated 

soil was approximately 2 MPa (Cheng et al., 2013) and even increased to 34 

MPa (Whiffin, 2004) in laboratory tests. It was reported that the UCS of MICP-

applied sand had an exponential relationship with the amount of calcium 

carbonate precipitated by MICP (van Paassen et al., 2009).  
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Fig. 2.3 Backscattered electron image of sand and MICP-applied sand after 

polishing with diamond paste: (a) sand, (b) sand with light application of MICP, 

and (c) sand with heavy application of MICP (modified from DeJong et al. 

(2006)) 
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 To induce calcium carbonate precipitation in soil, continuous injection 

of MICP-inducing solution was widely used (Mujah et al., 2016). Whiffin et al. 

(2007) continuously injected MICP-inducing solution into sand filled in a 

column of height 5 m using a peristaltic pump and obtained calcium carbonate 

precipitation in the entire 5 m of sand. It is a remarkable characteristic of MICP 

as the application depth achieved is deeper than that by chemical grouting 

because the slower reaction of MICP caused lesser clogging of the pores (Mujah 

et al., 2016, Ivanov and Chu, 2008, Whiffin et al., 2007). van Paassen et al. 

(2010b) injected MICP-inducing solution horizontally using an injection wall 

embedded in a sand column and confirmed large-scale calcium carbonate 

precipitation (8 m × 5.6 m × 2.5 m). Although the precipitation of calcium 

carbonate was successful, the precipitation of calcium carbonate precipitation 

was not uniform; consequently, the occurrence of high variance in the strength 

of the MICP-applied sand was pointed out as a limitation (Mujah et al., 2016, 

Whiffin et al., 2007, van Paassen et al., 2010b). Therefore, when using the 

continuous injection method, it is important to prevent the clogging that occurs 

owing to concentrated calcium carbonate precipitation near the injection point 

or surface (Mujah et al., 2016). Low concentrations of urea and calcium were 

preferred to induce more homogenous precipitation of calcium carbonate. Al 

Qabany et al. (2011) obtained more uniform distribution of calcium carbonate 

with low concentrations of urea and calcium in the range of 0.1-1 M, although 

the total amount of precipitates was proportional to the amount of injected 

sources for calcium carbonate precipitation.   
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 However, MICP can also be applied by intermittent injections of 

MICP-inducing solution by merely spraying the solution on the target soil 

(Cheng and Cord-Ruwisch, 2012, Cheng et al., 2013, Cheng and Cord-Ruwisch, 

2014). Cheng and Cord-Ruwisch (2012) intermittently sprayed microbial 

solution (i.e., pre-cultured urease-producing bacteria) and cementation solution 

(i.e., urea and calcium) onto a sand column, and obtained calcium carbonate 

precipitation in the entire 1 m of the sand column. MICP application by this 

method was also tested in a field. Gomez et al. (2015) applied MICP-inducing 

solution to a rectangular target area (2.4 m × 4.9 m) in a desert. It was observed 

that the depth of the rigid surface crust created by MICP application was up to 

2.5 cm from the surface; further, a significant increase in the resistance to a 

dynamic cone penetrometer, which is an indicator of the shear strength, was 

verified in depths greater than 5 cm. It is expected that MICP treatment by 

merely spraying the solution intermittently can increase the applicability of 

MICP, especially when aimed at the surface soil for the purposes such as dust 

suppression (Mujah et al., 2016).  
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2.1.3 Importance of the bonding of soil particles by calcium carbonate in 

MICP-mediated soil strengthening 

It is known that the formation of calcium carbonate between the soil particles 

can bind soil particles, which predominantly contributed to the increase in the 

strength of the soil (DeJong et al., 2010, Cheng and Cord-Ruwisch, 2012, 

Cheng et al., 2013). Cheng et al. (2013) induced calcium carbonate 

precipitation through various degrees of saturation of the MICP-inducing 

solution. The authors differentiated the position of calcium carbonate 

precipitates. It was observed that the MICP-inducing solution preferentially 

filled the edges of soil particles owing to the capillary effect, and the bulk pore 

was filled thereafter as more solution was injected. Accordingly, calcium 

carbonate precipitation also occurred at the edges of soil particles, which is 

expected to be preferential to form bonds because the distance between 

particles is the shortest. In the results, the MICP-applied soil showed higher 

strength when a lower degree of saturation was applied for the same amount of 

calcium carbonate precipitates, indicating that the concentrated precipitation of 

calcium carbonate between soil particles was favorable for increasing the 

strength of the soil, as it is expected to form the bond efficiently for the same 

amount of calcium carbonate precipitates (Fig 2.4). Conversely, the effect of 

MICP was removed in a large portion of the soil after the destruction of the 

bonding (DeJong et al., 2006). Consequently, it is crucial to not only obtain the 

calcium carbonate precipitation, but also to induce the precipitation to 

efficiently form the bonds between soil particles. 
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Fig. 2.4 Schematic diagram of calcium carbonate bonding and its efficient 

position: (a) different calcium carbonate precipitates with different degrees of 

saturation of MICP-inducing solution (Cheng et al., 2013), and (b) preferential 

position of calcium carbonate precipitates (DeJong et al., 2010) 
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2.2 Soil erosion 

2.2.1 Soil erosion and general problems in soil 

Soil erosion is one of the major environmental concerns. It can cause both on-

site and off-site effects. On-site impacts are a major concern in croplands. Soil 

erosion induces the disturbance of soil, destruction of soil structure, and loss of 

soil organic matter and nutrients, which in turn reduce the productivity of the 

soil (Pimentel, 2006, Morgan, 2009). In addition to the on-site impacts of soil 

erosion, many adverse off-site effects of soil erosion are also known. The 

eroded soil particles are transported downward and deposited in streams, rivers, 

lakes, and man-made infrastructures, such as reservoir or drainage ditches 

(Morgan, 2009). It reduces the capacity of these infrastructures (Pimentel, 2006) 

and can even lead to the flooding of rivers and lakes (Myers et al., 1984).  

 Rainfall is primary cause of soil erosion, which can result in these 

severe problems (Pimentel, 2006, Morgan, 2009). Owing to the high energy of 

raindrops, soil particles splashed by the raindrops are detached from the surface 

and they move downward with the flow of surface runoff (Morgan, 2009). This 

effect coupled with climate change causes significantly severe soil erosion  

(Nearing, 2001). Climate change has resulted in increasing intensity of rainfall 

in addition to the expansion of arid areas (Nearing et al., 2005, Huang et al., 

2016), which increases the erosivity of soil globally (Nearing, 2001).  
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2.2.2 Mechanism of soil erosion by rainfall 

The detailed mechanism of the detachment of soil particles by raindrops was  

suggested by Al-Durrah and Bradford (1982), which is illustrated in Fig. 2.5. 

When the raindrop crashes on the soil, the particle receives a vertical force. This 

force compresses the raindrop and results in a radial expansion on impact. The 

radial flow of the raindrop results in a lateral shear force on impact with the soil 

particles. Finally, the shear force detaches the soil particles. This indicates that 

the detachment of soil particles by rainfall can be reduced by increasing the 

strength of the target soil, such as the shear strength. 

 This soil erosion induced by the splash of raindrops is known to be a 

predominant force that results in the detachment of soil particles; thus, rainfall 

intensity is an important factor to determine rainfall-induced soil erosion 

(Morgan, 2009). The slope of the ground is also an important factor while 

considering the transport of the detached soil particles. However, the effect of 

slope on erosion rate is not always positive. Rather, it is reported that the erosion 

rate increases with an increasing slope of up to approximately 18-25° and 

decreases when the slope increased more (Morgan, 2009).   
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Fig. 2.5 Schematic diagram of the splash of a raindrop on soil surface: (a) low-

strength raindrop and (b) high-strength raindrop (Al-Durrah and Bradford, 1982) 
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2.2.3 Previous MICP studies on the prevention of soil erosion 

Based on the effect of MICP on soil strengthening, several studies on the 

prevention of soil erosion using MICP were conducted (Meyer et al., 2011, 

Anderson et al., 2014, Naeimi and Chu, 2017, Maleki et al., 2016, Wang et al., 

2018b, Salifu et al., 2016, Zomorodian et al., 2019, Wang et al., 2018a). Those 

works were primarily focused on the soil erosion caused by wind. For instance, 

Meyer et al. (2011) applied MICP on sand with various volumes of MICP-

inducing solution, which was expected to induce calcium carbonate 

precipitation proportional to the volume of the solution, and confirmed the 

corresponding reduction of dust generation (i.e., soil erosion by wind). Naeimi 

and Chu (2017) also applied MICP on sand, and assessed the decrease in the 

wind-induced soil erosion using calcium carbonate precipitation. Soil erosion 

by wind with a wind speed of approximately 11 m/s was tested using a wind 

tunnel; the results demonstrated that the erosion decreased by 70% in a 15 g/m2 

of calcium carbonate precipitation. The effect of MICP on the prevention of 

wind erosion was also confirmed by Zomorodian et al. (2019). Zomorodian et 

al. (2019) conducted a wind erosion test, and determined that a crustal surface, 

obtained through MICP application with 0.25 M of urea and calcium, had a 

resistance against winds even up to a speed of 20 m/s.  

 However, only a few studies were conducted to test the effect of MICP 

on the prevention of rainfall-induced soil erosion. Salifu et al. (2016) simulated 

a tidal effect on a foreshore slope and tested the increase in the stability of the 

slope caused by MICP application. In the specimen with MICP application, 
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which was as much as 120 kg-CaCO3/m3-soil, negligible erosion occurred, 

indicating a significant increase in the slope stability. Wang et al. (2018a) tested 

soil erosion caused by water flow, and obtained the result that the water flow 

rate causing the erosion increased from 0.3 to above 6 m/s, which is due to the 

increase in the resistance owing to MICP application. 

 Soil erosion by water was also studied; however, these studies focused 

on the effects of erosion caused by surface water flow, and not rainfall. Thus, it 

is necessary to confirm the effect of MICP on the prevention of rainfall-induced 

soil erosion because it is a major cause of soil erosion. In addition, the 

aforementioned research was all focused on sand in the prevention of soil 

erosion. To confirm the effect of MICP on soil erosion prevention, the effect of 

soil properties should be assessed because soil erosion occurs in various soils 

with different properties, not only in sand.  
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2.3 MICP application on heavy metal-contaminated soil 

2.3.1 Soil erosion and problems in heavy metals-contaminated soil 

Soil erosion in a heavy metal-contaminated site causes additional 

environmental problems both inside and outside the site. Soil particles that are 

detached by wind and scattered in the air, which is known as fugitive dust, can 

be inhaled by receptors (i.e., humans) in the contaminated site. It results in the 

receptor being exposed to heavy metals in the particles through inhalation (Man 

et al., 2010, Luo et al., 2011, Kerin and Lin, 2010). In addition, the transport of 

the soil particles eroded from a heavy metal-contaminated site by wind or 

rainfall is one of the mechanisms for the spread of heavy metals. Heavy metals 

can be transported into off-site soil, surface water near the site, and sediments, 

resulting in the spread of heavy metal contamination (Quinton and Catt, 2007, 

Alloway, 2013). It leads to higher receptor exposure to heavy metal, and 

increases the risk of the contaminated site.  

 Soil erosion and the corresponding spread of heavy metal 

contamination can be more problematic owing to the characteristics of the 

contamination and the difficulties in remediation. One of the major causes of 

heavy metal contamination of soil is the atmospheric deposition of heavy 

metals (Alloway, 2013, Järup, 2003). Heavy metals are emitted into the air, 

usually as particles, and are transported for a few kilometers through the air 

flow (Alloway, 2013). It causes extensive heavy metal contamination and 

accumulation on the surface soil. Moreover, it can further continue to spread by 

the soil erosion that occurs in the surface soil.  
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Elimination of the excess heavy metals in soil is the safest method to 

prevent the spread of heavy metal contamination. Ex-situ removal soil heavy 

metals by soil washing is one of the remediation techniques to eliminate heavy 

metals in soil. Further, a method that excavates the contaminated soil and 

desorbs the heavy metals using a chelating agent, such as 

ethylenediaminetetraacetic acid (EDTA) is known to be an effective and fast 

method (Mulligan et al., 2001). However, such technologies with excavation 

require large amounts of manpower, resources, and cost, which significantly 

reduces the applicability of these technologies (Su et al., 2014). 

Solidification/stabilization (S/S) techniques, which do not eliminate the heavy 

metals in soil, but considerably reduce the mobility of these metals and contain 

the contamination, are viable options (Su et al., 2014). The S/S technique 

primarily involves chemical reactions using additives, such as cement, and 

strongly captures heavy metals in sand by the mechanisms of sorption, 

complexation, and precipitation (Paria and Yuet, 2006). However, significantly 

strong bond of soil particles which are irreversible, and the considerably low 

soil permeability can cause other environmental problems when applied to large 

sites.  
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2.3.2 Previous MICP studies on heavy metal-contaminated soil 

MICP studies on heavy metal-contaminated soil were primarily conducted for 

the reduction of the mobility of the target soil. Kang et al. (2016) induced 

calcium carbonate precipitation in a sand column containing heavy metals, such 

as Pb, Cd, or Cu, and demonstrated their reduction in the effluent. Yang et al. 

(2016) injected the MICP-inducing solution into an acid Cu mine containing 

Cu, Pb, and Cd and also confirmed the reduction in the leaching of heavy metals. 

MICP application transformed the heavy metals from an exchangeable form to 

a carbonate-bound form, resulting in a reduction in the leaching of heavy metals 

(Yang et al., 2016).  

So far, only a few studies have focused on the prevention of soil 

erosion by MICP application in heavy metal-contaminated soil. However, 

applying MICP as a soil loss prevention technique demonstrates several 

advantages. It can be applied by merely spraying the solution onto the target 

soil to induce MICP (Cheng and Cord-Ruwisch, 2012), which can maintain a 

certain extent of permeability in the applied soil when compared to the S/S 

technique mentioned above (Whiffin et al., 2007).   
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Chapter 3. Determination of the composition and 

concentration of the solution to induce microbially 

induced calcium carbonate precipitation for 

efficient calcium carbonate bonding 

 

3.1 Introduction  

Microbially induced calcium carbonate precipitation (MICP) is the technology 

that induces calcium carbonate precipitation by microbial enzyme activity 

(Mujah et al., 2016, DeJong et al., 2006). The most commonly used mechanism 

is that mediated by microbial urease activity owing to its faster reaction (Mujah 

et al., 2016, Dhami et al., 2013). Urease-producing bacteria can hydrolyze each 

mole of urea to one mole of bicarbonate and two moles of ammonium, thereby 

rapidly creating a favorable environment for calcium carbonate precipitation. 

When the urease-producing bacteria, urea, and calcium ions are injected into 

soil, urea hydrolysis is stimulated by the microbial urease activity; consequently, 

pH and carbonate ion concentrations increase near the bacterial cells, and 

calcium carbonate is thus precipitated and grown near the bacterial cells (Mujah 

et al., 2016). Interestingly, it is known that the calcium carbonate precipitates 

that grow between soil particles bind the soil particles together (Cheng and 

Cord-Ruwisch, 2012). After MICP was applied, the increase in the strength of 

soil was confirmed by indicators such as an increase in the compressive and 
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shear strengths (Duraisamy and Airey, 2012, Harkes et al., 2010, Montoya and 

DeJong, 2015, Wei-song Ng, 2012). Thus, MICP was predominantly studied 

for improving the soil strength in the field of geotechnical engineering (Mujah 

et al., 2016); moreover, its effects were confirmed not only in the labaratory 

scale (DeJong et al., 2010, Montoya and DeJong, 2015, Harkes et al., 2010), 

but also in a field site measuring 2.4 m × 4.9 m (Gomez et al., 2015). In addition 

to the application of MICP as a ground improvement technology, MICP was 

also studied for the prevention of soil erosion using the bonding effect (Maleki 

et al., 2016, Zomorodian et al., 2019, Salifu et al., 2016, Joshua Anderson ; 

Sangchul Bang, 2014, Meyer et al., 2011, Naeimi and Chu, 2017). For instance, 

Naeimi and Chu (2017) observed a 70% reduction of dust in sand when 15 g/m2 

of calcium carbonate was precipitated.  

To apply a MICP-inducing solution, the first step is to obtain a MICP-

inducing solution that basically contains urea, calcium, and urease-producing 

bacteria. Particularly, it was indicated that obtaining a microbial culture 

solution with urease activity depends on the cost effectiveness (Whiffin, 2004, 

Ivanov and Chu, 2008, Cuzman et al., 2015). For MICP, a bacterium called 

Sporosarcina pasteurii (S. pasteurii) is widely used owing to its high urease 

activity (Mujah et al., 2016). Generally, S. pasteurii is grown in a growth 

medium until sufficient amount is obtained; then, the microbial solution is 

either directly injected, injected after dilution, or injected after cell separation 

and resuspension in a fresh solution. Therefore, it is important to grow S. 

pasteurii efficiently; however, only a few studies were conducted on its growth 

condition. In addition, the amount of bacteria, which is determined by the 
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optical density at 600 nm (OD600) or the number of cells, was analyzed only in 

terms of the growth of S. pasteurii; however, the urease activity of the microbial 

solution is more important. 

To obtain sufficient amount of calcium carbonate to improve the 

strength of the soil, the MICP-inducing solution was introduced into the target 

soil using two methods (continuous injection and percolation methods) (Mujah 

et al., 2016). The continuous injection method has the advantage of having a 

deep injection depth (i.e., up to 5 m) (Whiffin et al., 2007, Harkes et al., 2010); 

however, the percolation method is easier to apply than the continuous injection 

method, which requires more equipment for injection. 

In this study, the percolation method was selected to apply MICP 

because the injection depth was not significant while applying on soil surfaces 

(i.e., approximately 2 cm of depth) where soil erosion occurrs. In addition, the 

soil with calcium carbonate precipitation obtained using the percolation method 

demonstrated a higher strength even with the same amount of calcium 

carbonate when compared to the injection method (Cheng et al., 2013), which 

indicates that a lower amount of MICP-inducing solution is required. Cheng et 

al. (2013) concluded that the higher ratio of the effective bonding achieved a 

higher efficiency of calcium carbonate precipitation for soil strengthening using 

the percolation method. This result suggested that the qualitative properties of 

calcium carbonate precipitates as well as the quantity of the precipitate are 

important factors in the application of MICP for soil strengthening.  

The objectives of this chapter were to derive the optimal growth 
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condition of S. pasteurii while considering the urease activity of the culture 

solution with the bacterial growth and to determine the efficient composition of 

the MICP-inducing solution that can effectively form calcium carbonate bonds 

in soil. The initial urea concentration and headspace volume were tested as 

factors affecting the growth and urease activity of S. pasteurii. In the solution, 

the maximum urea and calcium concentration for obtaining calcium carbonate 

precipitation was determined; then, the amount and size of the precipitates were 

analyzed after repeated introduction at varying concentrations of urea and 

calcium under the expectation that the larger precipitates are beneficial for 

forming bonds between soil particles. 
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3.2 Materials and Methods 

3.2.1 Growth and urease activity of Sporosarcina pasteurii at varying 

values of initial urea concentration and headspace 

3.2.1.1 Growth of Sporosarcina pasteurii 

Sporosarcina pasteurii KCTC 3558 was purchased from the Korean Collection 

for Type Cultures (KCTC), and cultured in liquid media with various 

concentrations of initial urea or different volume of headspaces. The growth 

mediums for different urea concentrations consisted of 30 g/L of tryptic soy 

broth (TSB; BD, Korea) with five different urea concentrations (i.e., 0, 0.01, 

0.1, 0.33, and 1 M); further, the pH was adjusted to 7.2 with 2 N of HCl. The 

mediums were placed in 50 mL conical tubes each (Corning, USA), and a 100 

μL aliquot of the pre-cultured S. pasteurii, which was centrifuged (12,000 g and 

4℃ for 5 min) and resuspended in phosphate buffer saline (PBS) solution, was 

added to the mediums (total growth medium of 10 mL and headspace of 40 mL). 

To investigate the effect of headspace, S. pasteurii was cultured in a growth 

medium composed of 30 g/L of TSB, 0.1 M of urea, and pH of 7.2) with various 

headspace volumes (i.e., 0, 1.6, 3, 5, 7, 14, 26, and 52 times the volume of the 

growth medium). The medium was placed in a 160 mL serum bottle with the 

volume satisfying each headspace, and pre-cultured S. pasteurii prepared by the 

aforementioned method was added in a volume of one hundredth of the growth 

medium. For all sets, the growth medium with S. pasteurii was incubated at 30 ℃ 

with shaking at 180 rpm. The samples with different test conditions were 

prepared in triplicate per incubation time for each initial urea concentration and 
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headspace.  

 

3.2.1.2 Measurement of growth and urease activity 

The bacterial growth was determined by measuring OD600. The cultured S. 

pasteurii solution was centrifuged at 12,000 g and 4 ℃ for 5 min, and then 

resuspended in PBS solution. This process was repeated twice to remove the 

remaining substances from the culture solution; finally, the S. pasteurii cell was 

resuspended in PBS solution equal to the volume of the initial culture solution 

of the sample. If the value of the OD600 measured was outside the range of 0.3-

0.8, either dilution or concentration of the PBS solution containing S. pasteurii 

cell was conducted; subsequently, the solution was measured such that the 

range of OD600 was between 0.3-0.8. This was performed because, in the 

preliminary test, it was confirmed that the linear relationship demonstrated in 

the value of OD600 with dilution or concentration was valid only within this 

range. Finally, the OD600 value was determined by multiplying the OD600 value 

within the range and with the dilution or concentration factor.  

To analyze urease activity, 1 mL of the PBS solution containing S. 

pasteurii cell from the same volume of the culture solution was made to react 

with 9 mL of 1.66 M of urea solution (final urea concentration of 1.5 M). After 

a reaction period of 3 min, the solution was filtered through a 0.45-μm filter 

membrane. The total ammonia concentration of the solution after the reaction 

was measured using Nessler’s reagent, according to the method proposed by 

Whiffin (2004). The urease activity was calculated as half of the concentration 
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of the produced ammonia divided by the reaction time.  

Further, the kinetic of urea hydrolysis of S. pasteurii was determined 

based on Michaelis Menten equation (Eq. 3.1).  

  V=(Vmax[S])/(Km+[S])              (Eq. 3.1) 

The constant V is the reaction velocity and Vmax is the maximum reaction 

velocity with millimolar units of urea hydrolyzed per minute. The constant [S] 

is the urea concentration, Km is the substrate concentration when the reaction 

velocity is half of the maximum reaction velocity. To determine the constant 

Vmax and Km, the urea hydrolysis rate was determined at different initial urea 

concentrations (i.e., 100, 200, 300, and 450 mM) using the aforementioned 

method. From the result of the preliminary test, it was determined that the 

reaction time hydrolyzed less than 5% of the initial urea concentration.  
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3.2.2 Microbially induced calcium carbonate precipitation (MICP) with 

Sporosarcina pasteurii in solution and sand 

3.2.2.1 MICP in the solution with various urea and calcium concentrations 

Sporosarcina pasteurii (KCTC 3558) was previously grown in 30 g/L of TSB 

with 0.1 M at 30 ℃ for 24 hours. The culture was centrifuged at 12,000 g for 8 

minutes, and resuspended in 0.85% NaCl solution for an OD600 of 2.0. The NaCl 

solution containing S. pasteurii of OD600 of 2.0 was mixed with the solution 

containing urea and calcium, which was created at twice the final concentration, 

in a volume ratio of 1:1. The final concentrations of the solution were S. 

pasteurii of OD600 of 1.0 and varying urea and calcium concentrations of 100, 

200, 450, 1,000, and 1,500 mM. The mixed solution underwent a chemical 

reaction at 25 ℃ for 24 hours.  

 To lyse the S. pasteurii cell, 40 mL of the culture solution of S. 

pasteurii (OD 4.0) was placed in a 50 mL conical tube and centrifuged at 14,000 

g for 8 min. After removing the supernatant, 4 mL of lysozyme buffer (i.e., 20 

mM tris(hydroxymethyl)aminomethane-HCl (Tris-HCl), 2 mM 

ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100 at a pH of 8.0) and 

40 mg of lysozyme powder were placed in the tube containing the remaining 

cell, and resuspended. All reagents for the lysozyme buffer and lysozyme 

powder were purchased from Sigma Aldrich. The mixture was incubated at 37 ℃ 

for 30 min with occasional vertical mixing, and then centrifuged at 14,000 g for 

8 min. The supernatant was used as the S. pasteurii cell lysate.  
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3.2.2.2 Microbially induced calcium carbonate precipitation in sand with 

various concentrations of urea and calcium in the MICP-inducing solution 

To investigate the amounts and sizes of calcium carbonate precipitates formed 

in sand, the MICP-inducing solution was repeatedly injected into sand with a 

particle size of 150-500 μm. The injected MICP-inducing solution was created 

using the aforementioned method. To study the effect of the concentration of 

urea and calcium, the MICP-inducing solution at three different concentrations 

(i.e., 4 g/L TSB and OD600 1.0 S. pasteurii with 200, 450, and 1,000 mM urea 

and calcium) was applied. Additionally, to study the effect of the nutrient, 

MICP-inducing solution without nutrient (i.e., 450 mM of urea and calcium, 

OD600 1.0 S. pasteurii) was also applied.  

A 125 mL of high density polyethylene (HDPE) bottle (SPL Life 

Sciences, Korea) with an inner diameter of 5 cm and a length of 6 cm was used 

as a frame. At the bottom of the bottle, five holes with a diameter of 5 mm were 

drilled at equal intervals for drainage; a metal mesh and glass beads were placed 

on these holes. The prepared sand was filled up to a height of 1.8 cm (i.e., about 

50 g), and 15 mL of the MICP-inducing solution was sprayed onto the specimen 

at each application. The samples were prepared in triplicate per number of 

applications for each type of MICP-inducing solution.  
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3.2.2.3 Analytical method  

In the experiment, 5 mL aliquot of a bulk sample was filtered through a 0.45 

μm filter membrane, and ammonia and dissolved calcium of the filtered 

solution were analyzed. Ammonia was measured using the aforementioned 

method. The dissolved calcium was analyzed using inductively coupled 

plasma-optical emission spectroscopy (ICP-OES; iCAP 7400 DUO, Thermo 

Scienfitic, USA). 

In the experiment conducted in sand, the concentration of calcium 

carbonate was determined in each specimen applied with MICP. Five grams of 

the dried specimen was washed with distilled water at the liquid/solid (L/S) 

ratio of five to remove the free calcium ions that were not precipitated as 

calcium carbonate. Then, the washed specimen was made to react with 2 N HCl, 

with the L/S ratio of five to dissolve the precipitated calcium carbonate. The 

dissolved calcium ions in 2 N HCl solution were analyzed using ICP-OES.  

A scanning electron microscope (SEM) image of calcium carbonate 

precipitates on the sand surface after the introduction of the MICP-inducing 

solution into sand was captured at an accelerating voltage of 2 kV by field 

emission (FE)-SEM (SUPRA 55VP, Carl Zeiss, Germany). The sample for FE-

SEM analysis was Pt-coated by a Pt coater (EM ACE200, Leica, Austria) before 

the images were captured. 
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3.3 Results and Discussion 

3.3.1 Growth of Sporosarcina pasteurii and urease activity 

3.3.1.1 Effect of initial urea concentration of growth medium 

The OD600 of Sporosarcina pasteurii KCTC 3558, which were grown at 

different urea concentrations (i.e., 0, 0.01, 0.1, 0.33, and 1 M urea) was 

measured. After 24 hours, only marginal increase of OD600 (i.e., 0.27±0.01) was 

observed at 0.01 M of urea concentration; however, a rapid increase of OD600 

was observed at urea concentrations equal to or higher than 0.1 M (Fig. 3.1(a)). 

Interestingly, such increase in growth was inhibited at 0.33 and 1 M of urea 

concentrations. The maximum growth was observed with 0.1 M of urea. No 

significant increase was observed at 0.01 M of urea because the S. pasteurii 

requires high ammonium (> 40 mM) and an alkaline pH (> 8.5) for its growth 

(Mörsdorf and Kaltwasser, 1989). As shown in Fig 3.1(b), the urea appears to 

be fully hydrolyzed by S. pasteurii KCTC 3558 in 10 hours of incubation, 

which resulted in the generation of free ammonia and ammonium. The total 

ammonia generated from 0.01 M urea was less than 27 mM and the increase in 

pH was not significant (Fig. 3.1(c)). Conversely, the maximum concentrations 

of total ammonia were 177.5±2.3, 633.5±23.6, and 1,892.0±155.0 mM at 0.1, 

0.33, and 1 M of urea, respectively, and correspondingly, the pH of the media 

increased to approximately nine.  

The urease activities of S. pasteurii KCTC 3558 grown at different 

urea concentrations (i.e., 0.01, 0.1, 0.33, and 1 M urea) were determined with 
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time (Fig. 3.1(d)). At 24 hours of incubation, the urease activities at 0.01, 0.1, 

0.33, and 1 M urea media were 0.9±0.1, 11.2±0.6, 7.8±0.6, and 4.4±0.2 

mM/min, respectively, representing a pattern similar to the bacterial growth 

shown in Fig. 3.1(a).  
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Fig. 3.1 Optical density at 600 nm, total ammonia concentration, pH, and urease 

activity of the cultures with varying initial urea concentrations (i.e., 0, 0.01. 0.1, 

0.33, 1 M) and incubation time: (a) optical density at 600 nm, (b) total ammonia 

concentration, (c) pH, and (d) urease activity 
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Considering that growth inhibition was observed and the total 

ammonia generation was high at 0.33 and 1 M of urea, ammonia toxicity to S. 

pasteurii KCTC 3558 was suspected; therefore, the free ammonia 

concentrations in each culture medium were determined at 10 hours of 

incubation to determine the difference in the growth rate (Table 3.1). At 0.1 M 

of urea, the free ammonia concentration was 54.5±1.6 mM while it was 

281.3±25.1 and 1,037.2±101.3 mM at 0.33 and 1 M urea, respectively. As the 

initial urea concentration increased, not only was more the total ammonia 

produced, but the pH also increased marginally. These two factors resulted in a 

significant difference in free ammonia concentration.  

Another set of experiments were performed to identify the effect of 

free ammonia on the growth of S. pasteurii KCTC 3558. The values of OD600 

of S. pasteurii grown at different free ammonia concentrations (i.e., 25, 50, 100, 

and 200 mM) were measured. The S. pasteurii grew at all free ammonia 

concentrations that were tested (i.e., 25, 50, 100, and 200 mM); however, a 

decrease in the growth rate was observed at free ammonia concentrations of 

100 and 200 mM (Fig. 3.2).  

 

 

  



51 

Table 3.1 pH, total ammonia concentration, free ammonia concentration of the 

cultures with various initial concentrations at 10 hours of incubation 

Urea  

concentration (M) 
pH 

Ammonia concentration (mM) 

Total Free 

0.01 7.5±0.0 11.7±0.5 0.2±0.0 

0.1 8.9±0.0 177.5±2.3 54.5±1.6 

0.33 9.2±0.1 633.5±23.6 281.3±25.1 

1 9.3±0.0 1,892.0±155.0 1,037.2±101.3 
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Fig. 3.2 Optical density at 600 nm of the cultures with varying free ammonia 

concentrations (i.e., 25, 50, 100, and 200 mM) and incubation times 
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Previous research on MICP (Barkouki et al., 2011, Cuzman et al., 2015, 

DeJong et al., 2006, Lauchnor et al., 2015) used a urea concentration of 0.33 M 

to obtain the S. pasteurii culture solution for MICP. However, when 0.33 M is 

used for growth, it generated approximately 281.3±25.1 mM of free ammonia 

(Table 3.1), which resulted in an inhibition in the growth of S. pasteurii KCTC 

3558 (Fig. 3.1(a)), which probably occurred owing to the toxic effect of free 

ammonia. Leejeerajumnean et al. (2000) investigated the effect of free 

ammonia on the growth of 26 Bacillus species (e.g., Bacillus subtilis, Bacillus 

megaterium, and Bacillus pasteurii). In their results, the growth of Bacillus 

subtilis and Bacillus megaterium was inhibited at 50 mM concentration of free 

ammonia; however, S. pasteurii NCIMB 8841 was able to grow when the 

concentration of free ammonia was up to 500 mM. However, their study 

focused on the survival of the bacterial species. The same species was used in 

this study; however, experiments in this study were focused on the growth rate, 

not on the survival of the species. 
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3.3.1.2 Effect of headspace in the growth condition 

S. pasteurii KCTC 3558 was grown at different volumes of headspace (i.e., 0, 

1.6, 3, 5, 7, 14, 26, and 52 times the volume of the growth medium); however, 

same initial urea concentration (i.e., 0.1 M) and TSB concentration (i.e., 30 g/L) 

were considered. When S. pasteurii was incubated for three days, at two days, 

the OD600 showed a maximum value in the headspace volumes of ranging from 

0-5 times the volume of the growth medium; further, at three days the maximum 

value of OD600 was observed in the headspace volume of approximately five 

times the volume of the growth medium. The maximum OD600 of each 

headspace condition during the three days of incubation are shown in Fig. 3.3(a). 

Additionally, the urease activity of the culture solution was measured at the 

incubation time when the maximum OD600 was obtained (Fig. 3.3(b).  
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Fig. 3.3 Maximum optical density at 600 nm and corresponding urease activity 

of culture solution with various headspace conditions (i.e., 0, 1.6, 3, 5, 7, 14, 

26, and 52 times the volume of the growth medium): (a) optical density at 600 

nm, and (b) urease activity 
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OD600 of the culture solution increased linearly with increasing 

headspace; however, it converged at the maximum value of 6.1. The urease 

activity of the culture solution showed a similar trend as that of OD600. The 

urease activity reached the maximum value when the headspace was eight times 

the volume of the growth medium. Additionally, the normalized urease 

activities (i.e., urease activity per OD600 of culture solution) were analyzed in 

varying values of initial urea concentrations and headspace volumes. In the 

growing stage, the values of urease activities were 3.4±0.3, 4.0±0.2, 4.2±0.4, 

and 3.8±0.1 mM/min/OD for initial urea concentrations of 0.01, 0.1, 0.33, and 

1 M, respectively. When comparing the conditions of 0.1-1 M of urea 

concentrations, a one-way analysis of variance (ANOVA) test showed that the 

normalized values were not significantly different (p-value: 0.3034). For 

varying volumes of headspace, the normalized urease activities ranged from 

3.4-3.8 mM/min/OD; moreover, there was also no significant difference in the 

activity. 

In the results, urease activity of the culture solution was linked with 

the growth of S. pasteurii. When considering the insignificant difference in the 

normalized urease activity (i.e., urease activity per cell), it was speculated that 

maximizing the growth of S. pasteurii was efficient for obtaining microbial 

culture to induce MICP. In this study, the optimum conditions of initial urea 

concentration and headspace to grow S. pasteurii were determined as the urea 

concentration of 0.1 M and headspace of eight times the volume of growth 

medium. In these conditions, it was expected that the maximum microbial cell 

growth and correspondingly the maximum urease activity can be obtained 
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under the same amount of carbon. 

Based on the Michaelis Menten model, the urea hydrolysis kinetic was 

determined for the S. pasteurii grown under the optimum condition determined 

in this study. The urea hydrolysis rate was analyzed at various urea 

concentrations (i.e., 100, 200, 500, and 1000 mM); moreover, the constant Vmax 

and Km were determined to be 7.28 mM/min•OD and 276.03 mM, respectively 

(Fig. 3.4). From the results, it is expected that the S. pasteurii used in this study 

can hydrolyze 1 M of urea in approximately over eight hours.   
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Fig. 3.4 Determination of the constant of the Michaelis Menten model for urea 

hydrolysis of Sporosarcina pasteurii: (a) linear relationship between [S] and 

[S]/V and (b) comparison between measured and predicted urea hydrolysis rate 

of S. pasteurii 
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3.3.2 Maximum urea and calcium concentration for MICP using 

Sporosarcina pasteurii 

Urea hydrolysis and the corresponding calcium carbonate precipitation were 

analyzed in the solutions containing varying concentrations of urea and calcium 

(i.e., 100, 200, 450, 1,000, and 1,500 mM). Excluding the 1,500 mM urea 

condition, all other concentrations of urea were hydrolyzed (Fig. 3.5). 

Accordingly, all the injected calcium ions were removed and white precipitates 

were formed in all the reacting solutions. Interestingly, free ammonia 

concentrations in the precipitation solution were relatively lower than in the 

culture solution before being tested (Fig. 3.6); nevertheless, the total ammonia 

concentration was twice as high as the initial urea concentration. This was 

primarily due to the difference in pH between both conditions. In the growth 

condition, the pH of the culture solution increased to approximately 9 by urea 

hydrolysis. However, in the precipitation condition, the pH increase was only 

up to approximately 8 because the hydroxyl ion produced by urea hydrolysis 

was consumed by calcium carbonate precipitation which required the 

conversion of bicarbonate ion to carbonate ion. Therefore, free ammonia 

formation was largely suppressed (< 100 mM) in the precipitation condition 

(i.e., presence of urea and calcium both), unlike in the growth condition (i.e., 

presence of urea only). As described above, the growth of S. pasteurii, which is 

a type of microbial activity, was inhibited in 100 mM concentration of free 

ammonia. However, free ammonia concentration did not increase up to 100 mM 

in the calcium carbonate precipitation condition, indicating that no significant 

inhibition on microbial activity was expected in the precipitation condition.  
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Fig. 3.5 Urea hydrolysis and corresponding removal of dissolved calcium ion 

for varying concentrations of urea and calcium 
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Fig. 3.6 Free ammonia concentration of the precipitation solution after 24 hours 

of reaction 
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To investigate the factor that inhibits the calcium carbonate 

precipitation in 1,500 mM concentration of urea, urea hydrolysis and calcium 

carbonate precipitation were additionally analyzed according to the reaction 

time. Three kinds of initial urea concentrations (i.e., 500, 1,000, and 1,500 mM) 

and three kinds of urea and calcium ratios (i.e., no calcium, calcium 

concentration is equal to half of the urea concentration, calcium concentration 

is equal to the urea concentration) at each urea concentration were applied.   

 Urea hydrolysis and the corresponding calcium carbonate 

precipitation were completely achieved in the initial urea concentrations of 500 

and 1,000 mM; in particular, the rate of urea hydrolysis was not affected by the 

varying concentrations of calcium (Fig. 3.7). However, urea hydrolysis was 

significantly inhibited when the concentration of urea was 1,500 mM, 

especially in the presence of calcium. In the absence of calcium, urea hydrolysis 

was completed, although the rate of completion was slower. Therefore, calcium 

appears to perform an important role in the inhibition process; however, it is 

not the only factor because the inhibition did not occur when the concentrations 

of urea and calcium that were less than 1,000 mM, unlike the condition when 

1,500 mM of urea and 750 mM of calcium were used.  
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Fig. 3.7 Urea hydrolysis and the corresponding removal of calcium ion based 

on the reaction time for varying concentrations of urea and calcium 
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It is known that high concentrations of urea (e.g., 8 M urea) can lyse 

the peptidoglycan layer of gram-positive bacteria. To assess the effect of the 

cell wall of S. pasteurii on the inhibition, urea hydrolysis and calcium carbonate 

precipitation were further studied using a whole cell S. pasteurii and cell lysate 

of S. pasteurii in 500 mM of urea, both with and without 250 mM calcium. 

The urea hydrolyses by the whole cell and cell lysate of S. pasteurii 

were completely achieved in the absence of calcium; however, it was completed 

only while using whole cell in the presence of 250 mM of calcium (Fig. 3.8(a)). 

Urea hydrolysis was also significantly inhibited when cell lysate was used in 

the presence of calcium. With cell lysate, urea hydrolysis was further tested in 

the presence of other cations (i.e., 250 mM magnesium and 750 mM potassium). 

The inhibition occurred in the presence of magnesium; however, it did not occur 

in the presence of potassium. It was thought that the urease existing in the 

solution without cell wall can be affected by relatively high concentration of 

divalent cations (i.e., 250 mM calcium or magnesium). 
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Fig. 3.8 Urea hydrolysis of whole cell Sporosarcina pasteurii and cell lysate in 

various cation conditions: (a) comparison of urea hydrolysis with whole cell 

and cell lysate in the absence or presence of calcium, (b) comparison of urea 

hydrolysis of cell lysate in various cation conditions (i.e., no cation, presence 

of calcium, magnesium, or potassium) 
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From the results, it was considered that the inhibition of urea 

hydrolysis and correspondingly the calcium carbonate precipitation was due to 

the combined effect of the relatively high concentration of urea (i.e., 1.5 M) and 

calcium. The cell wall of S. pasteurii may be impaired at a concentration of 1.5 

M of urea; thus, the urease was exposed to a much higher concentration of 

calcium, causing the inhibition of urease activity. Therefore, the maximum urea 

concentration for MICP was determined to be 1 M. 
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3.3.3 Calcium carbonate precipitation in sand by introducing the MICP-

inducing solution 

3.3.3.1 Effect of urea and calcium concentration on the calcium carbonate 

precipitated by microbially induced calcium carbonate precipitation 

The MICP-inducing solution with varying concentrations of urea and calcium 

(i.e., 200, 450, and 1000 mM with 4 g/L TSB and S. pasteurii) was repeatedly 

introduced into sand, and the amount of calcium carbonate precipitated was 

analyzed according to the number of introduction.  

The calcium carbonate concentration increased linearly based on the 

repeated introduction of MICP-inducing solution for all the concentrations that 

were tested (i.e., 200, 450, and 1000 mM) (Fig. 3.9). The amount of calcium 

carbonate precipitated after one application was 4.8, 9.7, and 22.1 mg/g-sand, 

respectively, which indicated that 80, 72, and 74% of the calcium injected by 

one application was precipitated for urea and calcium concentrations of 200, 

450, and 1,000 mM, respectively. Therefore, the quantitative difference in 

calcium carbonate precipitation depending on the urea and calcium 

concentration of the MICP-inducing solution was not significant.  

However, the qualitative difference of calcium carbonate precipitates 

was observed in SEM analysis (Fig. 3.10). When comparing the results of a 

single application of the MICP-inducing solution, the size and number of 

precipitates observed tended to increase corresponding to the increase in the 

concentrations of urea and calcium (Fig. 3.10(a)-(c)). However, for a similar 

calcium carbonate precipitation (i.e., after the number of applications were 5, 
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3, and 1 using 200, 450, and 1,000 mM, respectively), there was a significance 

difference in the size of the precipitates. Although the calcium carbonate 

concentration was similar, larger and concentrated calcium carbonate 

precipitates were formed after multiple applications of 200 and 450 mM of the 

solution (Fig. 3.10(d) and (e)), whereas the precipitates were smaller and 

distributed for the single application of 1,000 mM solution (Fig. 3.10(c)).  
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Fig. 3.9 Amount of calcium carbonate precipitated after repeated applications 

of MICP-inducing solution with different urea and calcium concentrations in 

sand  
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Fig. 3.10 Scanning electron microscope image of the calcium carbonate 

precipitated by MICP application. After a single application of the MICP-inducing 

solution: (a) with 200 mM of urea and calcium (5.2±0.2 mg-CaCO3/g-sand; 2000X), 

(b) with 450 mM of urea and calcium (11.2±0.1 mg-CaCO3/g-sand; 2000X), and (c) 

with 1,000 mM of urea and calcium (25.6±0.1 mg-CaCO3/g-sand; 2000X). After 

multiple times of applications: (d) five applications of 200 mM of urea and calcium 

(23.6±0.7 mg-CaCO3/g-sand; 1500X), (e) three applications of 450 mM of urea and 

calcium (28.4±0.1 mg-CaCO3/g-sand; 1500X), and (f) two applications of 1,000 

mM of urea and calcium (49.1±0.1 mg-CaCO3/g-sand; 1500X) 
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The differences in the size of the precipitates were probably owing to 

the role of calcium carbonate precipitates and the effect of nutrient as the 

nucleation site for new precipitates. Zhang et al. (2018) observed the 

precipitation of calcium carbonate by MICP using an optical microscope, and 

concluded that calcium carbonate precipitation occurred on the older 

precipitates formed by MICP application; especially, this precipitation occurred 

only on the precipitates formed by MICP application and not on the commercial 

calcium carbonate particles. These results were corresponding to the 

observation that the larger precipitates were formed when MICP was applied 

through several applications in small concentrations and when the nutrient was 

contained in the MICP-inducing solution.  
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3.3.3.2 Effect of the nutrient on calcium carbonate precipitated by microbially 

induced calcium carbonate precipitation 

To investigate the effect of the nutrient on the quantitative and qualitative 

characteristics of calcium carbonate precipitation caused by MICP, an 

experiment where the MICP-inducing solution was repeatedly applied without 

nutrient (i.e., 450 mM of urea, 450 mM of calcium, and S. pasteurii without 

TSB) was additionally conducted.  

The concentration of calcium carbonate linearly increased 

corresponding to the repeated introduction of the MICP-inducing solution; 

moreover, after five repeated applications, the concentrations were 39.6±2.8 

and 57.4±3.3 mg-CaCO3/g-sand with nutrient and without nutrient, respectively. 

Importantly, the qualitative characteristics of calcium carbonate precipitates 

were significantly different depending on the presence of nutrient. After a single 

application, similar sizes of precipitates were observed in both conditions (Fig. 

3.11(a) and (b)). After five applications, larger and concentrated precipitates 

was formed in the presence of nutrient (Fig. 3.11(d)). However, without the 

nutrient, no significant increase in the sizes of precipitates were observed. In 

fact, only the number of precipitates primarily increased; the individual calcium 

carbonate precipitates were extensively distributed on the sand particles.  

It was speculated that the action of the previously formed calcium 

carbonate as the nucleation site is a key factor; further, it was probably the result 

of microbial activity in the presence of nutrient rather than the effect of the 

nutrient itself. Bacteriogenic organic molecules such as exopolysaccharide 
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(EPS) are known to act as a nucleation site in calcium carbonate precipitation; 

moreover, it affected the morphology of the precipitates (Rodriguez-Navarro et 

al., 2007, Kawaguchi and Decho, 2002). Similar results were observed in 

previous studies on MICP. Zhang et al. (2018) induced calcium carbonate 

precipitation in the presence or absence of S. pasteurii with the same saturation 

ratio and nutrient concentration. By using a 10 kDa dialysis membrane to 

separate the bacterial cell, vaterite and calcite were formed with microbial 

activity, while only calcite was formed without the activity. Interestingly, the 

same morphology of calcium carbonate (i.e., vaterite and calcite) was observed 

when a 300 kDa dialysis membrane was used, indicating that the 10-300 kDa 

sized molecules produced by microbial activity affected the calcium carbonate 

precipitation. In the study by Ghosh et al. (2019), the morphology of calcium 

carbonate was also distinguished depending on the microbial activity. Vaterite 

and calcite were formed in the presence of both S. pasteurii and nutrient, while 

only calcite was formed in the condition without microbial activity, such as the 

condition with urease and nutrient. Such differences in the morphology of 

calcium carbonate were corresponding to the results of X-ray diffraction 

analysis in this study. Vaterite was only formed in the presence of S. pasteurii 

and nutrient both. Interestingly, Zhang et al. (2018) determined that the calcium 

carbonate precipitated with microbial activity can act as a much more effective 

nucleation site than the calcite that is commercially purchased.  

In all studies, including this study, the calcium carbonate was 

distinguished by the presence of microbial activity or its byproduct, rather than 

the presence of nutrient. Further, the precipitates produced with microbial 
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activity probably acted as an effective nucleation site, which resulted in larger 

and concentrated precipitates in the condition with nutrient, although the 

mechanism was unclear.   

It was expected that the larger calcium carbonate precipitates were 

advantageous in forming the bonds between soil particles. Based on the result 

of the condition to obtain the larger precipitates, MICP-inducing solution was 

determined to be 450 mM urea, 450 mM calcium, and 4 g/L TSB with S. 

pasteurii.  
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Fig. 3.11 Scanning electron microscope image of the calcium carbonate 

precipitated by MICP application with or without nutrient (i.e., tryptic soy 

broth). After a single application: (a) with nutrient (11.2±0.2 mg-CaCO3/g-sand; 

1000X) and (b) without nutrient (14.1±0.6 mg-CaCO3/g-sand; 1500X). After 

five applications: (c) with nutrient (39.6±2.8 mg-CaCO3/g-sand; 600X) and (d) 

without nutrient (57.4±3.3 mg-CaCO3/g-sand; 600X) 
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3.4 Summary 

In this chapter, the composition and concentration of the MICP-inducing 

solution was determined based on the amount and size of calcium carbonate 

precipitates caused by the solution. Initially, to efficiently obtain a microbial 

solution containing urease activity, the optimum condition for the growth of 

Sporosarcina pasteurii was derived by considering the growth rate and urease 

activity. The initial urea concentration was a primary test factor; thus, 0.1 M of 

urea was selected because the high concentration of free ammonia (i.e., 

approximately 100 mM) produced by urea hydrolysis could inhibit the growth 

of S. pasteurii. The urease activity of S. pasteurii was proportional to the growth 

of it. Thus, S. pasteurii was cultured by focusing on the growth amount; 

moreover, the pre-cultured S. pasteurii was used in the MICP-inducing solution. 

S. pasteurii was able to hydrolyze urea in a solution containing up to 1 M of 

urea in the presence of calcium, which indicated that the maximum 

concentrations of urea and calcium for calcium carbonate precipitation was 1 

M each of urea and calcium. When applying the MICP-inducing solution to 

sand, the amounts of calcium carbonate precipitates were proportional to the 

concentration of urea and calcium and the number of applications, regardless 

of the concentration applied (i.e., 200, 450, and 1,000 mM each of urea and 

calcium). However, the larger sizes of precipitates were formed, even for the 

similar amounts of calcium carbonate precipitates, when the MICP-inducing 

solution with lower concentrations of urea and calcium were applied multiple 

times. Further, the larger sizes were also obtained when the nutrient (i.e., tryptic 
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soy broth in this study) was contained in the MICP-inducing solution. These 

differences in the sizes of precipitates is probably due to the different nucleation 

actions in each condition. The existing precipitates formed in previous 

applications and the resulting bacterial activity contributed to concentrated and 

larger sized calcium carbonate precipitates. From the results, the MICP-

inducing solution was determined to be 450 mM urea, 450 mM CaCl2, 4 g/L 

tryptic soy broth, and OD600 1.0 S. pasteurii.      
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Chapter 4. Effect of microbially induced calcium 

carbonate precipitation on the increase in the 

strength of surface soil and the reduction of soil 

erosion 

 

4.1 Introduction 

Microbially induced calcium carbonate precipitation (MICP) is a technology 

that stimulates calcite formation through microbial enzyme activity. Urease-

producing bacteria hydrolyze each mole of urea to one mole of bicarbonate and 

two moles of ammonium, rapidly creating a favorable environment for calcium 

carbonate precipitation, and the precipitated calcium carbonate fills soil pores 

and acts as bonding agent for soil particles (Dhami et al., 2013). So far, studies 

on MICP have mainly focused on ground improvement such as strength 

increase, and permeability reduction for sand or sandy soil (Mujah et al., 2016, 

Ivanov and Chu, 2008). In previous studies, MICP was applied to sand and the 

increase in shear strength was assessed by related indicators such as unconfined 

compressive strength, shear wave velocity, and friction angle (Mujah et al., 

2016, DeJong et al., 2010, DeJong et al., 2006, Cheng et al., 2013). Permeability 

reduction by MICP application was also reported (Stabnikov et al., 2011, 

Nemati and Voordouw, 2003). 

Soil erosion, which occurs by wind or rainfall, has become a serious 
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problem in civil engineering. Sedimentation of the eroded soil is one of the 

causes of reduction in the capacity of reservoirs, rivers, and drainage ditches 

(Morgan, 2009). This is being aggravated due to climate change, resulting in 

expansion of arid areas (Huang et al., 2015) and more intensive rainfall 

(Nearing et al., 2005). Soil erosion by wind, which generating fugitive dust, 

was reported to be controlled by MICP application through increasing the 

strength of the soil (Anderson et al., 2014, Meyer et al., 2011, Naeimi and Chu, 

2017). For instance, Naeimi and Chu (2017) observed 70% dust reduction in 

sand soils against a wind speed of 11.1 m/s when 15 g/m2 of calcium carbonate 

was precipitated. However, few studies have reported the effect of MICP on the 

reduction of soil erosion by rainfall, even though this is one of the main 

phenomena responsible for soil erosion (Lal, 2001, Bullock, 2005). During 

rainfall events, the crash of raindrop on surface soil particles plays an important 

role on detaching soil particles from the surface, because it has a much higher 

energy for erosion than overland flow has (Morgan, 2009). The shear strength 

produced by the compression of raindrop detaches soil particles (Al-Durrah and 

Bradford, 1982), so it is expected that the increase in shear strength by MICP 

application might contribute to the reduction of soil erosion by rainfall.  

The mechanism of MICP using urease-producing bacteria in soil is as 

follows. When urease-producing bacteria, urea, and calcium ions are present in 

soil, the bacterial cells attach onto the soil particles and hydrolyze urea.  

Consequently, pH and carbonate ion concentration increase near the bacterial 

cells; thus, calcium carbonate is precipitated and grow on the surface of soil 

particles (DeJong et al., 2010). It is known that the calcium carbonate grown 
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between soil particles can work as a bond that binds soil particles each other 

(Mujah et al., 2016, Cheng and Cord-Ruwisch, 2012), which eventually 

increases the strength of the soil. DeJong et al. (2006) confirmed the calcium 

carbonate precipitation between soil particles using scanning electron 

microscope (SEM) and X-ray compositional mapping, and the related increase 

in shear strength. Cheng et al. (2013) also induced calcium carbonate 

precipitation with degrees of saturation, and found that the calcium carbonate 

precipitates that formed at the contact point of soil particles mostly contributed 

to the increase in the shear strength. However, most of the studies on MICP 

have been on sand with no organic matter (Dhami et al., 2013, Mujah et al., 

2016). To apply MICP in soil erosion prevention, it is necessary to study the 

effect of other soil properties, such as soil organic matter content, on the 

increase in the strength of the soil by MICP because soil properties are largely 

different according to not only its nature but also its historical land use and 

erosion events (Szilassi et al., 2006, Su et al., 2010).  

In this study, the effect of MICP on the reduction of surface soil loss 

by rainfall was primarily investigated on sand and sandy loam soils. As a 

measure for assessing the strength of the soil, penetration resistance of the 

MICP-applied soil, rather than unconfined compressive strength, was used as 

an indicator because surface soil was main target. Further, the effects of soil 

particle size and organic matter content on MICP were investigated.  
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4.2 Materials and Methods 

4.2.1 Soil preparation 

Two types of soils with different textures (sand and sandy loam) and organic 

matter contents (0 and 2.6%, respectively) were collected and prepared for 

artificial rainfall test. The soil properties are shown in Table 4.1. Soil organic 

matter content was analyzed by the oxidation method using potassium 

dichromate as suggested by Walkley and Black (1934). Soil pH was determined 

from the pH of the supernatant after horizontally mixing dried soil with distilled 

water at a ratio of 1:5 for 1 hour and letting the mixture stand for 30 minutes 

(Conyers and Davey, 1988). An orion five-star portable meter (Thermo Fisher 

Scientific, Madison, WI, USA) with a pH probe (8102BNUWP) was used for 

pH measurement. Cation exchange capacity (CEC) was determined as the 

ammonium concentration fully saturating a soil using ammonium acetate,  

following the method suggested by Schollenberger and Simon (1945). Soil 

texture was derived from the ratio of sand, silt, and clay. Silt and clay contents 

were first determined using the difference in settling time in water, according 

to Miller and Miller (1987); then, the remaining particles were assumed to be 

sand. Particle size distribution in the range for sand (i.e., 75-2000 μm) was 

additionally analyzed by sieving for particle sizes in ranges including 75-150, 

150-500, 500-1000, and 1000-2000 μm (Table 4.1)  

To assess the effect of particle size and organic matter content on the 

increase in the strength of soil by MICP, the samples having different particle 

sizes or organic matter contents were prepared with sand. Sand was sieved for 
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different particle sizes in the ranges including 75-150, 150-200, 300-355, and 

500-1000 μm in diameter. For different organic matter contents, sand with 

particle size in the range of 150-500 μm was prepared and peat was added to 

the sand at weight ratios of 1:99, 1:97.5, and 1:95, yielding an organic matter 

content of 1, 2.5, and 5%, respectively. Sphagnum peat moss (Berger Inc., 

Canada) was used for peat amendment.  
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Table 4.1 Physicochemical properties of the soils used in this study 

Soil texture Sand Sandy loam 

Organic content (%) 0 2.6 

Cation exchange capacity  

(CEC; cmol/kg) 
1.8 9.2 

pH 7.8 5.2 

Sand/Silt/Clay (%) 92 / 4 / 4 76 / 15 / 9 

Particle size distribution in 

sand range (75-2000 μm) (%) 
  

 1000-2000 μm        0.0 28.0 

 500-1000 μm 0.5 28.7 

 150-500 μm  98.5 34.7 

 75-150 μm 1.0 8.6 

 Total 100 100 
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4.2.2 Application of microbially induced calcium carbonate precipitation (MICP) 

A MICP-inducing solution containing urea, Ca2+, and urea-hydrolyzing bacteria 

was applied to the soil specimen to induce calcium carbonate precipitation. 

Sporosarcina pasteurii (KCTC 3558; Korean Collection for Type Cultures) was 

previously grown in 30 g/L tryptic soy broth (TSB) with 0.1 M at 30℃ for 24 

hours. The culture was centrifuged at 12,000 g for 8 minutes and resuspended 

in 8 g/L TSB solution. The final composition of the MICP-inducing solution 

was S. pasteurii at an optical density at 600 nm (OD600) of 1.0, 4 g/L TSB, 450 

mM urea, and 450 mM CaCl2. The pH of the MICP-inducing solution was 

adjusted to 7.0 with 2 N HCl before use. For the calcium carbonate precipitation 

experiment, a 125 mL high density polyethylene (HDPE) bottle (SPL Life 

Sciences, Korea) with an inner diameter of 5 cm and a length of 6 cm was used 

as a frame. At the bottom of the bottle, five holes each with a diameter of 5 mm 

were drilled at equal intervals for drainage on which metal mesh and glass beads 

were placed. This bottle was filled up to 1.5 cm (approximately 50 g) with sand 

with particle diameter in the range of 150-500 μm; then, 15 mL of the MICP-

inducing solution (i.e., liquid/solid (L/S) ratio of 0.3) was sprayed onto the 

specimen, and MICP reaction was allowed to occur for 24 hours at 25 ℃. The 

MICP-inducing solution was applied up to 13 times. To determine the effect of 

particle size and organic matter content, sand samples with predetermined 

particle sizes (75-150, 150-500, and 500-1000 μm) or organic matter contents 

(0, 1, 2.5, and 5% adjusted with peat) were prepared, and the aforementioned 

MICP procedure was performed. In this case, the MICP-inducing solution was 

applied up to 7 times. All experiments were conducted in triplicate. 
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4.2.3 Soil loss test against wind and rainfall  

To assess the reduction in loss of the MICP-induced soil by rainfall, a 

hexahedron-shaped frame (W: 20 cm, H: 20 cm, D: 1.5 cm) was prepared (Fig. 

4.1), which was made of acryl with an internal width of 20 cm, a height of 20 

cm, and a depth of 4 cm. One side of the frame was 1.5 cm lower so that the 

soil particles separated by rainfall could flow down to that side. At the bottom 

of the frame, nine holes each with a diameter of 5 mm were drilled at equal 

intervals for drainage on which metal mesh and glass beads were placed. For 

the test for soil loss by wind, larger hexahedron-shaped frames (i.e., W: 30 cm, 

H: 30 cm, D: 1.5 cm) were used. Sand or sandy loam with an organic matter 

content of 2.6% was placed on the frame at the same depth used in the MICP 

application experiment (i.e., 1.5 cm), and the MICP-inducing solution (i.e., L/S 

ratio of 0.3) was sprayed onto the specimen. Application was conducted every 

24 hours, up to five times for sand and eight times for sandy loam, and after 

that the specimens were dried at 25 ℃ until no change in weight was observed. 
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Fig. 4.1 Hexahedron-shaped frame and MICP application 
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The wind erosion test was conducted at a climate environment test 

chamber in Korea Conformity Laboratories (Jinchun, Korea). Wind was 

generated by a wind generator with a diameter of 1 m for wind outlet (Fig. 4.2). 

The specimen was placed on the slope of 5.1°, 8.5°, or 15°, and exposed to wind 

speed of 15 m/s. The difference in weight before and after exposure to the wind 

was measured, and the loss rate was determined.  

The artificial rainfall test was also conducted at a climate environment 

test chamber in the same facility. Artificial rainfall was generated by a nozzle 

injection type device equipped from the ceiling of the chamber, simulating a 

rainfall intensity of 13.5, 33, and 75 mm/hr. The sizes of raindrops were 

controlled at 0.5-1.5 mm for all rainfall intensities. For the effect of slope, the 

specimen was placed on the slope of 5.1°, 8.5°, or 15°, and exposed to artificial 

rainfall for 10 minutes. The particles lost by rainfall were collected at the end 

of the slope, and their dry weights were measured. Test chamber and equipment 

used are shown in Fig. 4.3. 
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Fig. 4.2 Equipment for wind test in this study 

 

   

Fig. 4.3 Equipment for artificial rainfall test in this study: (a) rainfall simulating 

facility and stand to place specimen, and (b) soil loss and capture of lost soil  
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4.2.4 Determination of calcium carbonate and penetration resistance 

After each application of the MICP-inducing solution, the concentration of 

calcium carbonate precipitate in the specimen was determined. The specimen 

was washed with distilled water at the L/S ratio of 5 to remove the free calcium 

ions which were not precipitated as calcium carbonate; then, the washed 

specimen was reacted with 2 N HCl with the L/S ratio of 5 to dissolve the 

precipitated calcium carbonate. The dissolved calcium ions in 2 N HCl were 

analyzed using inductively coupled plasma-optical emission spectroscopy 

(ICP-OES; iCAP 7400 DUO, Thermo Scienfitic, USA).  

The penetration resistance, which was used as an indicator of the 

strength of soil for the MICP-induced specimens, was determined with a needle 

penetrometer (SH-70 penetrometer, Maruto Corporation, Japan; Fig. 4.4). The 

measurement was conducted following the method suggested by Ulusay et al. 

(2014). The size of the specimens was also satisfied with the size suggested by 

Ulusay et al. (2014). The needle vertically penetrated down the surface of the 

specimen until the penetration depth reached 10 mm or the load reached 100 N. 

The penetration resistance was determined as the load to penetration depth.  
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Fig. 4.4 Needle penetrometer used in this study. 1 presser, 2 chuck, 3 

penetration scale, 4 load scale, 5 load indicating ring, 6 cap, 7 penetration 

needle, and 8 spring (Ulusay et al., 2014) 

 

  

Surface of 

specimen 
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4.3 Results and discussion  

4.3.1 Calcium carbonate precipitation and penetration resistance 

MICP was repeatedly induced to sand with particle size of 150-500 μm, and the 

results are shown in Fig. 4.5. The concentration of calcium carbonate 

precipitates increased proportionally as the number of applications. The amount 

increased at the rate of 9.7 mg-CaCO3/g-soil/application, and reached 

128.2±21.2 mg-CaCO3/g-soil after 13 MICP applications (Fig. 4.5(a)). 

However, the increase of penetration resistance showed a sharp increase with 

the increase in calcium carbonate concentration followed by a plateau after 

46.2±1.8 mg CaCO3/g-soil (i.e., five applications). The penetration resistance 

increased up to 23.9±1.2 N/mm after five applications, and the level was 

maintained afterwards (Fig. 4.5(b)).  
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Fig. 4.5 Effect of MICP on calcium carbonate concentration and penetration 

resistance in sand with a diameter of 150-500 μm: (a) calcium carbonate 

concentration by repeated MICP application, and (b) penetration resistance as 

a function of calcium carbonate concentration. Error bar means standard 

deviation (n=3). 
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As an indicator of the strength of the surface soil, the penetration 

resistance of the MICP-applied samples was determined with the needle 

penetrometer. Usually, unconfined compressive strength (UCS) is determined 

with MICP-applied soil in the field of geotechnical engineering (Mujah et al., 

2016, Cheng et al., 2013, Soon et al., 2014). In this study, however, it was 

needed that the resistance of the surface soil to rainfall was determined. Because 

the penetration resistance by the needle penetrometer used in this study is 

known to be well correlated with UCS (Ulusay et al., 2014) and target the 

surface of soil (within 1 cm), it was thought that the determination of 

penetration resistance of MICP-applied soil surface was more relevant and 

adequate to measure the strength of surface soil.  

The trend of the penetration resistance that increased and reached a 

plateau while calcium carbonate precipitation continuously increased can 

probably explain the mechanism of MICP increasing the strength of soil. It is 

believed that only the calcium carbonate grown between soil particles can 

effectively bind these particles, increasing the strength of the soil (Mujah et al., 

2016, DeJong et al., 2010, Cheng et al., 2013). According to this, after the 

calcium carbonate is precipitated to fully form the bridge, the contribution of 

additional calcium carbonate precipitation to increase the strength of the soil 

will dramatically be reduced. Soon et al. (2014) also observed little increase in 

shear strength, which is also an indicator of the strength of soil, above a certain 

level of calcium carbonate precipitates (i.e., 25 mg-CaCO3/g-soil).  
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Further, the penetration resistance was also analyzed for the MICP-applied sand 

with various MICP-inducing solutions having different urea and calcium 

concentrations (200 and 1000 mM) or except nutrient (i.e., tryptic soy broth in 

this study). Each MICP-inducing solution was repeatedly applied, and the 

penetration resistance with the amount of calcium carbonate was analyzed (Fig. 

4.6). As expected based on the size of the calcium carbonate precipitates, the 

penetration resistance was lower when using the concentration of urea and 

calcium of 1 M, and not including nutrient. Especially, the difference in the 

penetration resistance of MICP-applied sand was significant whether the 

nutrient was contained or not. In the absence of nutrient, the penetration 

resistance increased only up to 7.4±0.5 N/mm after five repeated applications 

while it reached 23.9±1.2 N/mm in the presence of calcium. The reason of this 

difference was also due to the difference in the extent of bonding affected by 

the size of the calcium carbonate precipitates. The extent of bonding formation 

was further analyzed in chapter 5.       
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Fig. 4.6 Effect of MICP on penetration resistance depending on the composition 

and concentration of MICP-inducing solution 
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4.3.2 Soil loss test by rainfall 

The soil loss test by rainfall was conducted with sand and sandy loam (organic 

matter content, 2.6%) at an artificial rainfall test facility as described earlier. 

MICP-inducing solution was sprayed onto each soil repeatedly, being sand 

sprayed 0, 1, 2, 3, 4, and 5 times and sandy loam 0, 1, 3, 5, 7, and 8 times. The 

specimens for rainfall test are shown in Fig. 4.7. As MICP was applied, white 

precipitates were formed on the surface of both soils. The surface was hardened 

by the MICP application, and the hardened surface can be observed in the cross-

sectional image (Fig. 4.7(e)).  
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Fig. 4.7 Plate shape specimen for rainfall test: (a) sand without MICP 

application, (b) sand with 5 MICP applications, (c) sandy loam without MICP 

application, (d) sandy loam with 5 MICP applications, and (e) cross section of 

MICP-applied sand (5 applications) 
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Various levels of rainfall intensities and slopes were also employed 

(i.e., rainfall intensity: 13.5, 33, and 75 mm/hr; slope: 5, 8.5, and 15°). Without 

MICP application, soil loss was larger in sand than in sandy loam, probably due 

to the soil texture and organic matter content (Morgan, 2009, Reddi and Bonala, 

1997, Young and Southard, 1978). In sand (Fig. 4.8(a)-(c)), effect of MICP was 

immediate and soil loss was greatly reduced after first application under the 

conditions of rainfall intensity of 75 mm/hr and slope of 5.1° while, at the same 

rainfall intensity, two times of MICP application was needed to further reduce 

the soil loss at higher slopes (i.e., 8.5, and 15°). The soil loss reduction was also 

observed after two times of MICP application in all other conditions. In contrast, 

five times of repeated MICP application was required to observe a remarkable 

decrease of soil loss rate in sandy loam, and such decreases were more evident 

at higher rainfall intensities (Fig. 4.8(d)-(f)). The increase of shear strength, 

which reflects the strength of soil, by MICP application has been previously 

reported. In the test on sand, the unconfined compressive strength as shear 

strength increased to 0.4-2.1 MPa with 50-137.5 mg-CaCO3/g-soil (Zhao et al., 

2014) and 3-12 MPa with 50-100 mg-CaCO3/g-soil (Terzis and Laloui, 2018). 

Overall, soil loss was more influenced by rainfall intensity rather than 

by slope in the MICP-applied soil samples tested. It is noteworthy that more 

MICP application was required to obtain significant decrease in soil loss in 

sandy loam (i.e., more than three-repeated applications) compared to sand, 

despite soil loss rates themselves were higher in sand. The difference in the two 

soil samples lied on particle size distribution and organic matter content (Table 
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4.1). Cation exchange capacity and pH were also different, but they were not 

thought to meaningfully affect the effect of MICP.  
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Fig. 4.8 Loss rates of MICP-applied sand ((a), (b), (c)) and sandy loam ((d), (e), (f)) by artificial rainfall with various intensity 

(i.e., 13.5, 33, and 75 mm/hr). Slope of the sand and sandy loam specimens was adjusted to 5.1, 8.5, and 15°.
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4.3.3 Soil loss test by wind 

Additionally, the soil loss test by wind was conducted with sand and sandy loam 

(organic matter content, 2.6%) using the wind generator. Soil loss rate of each 

soil specimen was measured in a range of wind speed of 3-11 m/s, and the same 

measurement was conducted to the specimen applied once with the MICP-

inducing solution (Fig. 4.9). 

The results showed that the higher the wind speed and slope, the 

higher were the soil loss rates. Especially, the sand had the larger amount of soil 

lost compared with the sandy loam in all test conditions. It may be because the 

sandy loam used in this study was composed of more organic matter and clay 

than the sand. These compositions can contribute to its higher cohesiveness and  

lower loss rate when exposed to wind (Morgan, 2009). However, when the 

MICP was applied one time, no soil loss was observed in both soil in all test 

conditions. This result was maintained even at higher wind speeds than that of 

the original tests, up to 15 m/s. The results confirmed that the effect of MICP 

on soil loss prevention against wind occurred very effectively even with one 

application of the MICP-inducing solution. Therefore, further studies focused 

on the soil loss by rainfall, which accounts for a greater proportion of soil loss 

and expected to require more MICP application to obtain prevention effect. 
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Fig. 4.9 Soil loss rate of sand and sandy loam without MICP application and 

that of each soil with one MICP application against wind in a range of wind 

speed 3-11 m/s under varying slopes: (a) 5.1°, (b) 8.5°, and (c) 15°  
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4.3.4 Effect of particle size distribution and organic matter content on MICP 

To investigate the effect of particle size on MICP, the sand sample in Table 1 

was sieved and fractionated into three fractions (i.e., 75-150, 150-500, and 500-

1000 μm), and MICP-inducing solution was applied with different application 

numbers (i.e., 1, 3, 5, and 7 times). As the number of MICP application 

increased, the concentration of calcium carbonate precipitates increased almost 

linearly, regardless of the particle size distribution (Fig. 4.10(a)). Interestingly, 

calcium carbonate concentration was not commensurate with penetration 

resistance. In addition, the effect of particle size distribution was evident in the 

light of penetration resistance (Fig. 4.10(b)). The initial rates of the increase 

(with up to three applications) were 0.12, 0.30, and 0.35, (N/mm)/(mg-

CaCO3/g-soil) corresponding to the particle size of 75-150, 150-500, and 500-

1000 μm, respectively. After seven MICP applications, the penetration 

resistance increased up to 9.5±0.9, 25.1±2.4, and 20.6±4.2 N/mm in the sand 

with the particle size of 75-150, 150-500, and 500-1000 μm, respectively. The 

lowest penetration resistance was observed at the particle size of 75-150 μm 

even though the concentration of calcium carbonate precipitated was similar to 

that of other size fractions. It was reported that smaller sizes of calcium 

carbonate crystals were formed in soil with smaller particle sizes, which 

resulted in lower strength (Terzis and Laloui, 2018). Such smaller sizes of 

crystals and lower strength were observed by the scanning of MICP-applied 

sand using micro-CT and subsequent reconstruction of the data to 3-D solid 

matrix as reported by Terzis and Laloui (2018). 
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Fig. 4.10 Effect of MICP on calcium carbonate concentration and penetration 

resistance in sand with different particle sizes (75-150, 150-500, and 500-1000 

μm): (a) calcium carbonate concentration by MICP applications, and (b) 

penetration resistance as a function of calcium carbonate concentration. Error 

bar means standard deviation (n=3). 
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Commonly, fine to medium size sand (63~250 μm) is susceptible to 

soil erosion, and the energy for erosion by rainfall is lowest for 125 μm sand 

(Morgan, 2009). The increase in the strength of soil by MICP application also 

occurred in soils composed of sand and silt mixed soils and only silt (Mortensen 

et al., 2011). However, few research has been conducted on which size particles 

are particularly vulnerable, forming weaker bond, in soils with MICP. In this 

study, the strength increase effect of calcium carbonate precipitation was lower 

in fine sand (75-150 μm) than in the sand with the bigger particle size. 

Therefore, this suggests that the soils with high silt and fine sand contents may 

demand a more intensive MICP application.  

 The effect of soil organic matter content on MICP was also determined. 

The MICP-inducing solution was repeatedly applied to four soil samples with 

different organic matter contents (i.e., 0, 1, 2.5, and 5%) which were obtained 

by adding peat to sand. As shown in Fig. 4.11(a), the concentration of calcium 

carbonate precipitates increased as the number of MICP application increased 

in all soils tested, but the difference was not significant. The penetration 

resistance increased as the calcium carbonate precipitation by MICP application 

increased, but the rates and extents were negatively affected by organic matter 

content (Fig. 4.11(b)). The initial rates of penetration resistance were 0.30, 0.18, 

0.11, and 0.05 (N/mm)/(mg-CaCO3/g-soil) depending on the organic matter 

content of 0, 1, 2.5, and 5%, respectively. After seven MICP applications, the 

penetration resistance increased up to 25.1±2.4, 22.0±1.5, 14.0±1.1, and 

7.6±1.5, respectively.  
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Fig. 4.11 Effect of MICP on calcium carbonate concentration and penetration 

resistance in sand with different organic matter content (0, 1, 2.5, and 5%): (a) 

calcium carbonate concentration by repeated MICP application, and (b) 

penetration resistance as a function of calcium carbonate concentration. 

Organic matter content was adjusted with peat. Error bar means standard 

deviation (n=3). 
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Our data demonstrate that particle size and organic matter content play 

an important role in the outcome of MICP in terms of the strength of soil, and 

especially, organic matter content seemed to exhibit a larger effect on MICP 

than particle size. More importantly, as clearly proved by the penetration 

resistance test, such effect is not likely to result only from the amount of 

precipitates in soil. Just the fact that an ample amount of calcium carbonate 

precipitates is formed and exists in a soil does not guarantee the positive effect 

of MICP. Calcium carbonate precipitates should be in contact with soil particles, 

allowing the precipitates to act as a cementing agent among the soil particles. 

It has been reported that the increase in the strength of soil provided by MICP 

application can only be achieved with the calcium carbonate forming bonds 

between soil particles (Mujah et al., 2016, DeJong et al., 2010, Cheng et al., 

2013), and the result of penetration resistance in this study was also in 

agreement with that explaination.  

The effect of soil organic matter can be explained in such aspect. It is 

known that dissolved organic carbon (DOC) can inhibit the growth of calcium 

carbonate crystals (Hoch et al., 2000, Lin et al., 2005, Lebron and Suarez, 1996). 

Our results obtained with SEM shown in Fig. 4.12 are consistent with previous 

reports. The SEM images of the calcium carbonate crystals on the sand surfaces 

with organic matter content of 0 or 5% after seven MICP applications were 

captured at an accelerating voltage of 2 kV by FE-SEM (SUPRA 55VP, Carl 

Zeiss, Germany). In both samples, calcium carbonate crystals were observed 

and the shape was rhombohedral. However, the crystal size was relatively lager 



111 

in sand (Fig. 4.12(a)) compared to the sand amended with 5% organic matter 

(Fig. 4.12(b)). 

The aromatic fraction in humic and fulvic acid, which is the main 

component of soil DOC, was a key factor in the inhibition of the growth of 

calcium carbonate, because those strongly adsorbs on calcium carbonate, and 

blocks the adsorption of individual calcium carbonate particles on that, 

resulting in the inhibition of the growth of calcium carbonate crystals (Hoch et 

al., 2000, Lebron and Suarez, 1996). The inhibitory effect was larger as the 

concentration of soil DOC increased (Lebron and Suarez, 1996). Aromaticity 

and molecular weight showed good relationship with the extent of inhibition, 

because molecules with higher aromaticity can bind on the surface of calcium 

carbonate in a strong manner (Hoch et al., 2000). On the other hand, it is known 

that the complexation of calcium with DOC, which results in the decrease of 

the activity of calcium ions, has no significant effect on the inhibition of the 

growth of calcium carbonate (Hoch et al., 2000, Westin and Rasmuson, 2005). 

For instance, ethylenediaminetetraacetic acid (EDTA), which can form strong 

complexation with cations but does not have aromatic fraction, had no 

inhibitory effect for calcium carbonate precipitation (Westin and Rasmuson, 

2005). The DOC concentration in this study (0.30 mM in soil solution) were 

above the level at which the inhibition by soil DOC was observed in a previous 

study (0.02 mM) (Lebron and Suarez, 1996). Additionally, when calculated 

using Minteq, the complexation of calcium with DOC was insignificant (0.1%) 

at the DOC concentration.  
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Conclusively, it is speculated that DOC from soil inhibited the growth 

of the carbonate precipitates by blocking the additional adsorption of individual 

calcium carbonate particles on pre-formed calcium carbonate, and consequently, 

the small sizes of the precipitates were not effective in forming bonds between 

soil particles, resulting in a lower increase in penetration resistance.  
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Fig. 4.12 Scanning electron microscope image of calcium carbonate crystals 

precipitated on sand. MICP-inducing solution was applied seven times on: (a) 

sand only (2500X), and (b) sand with 5% organic matter (800X). Similar 

amounts of calcium carbonate precipitates were precipitated in (a) and (b) (i.e., 

72.9±3.7 mg/g-sand and 85.6±2.1 mg/g-sand, respectively), but the size of the 

carbonate crystals was found to be larger in (a) than (b). 

  

(a) 

(b) 
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4.3.5 Maintenance of Sporosarcina pasteurii during MICP application and 

long-term stability of MICP  

Maintenance of S. pasteurii during MICP application was assessed in terms of 

growth condition. S. pasteurii, which was used as a urease-producing bacterium 

in this study, is an aerobic and alkaliphilic species (Martin et al., 2012, Wiley 

and Stokes, 1962, Cuzman et al., 2015). Since the MICP technology targets a 

surface of about 2 cm, it is believed that the aerobic conditions for S. pasteurii 

can be maintained. In addition, free ammonia can affect the growth of S. 

pasteurii. However, when continuously injecting MICP-inducing solution, it 

was confirmed that the free ammonia concentration was maintained below the 

inhibition level (i.e., 100 mM), indicating no substantial impact on S. pasteurii 

during the MICP application process. 

The long-term stability of MICP-applied soil was considered in terms 

of the produced calcium carbonate. The introduction of acidic substances can 

dissolve the calcium carbonate precipitates and decrease the strength of MICP-

applied soil (Liu et al., 2019). In this study, the dissolution of the produced 

calcium carbonate by acid rain was predicted by the calculation using Minteq. 

The solution containing H2SO4 and HNO3 with pH 4.20 was used as an acid 

rain solution, and a L/S ratio of 20 was applied (USEPA, 1994). In the result, 

only 0.1% of calcium carbonate (1 mg-CaCO3/g-soil) was dissolved when the 

amount of calcium carbonate precipitates was assumed to be 5% (i.e., 50 mg-

CaCO3/g-soil). Due to the buffering capacity of calcium carbonate itself, there 

was no substantial dissolution and pH reduction. Conclusively, it was suggested 



115 

that the amount of calcium carbonate precipitates and the corresponding 

increase in the strength of MICP-applied soil can be maintained in the long-

term. 
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4.4 Summary 

Microbially induced calcium carbonate precipitation (MICP) was successfully 

applied to sand and sandy loam with 2.6% of organic matter for reducing soil 

loss by rainfall; however, different level of applications was needed to obtain 

the reduction effect. From the test on the effect of particle size and organic 

matter content based on penetration resistance, organic matter content was 

determined as the critical factor for the increase in the strength of soil by MICP. 

It is thought that the smaller size of calcium carbonate crystal resulting from 

the growth inhibition by dissolved organic carbon contributed to lower bonding 

although the amount of calcium carbonate precipitates was similar. This 

explanation that the calcium carbonate forming bond between soil particles can 

only contribute the bonding can be comprehensively understood with the result 

of penetration resistance that increased but reached a plateau as calcium 

carbonate precipitation continuously increased.  
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Chapter 5. 3-D structural proof of the 

bonding of soil particles by microbially 

induced calcium carbonate 

precipitation  

 

5.1 Introduction 

Microbially induced calcium carbonate precipitation (MICP) is a technology to 

induce calcium carbonate precipitation by a microbial enzyme activity, such as 

urease activity (Mujah et al., 2016). When urease-producing bacteria (e.g., 

Sporosarcina pasteurii (S. pasteurii)), urea, and calcium are present together, 

the urea is hydrolyzed to bicarbonate and ammonia, and the hydrolysis 

increases pH and carbonate concentration, which is a favorable condition for 

calcium carbonate precipitation (Stocks-Fischer et al., 1999, Bachmeier et al., 

2002). When the solution to induce MICP is injected into soil, calcium 

carbonate precipitation occurs in the pores of the soil that are filled by the 

injected solution (Ivanov and Chu, 2008, DeJong et al., 2010). Because it 

results in the reduction of permeability and increase in the strength of the soil, 

which are considered as factors for ground improvement, MICP was primarily 

studied in the field of geotechnical engineering (Mujah et al., 2016, Ivanov and 
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Chu, 2008). For example, Stabnikov et al. (2011) obtained more than two order 

reduction in the permeability after MICP application (i.e., 10-4 to 1.6x10-7 m/s); 

moreover, Nemati and Voordouw (2003) reported similar result (i.e., 98% 

reduction of permeability in sand). While considering the strength of the soil, 

various results were reported that the unconfined compressive strength (UCS) 

increased to 2 MPa (Cheng et al., 2013) and even up to 34 MPa (Whiffin, 2004). 

Owing to the influence of MICP on soil strengthening, the application of MICP 

was extended to the research on the prevention of wind- and water-induced soil 

erosion by the application of MICP (Maleki et al., 2016, Wang et al., 2018b, 

Zomorodian et al., 2019, Wang et al., 2018a, Salifu et al., 2016).  

 The binding of soil particles by the calcium carbonate precipitated 

through MICP describes the mechanism of MICP for soil strengthening; in 

particular, it is known that among the precipitated calcium carbonate, the 

precipitate that forms a bond between soil particles contributes predominantly 

to the increase in the strength of the soil (DeJong et al., 2010, Cheng et al., 2013, 

Mujah et al., 2016, Cheng and Cord-Ruwisch, 2012). For example, in the result 

presented by Cheng et al. (2013), the strength of the MICP-applied soil was 

higher in the soil where a larger portion of the calcium carbonate precipitates 

formed bonds between soil particles than the soil where lesser portion of the 

precipitates formed bonds, although the total amount of calcium carbonate 

precipitated was same. However, until now, most studies, including the ones 

mentioned above, observed the bonds formed by MICP application primarily 

using scanning electron microscope (SEM). Owing to the limitations of SEM 

analysis, which breaks down samples to individual particles, the observations 
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were conducted on the calcium carbonate precipitated on individual soil particle 

or only two bonded particles, not on the overall condition of the soil particle 

and the bonds formed by the calcium carbonate. In a more advanced analysis, 

Terzis and Laloui (2018) conducted a non-destructive 3-D structural analysis 

on MICP-applied sand (5 mm in diameter and 15 mm in height) using X-ray 

computed tomography (X-ray CT) analysis; further, they confirmed the 

presence of bonds formed by calcium carbonate precipitates between soil 

particles throughout the sample. However, this analysis was conducted on a 

sample with only one level of MICP application. Thus, the studies on the 

difference in the bonding depending on the amount of calcium carbonate 

precipitates and the size of the precipitates are required.  

 In this chapter, 3-D structural analysis by a non-destructive method 

using X-ray CT was conducted on different MICP-applied specimens with 

varying number of applications or by applying MICP-inducing solutions of 

varying compositions. Using image processing of the obtained X-ray CT image, 

he formation of bonding by increasing the calcium carbonate precipitation was 

examined. Additionally, the bonding by the precipitated calcium carbonate was 

analyzed on a sample applied with different compositions of MICP-inducing 

solutions, which was expected to form different sizes of calcium carbonate 

precipitates. 
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5.2 Materials and Methods 

5.2.1 Preparation of sand with the application of microbially induced 

calcium carbonate precipitation (MICP) 

Sand with a particle size ranging from 150-500 μm was used to create the 

MICP-applied specimen. To analyze the particle size distribution in detail, the 

sand was sieved into various sizes (i.e., 150, 200, 250, 425, and 500 μm). 

Particle size distribution was determined as the ratio of the weight of the 

remaining sand in each size of sieve to the total weight of the sand. Then, sand 

weighing 2.4 g was placed in a syringe (0.94 mm in inner diameter). To equalize 

the degree of consolidation, the sand was saturated with deionized (DI) water 

and the height of the sand placed in the syringe was equally set (i.e., 2.4 g in a 

syringe of 9.4 mm diameter and 21.5 mm height; bulk density of 1.6).  

  To create specimens with different amounts of calcium carbonate, the 

solution was composed of 450 mM of urea, 450 mM of CaCl2, and 4 g/L of 

tryptic soy broth (TSB), and optical density at 600 nm (OD600) 1.0 Sporosarcina 

pasteurii was injected into the sand with varying number of applications (i.e., 

1, 3, 5, 7, and 9 applications). The solution was injected at a liquid/solid (L/S) 

ratio of 0.3 every 24 hours; moreover, after each injection, the specimen was 

placed in the incubator at 25 ℃ to activate the reaction.  

 To create the specimen with the same number of applications (i.e., five 

applications) but different compositions of solution, additionally two types of 

solutions were used. To evaluate the effect of the nutrient (i.e., TSB) or 
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dissolved organic carbon (DOC), a solution not containing TSB (i.e., 450 mM 

of urea, 450 mM of CaCl2, and OD600 1.0 S. pasteurii) or a solution containing 

DOC (i.e., 450 mM of urea, 450 mM of CaCl2, 4 g/L of tryptic soy broth (TSB), 

and OD600 1.0 S. pasteurii with 22 mg/L of DOC) were used, respectively. The 

DOC concentration was adjusted by adding the solution containing DOC. For 

the DOC solution, peat (Sphagnum peat moss; Berger Inc., Canada) was mixed 

with DI water for 1 hour, and the mixture was filtered using 0.45 μm 

polypropylene (PP)-membrane. The two solutions were applied to the sand 

using the aforementioned method. 

 After injecting the MICP-inducing solution and the reaction, 4 mL of 

DI water (i.e., L/S ratio: 1.5; five times the volume to fill the void of the sand) 

was poured from the top to the bottom of the specimen to remove the residue; 

then, the specimens were dried at 25℃. 

 

5.2.2 X-ray computed tomography analysis and reconstruction of 3-

dimensional images  

X-ray CT analysis was conducted on the dried specimens using SkyScan 1272 

(Bruker, USA) equipped with a microfocus X-ray source L10101 

(HAMAMATSU, Japan). An X-ray with a source voltage of 70 kV was emitted 

to the specimen, and the intensity of the transmitted X-ray was measured by a 

sensor equipped on the opposite side. This work was conducted by rotating the 

sample by 360°, and scanning the sample for every 0.2° turn for 2,500 ms each. 

Based on the transmission intensity data for all measured angles, the inner 
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structures of the samples were reconstructed as a 3-dimensional image. The 

pixel size and the resolutions of the obtained image was 5 μm and 2,136×2,136 

pixels, respectively. The 3-dimensional images were stored as 2-dimensional 

images with a height of 5 μm.  

 

5.2.3 Image processing  

The data of the 2-dimensional tomographic images were extracted as a gray-

scale table with values of 0-255 of the same size (i.e., 2,136 rows and 2,136 

columns). The image data was processed using MATLAB software.  

 

5.2.3.1 Separation of particles and pore space 

The gray-scale values of the data showed two partially overlapping 

distributions (i.e., sand with calcium carbonate precipitates and the 

background), as can be observed in Fig. 5.1. The distributions were separated 

based on the threshold value determined by Otsu’s method, which selected 

threshold value by minimizing the intra-class intensity variance, or equivalently, 

maximizing the inter-class intensity variance (Otsu, 1979). Finally, the pixels 

were distinguished as two elements: the void (pore space) and sand with 

calcium carbonate precipitates. 
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Fig. 5.1 Part (800×800 pixels) of the 2-dimensional tomographic image and the 

distribution of the gray-scale values of sand without the application of MICP 

and with nine MICP applications: (a) 2-dimensional image of sand without 

MICP application, (b) 2-dimensional image of sand with nine MICP 

applications, (c) distribution of gray-scale values of sand without MICP 

application, and (d) distribution of gray-scale values of sand with nine MICP 

applications  
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5.2.3.2 Separation of sand or non-bonded particles 

An object-based image analysis method was conducted to analyze the 

extent of the binding of sand particles caused by the MICP application. The 

method to separate individual sand particles into individual objects was first 

performed in sand without MICP application, i.e., where no calcium carbonate 

binding was present. An object divided from another by a pore space was 

identified as one sand particle. Then, the same method was applied in the 

specimens with MICP application. The objects that could not be separated by 

the same separation method were considered as a particle with bonding by 

MICP application. Based on the volume of each separated object (i.e., the 

number of pixels), the effective radius was derived under the assumption that 

the object is spherical in shape. The change in the distribution of the effective 

radius in each sample was analyzed as an effect of the bonding of particles by 

the calcium carbonate precipitated by MICP application.  

An important consideration in determining the method separating each 

sand particle was the distinction of a bonded particle from particle with only 

surface contact, called as contacted particles. To separate the contacted particles 

only, the separation was conducted based on a marker-controlled watershed 

segmentation method. The central component of each object was sorted, which 

was used as the marker, and the areas occupied by the center of each object 

were determined using the watershed line method (Meyer, 1994). Each object 

was finally separated according to the edge of the determined area. The 

schematic concept of the separation is shown in Fig 5.2.   
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Fig. 5.2 Schematic concept of the separation of sand particles used in this study 

 

  



130 

5.2.3.3 Quantification of calcium carbonate bonds 

The number of calcium carbonate bond formed by MICP application was 

further analyzed. The pixels with an overlap between the pixels of particles and 

the watershed line produced based on the marker were counted. The count 

decreased as the number of MICP applications increased, because the 

watershed line was diminished as the number of individual particles decreased 

with more applications of MICP. The reduction in the count was considered as 

the formation of a bond by MICP application.  
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5.3 Results and Discussion 

5.3.1 Calcium carbonate precipitation and change in pore volume by MICP 

application  

The X-ray CT analysis was conducted on the specimens with varying number 

of MICP applications (i.e., 0, 1, 3, 5, 7, and 9). The gray-scale values of the 

image were extracted and resized to 800×800×800 pixels; then, the pore and 

sand particles with calcium carbonate precipitates were separated based on the 

threshold value determined by Otsu’s method. The 3-dimensional images of the 

specimens without MICP application and with nine MICP applications and 2-

dimensional tomographic images are shown in Fig. 5.3. With MICP application, 

a decrease in the pores (i.e., the number of black pixels) was observed; further, 

it was also confirmed that the areas of sand particles (i.e., the number of white 

pixels) were expanded in the cross-sectional images. The result was consistent 

with the backscattered electron (BSE) image of the cross-section of the MICP-

applied sand (DeJong et al., 2006, Lesley A. Warren, 2001). Additionally, it also 

corresponded to the SEM image, where the calcium carbonate precipitated by 

MICP application was accumulated on the surface of the sand (DeJong et al., 

2010, Stabnikov et al., 2011, Cheng and Cord-Ruwisch, 2012).  

The pore volume of the specimen was calculated as the number of 

pixels occupied by particles (i.e., sand and calcium carbonate precipitates) from 

the total number of pixels (Fig. 5.4). The pore volume of the sand measured by 

image processing was 39.5%, which showed a value similar to the value 

calculated from the bulk density (i.e., 39.6%). The pore volume decreased as 
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the number of MICP application increased. The pore volume decreased by 0.85% 

for each application, and the pore volume decreased to 31.6% after nine MICP 

applications.  

From the results, it was confirmed that the calcium carbonate was 

precipitated and accumulated on the surface of the soil particles, resulting in a 

continuous reduction in pore volume as the number of applications of the 

MICP-inducing solution increased. In addition, in the cross-sectional image, it 

was observed that more sand particles were connected to each other in the 

specimen after nine MICP applications. This indicated that the calcium 

carbonate gradually accumulated on the surface of the sand particles and 

contacted the other sand particles, resulting in the bonding of the particles. To 

confirm this, the extent of the bonding of the sand particles with calcium 

carbonate precipitates was further analyzed.  
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Fig. 5.3 3-dimensional (800×800×800 pixels) and 2-dimensional cross-

sectional images (800×800 pixels) of the specimens without MICP application 

or with nine MICP applications. 3-dimensional image of: (a) the sand without 

MICP application and (b) the sand with nine MICP applications. 2-dimensional 

cross-sectional image of: (c) the sand without MICP application and (d) the 

sand with nine MICP applications. Black and white pixels indicate the pore 

spaces and sand particles with calcium carbonate precipitates, respectively.  
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Fig. 5.4 Change in the pore volume of the specimen with the number of 

applications of MICP-inducing solution. The pore volume was calculated as the 

number of pixels occupied by a particle from among the total number of pixels.  
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5.3.2 Bonding of sand particles by calcium carbonate precipitation by 

MICP application 

In the 3-dimensional data (800×800×800 pixels), the extent of the bonding of 

sand particles by MICP application was analyzed based on the effective radius 

of the individual particles (i.e., individual sand particles or particles bonded 

with calcium carbonate). The sand particles in the sand without MICP 

application were separated, and the same method was applied on the sand with 

varying number of MICP applications.  

Initially, the method to separate contacted sand particles, which were 

recognized as bonded particles, was performed. In the 2-dimensional cross-

sectional image, the values of each pixel were reconstructed as the distance 

between one pixel and the pixel of the nearest pore. After this process, the 

values of the pixels located at the center of the individual object were increased 

and the value of the pixels closer to the edge of the object were reduced. 

Markers were formed by sequentially removing values from 1-7. Objects were 

separated based on each marker, and the distribution of the effective radius of 

the individual objects were determined (Fig. 5.5). The marker formed by 

removing values below five was selected to separate the contacted sand particle 

as the distribution of the effective radius was converged.  
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Fig. 5.5 Distribution of the effective radius of individual particles in sand with 

various markers. The distribution from the right to the left was created with 

markers that were formed by removing values from 1-7 in the reconstructed 

image, where the value indicated the distance of the pixel to the nearest pore. 

With the marker formed by removing values from 1-3, one object with a larger 

effective radius (refer to the figure) occupied 99.9, 98.9, and 47.1%, 

respectively, of the total volume, which indicate ineffective separation. A 

similar distribution was obtained in the cases using the marker formed by 

removing values below 5, 6, and 7, respectively.   
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This distribution was compared to the particle size distribution of the 

sand determined by sieving (Fig. 5.6). The distribution determined by particle 

separation was similar to that obtained through the sieving of the sand. However, 

there were certain differences in the distribution at the particle size ranging 

from approximately 425-500 μm. It may be because the effective radius was 

determined on the assumption that the particle was a sphere although the shape 

of the actual particles was not a perfect sphere.  
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Fig. 5.6 Distribution of the effective radius determined by image processing 

and sieving of the sand. The distribution was obtained using the marker formed 

by removing values below five in the reconstructed image, where the value 

indicates the distance of the pixel to the nearest pore. The effective radius in the 

distribution by sieving was determined to be half of the sieve size.  
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 The proposed separation method was applied to the specimens with 

varying number of MICP applications (i.e., 1, 3, 5, 7, and 9). The distribution 

of the effective radius in each MICP-applied specimen is shown in Fig. 5.7. As 

the number of MICP applications increased, the effective radius of the objects 

also increased. This result indicates that the sand particles were bonded by the 

calcium carbonate precipitates. As a result of the binding, several sand particles 

were combined into one large particle; therefore, a larger effective radius was 

obtained. Especially, the volume occupied by a bonded particle increased to 1.4, 

7.2, 55.0, 65.0, and 94.8% of the volume of total particles as the number of 

MICP applications increased to 1, 3, 5, 7, and 9, respectively. In the result 

discussed in chapter 4, the penetration resistance of the MICP-applied sand 

increased with increasing number of MICP applications; however, it reached a 

plateau after five MICP applications. This result can be explained by the extent 

of bonding. After five applications, the bonding of sand particles made one 

large particle, which bonded 55.0% of the particles in volume. That level of 

bonding (i.e., approximately half of the total particles became one bonded 

particle based on volume) was probably sufficient to form the bonds between 

sand particles to obtain the effect on the increase in the strength of sand; thus, 

it is thought that the penetration resistance converged according to the 

saturation of the bonds after five MICP applications. 
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Fig. 5.7 Distribution of the effective radius of the particles (sand or bonded 

sand) with varying number of MICP applications (i.e., 0, 1, 3, 5, 7, and 9). One 

large particle occupied 1.4, 7.2, 55.0, 65.0, and 94.8% of the volume of total 

particles as the number of MICP applications were 1, 3, 5, 7, and 9, respectively. 
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5.3.3 Difference in the bonding of sand particles with different 

compositions of MICP-inducing solution 

The proposed separation method was also applied to the specimen with five 

applications of different compositions of MICP-inducing solution to analyze 

the effect of the nutrient (i.e., tryptic soy broth in this study) or dissolved 

organic carbon (DOC). The pore volume of each MICP-applied sand was 34.5 

and 36.6% without TSB and with DOC, respectively. This indicated that the 

amount of calcium carbonate precipitated was larger when TSB was not 

contained and similar when DOC was contained, when compared to the pore 

volume with the MICP-inducing solution containing TSB and not containing 

DOC, respectively. The larger amount of calcium carbonate precipitate when 

TSB was not contained in the MICP-inducing solution was similar to the trend 

of calcium carbonate precipitation studied in chapter 3. 

The distribution of the effective radius of the specimen with different 

compositions of MICP-inducing solution is shown in Fig. 5.8. Although the 

number of MICP applications was set at five, there were significant differences 

in the distribution. When TSB was not contained or DOC was contained in the 

MICP-inducing solution, a smaller effective radius was obtained. The largest 

particle occupied only 2.7 and 12.1% of the volume of total particles in the 

absence of TSB and in the presence of DOC, respectively. These values were 

significantly smaller than the value of 55.0% in the presence of TSB and 

absence of DOC.  
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These results indicated that the bonding of sand particles was also 

affected by the qualitative characteristics of calcium carbonate, which can be 

different depending on the composition of MICP-inducing solution. In the 

results presented in chapter 3 and 4, the smaller size of calcium carbonate was 

precipitated when TSB was absent or DOC was present in the precipitation. In 

previous chapters, the lower effect of soil strengthening by MICP was 

confirmed under both conditions mentioned above; moreover, it was speculated 

that the small size of calcium carbonate precipitates was not favorable for the 

binding of sand particles. In this chapter, the lower binding effect of calcium 

carbonate precipitates under different precipitation condition (i.e., different 

compositions of MICP-inducing solution) was confirmed by the 3-dimensional 

structural analysis using X-ray CT. From these results, it was comprehensively 

understood that the composition of MICP-inducing solution or the other 

substances in the precipitation condition can affect the size of calcium 

carbonate precipitates, which further influences the soil strengthening by MICP, 

even for the same amount of calcium carbonate precipitates.  
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Fig. 5.8 Distribution of the effective radius of the particles (sand or bonded 

sand) with five applications of different compositions of MICP-inducing 

solution. The MICP-inducing solution not containing the nutrient (i.e., tryptic 

soy broth) and containing DOC extracted from peat were applied to investigate 

the effect of the nutrient and DOC on the bonding by calcium carbonate 

precipitates, respectively.  
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5.3.4 Quantification of the calcium carbonate bond by MICP application  

The number of calcium carbonate bonds formed by MICP application was 

analyzed and compared with the penetration resistance determined in chapter 4. 

As the number of MICP applications increased, the number of bonds increased, 

showing a trend similar to that of penetration resistance (Fig. 5.8(a)). The 

number of bonds increased up to 20,000, indicating the formation of an average 

of six bonds per sand particle. When comparing this with the MICP-applied 

sand using different MICP-inducing solutions, the penetration resistance 

corresponding to the number of calcium carbonate bonds demonstrated a 

similar value regardless of the composition of MICP-inducing solution, except 

while using the solution with 200 mM of urea and calcium. When compared to 

the analysis for objects (i.e., entire sand and calcium carbonate) with a large 

number of pixels, analyzing the bonds involved the limitation that fine objects, 

which should be removed as error, were also considered while counting the 

bonds.  

However, the overall results corresponding to the number of calcium 

carbonate bonds, the extent of bonding, and penetration resistance showed 

similar trends. Therefore, it is considered to be useful as a supplement to the 

fact that the bonding by calcium carbonate, which was formed by MICP 

application, substantially influenced the increase in the strength of the sand.  
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Fig. 5.9 Number of calcium carbonate bonds and the relationship between the 

number of bonds and penetration resistance: (a) number of bonds and 

penetration resistance with repeated MICP application and (b) number of bonds 

and penetration resistance for varying MICP levels and solutions 
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5.4 Summary 

In this chapter, the process of the formation calcium carbonate bonds between 

sand particles and the extent of bonding after the application of microbially 

induced calcium carbonate precipitation (MICP) were analyzed through a 3-

dimensional structural analysis using the X-ray CT and image processing 

method. As calcium carbonate was more precipitated with repeated applications 

of the MICP-inducing solution, the precipitated calcium carbonate filled the 

void spaces between sand particles, and eventually connected the sand particles 

(i.e., bonds were formed). To assess the extent of bonding, the object-based 

image analysis was conducted. By image processing, sand particles without 

MICP application were separated as individual objects, and the same method 

was applied to the MICP-applied sand. The effective radius of individual 

objects in the MICP-applied sand increased as the number of MICP applications 

increased, indicating that sand particles were increasingly bonded with MICP 

application. The extent of bonding exponentially increased up to five MICP 

applications. After five repeated applications, 55% of the total volume of the 

particles was occupied by one bonded particle, and the value further increased 

to 95% with nine MICP applications. The results indicated that the extent of 

bonding was also saturated with increasing amount of calcium carbonate 

precipitates, which resulted in the converge of the strength of the sand with 

MICP application. An analysis was additionally conducted on the MICP-

applied sand using MICP-inducing solutions without the nutrient or with the 

dissolved organic carbon, which induced the formation of smaller calcium 
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carbonate precipitates, which were not favorable to form bonds. In the result, 

the extent of bonding was significantly decreased in these samples even for the 

same number of MICP applications and for similar amounts of calcium 

carbonate precipitates. These trends also supported the results of the 

quantification of calcium carbonate bonds formed by MICP application. Thus, 

3-dimensional structural analysis conducted in this chapter conclusively 

supported the theory that the calcium carbonate filling the void space between 

soil particles results in the bonding; thus, the bonding was saturated according 

to the filling of the void space between soil particles. Additionally, the larger 

calcium carbonate precipitates were preferential for forming bonds between 

soil particles by calcium carbonate, which was consistent with the result of the 

previous chapter that the calcium carbonate precipitated without nutrient or 

with DOC formed smaller sized precipitates and contributed lesser to the 

increase in the strength of soil. 
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Chapter 6. Evaluation of the inhibitory effect of soil 

Cu on microbially induced calcium carbonate 

precipitation for the application of microbially 

induced calcium carbonate in heavy metal-

contaminated soil 

 

6.1 Introduction 

Microbially induced calcium carbonate precipitation (MICP), a biocementation 

method, is actively studied in biogeotechnical engineering (Mujah et al., 2016). 

Microbial urea hydrolysis by enzyme urease is the most widely used method to 

provide carbonate for calcium carbonate precipitation in soil (Mujah et al., 

2016). In the process, one mole of urea is hydrolyzed to one mole of bicarbonate 

and two mole of ammonia by urease, and the increase in pH by ammonia (i.e., 

NH3 to NH4
+ and OH-) induces a conversion of bicarbonate to carbonate which 

is finally precipitated to calcium carbonate (Stocks-Fischer et al., 1999, 

Bachmeier et al., 2002). It is known that the precipitated calcium carbonate 

forms bonds among soil particles, contributing to an increase in the strength of 

the soil, which has mainly been studied using shear strength as an indicator. 

(Mujah et al., 2016, Ivanov and Chu, 2008, DeJong et al., 2010). Based on this 

effect, the application of MICP has mainly been focused from the start on 

ground improvement (Ivanov and Chu, 2008, Mujah et al., 2016). However, the 
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effect of MICP on soil erosion prevention were reported for wind erosion 

(Maleki et al., 2016, Wang et al., 2018b, Zomorodian et al., 2019) and also for 

water erosion (Salifu et al., 2016, Wang et al., 2018a). The literature 

corroborates the findings concerning increased strength of soil surface and 

reduced soil erosion. Zomorodian et al. (2019) analyzed wind erosion of MICP 

treated and untreated samples, and reported no soil erosion by wind even at a 

speed of 20 m/s after applying MICP with a 0.25 M urea and calcium solution. 

Wang et al. (2018a) confirmed the effect of MICP on reducing erodibility to 

water. In their research, soil erosion by water flow only occurred above 6 m/s 

of flow rate after MICP treatment while it occurred by 0.3 m/s of water flow in 

MICP untreated soil.  

 Notably, soil erosion in heavy metals-contaminated site can cause a 

huge environmental problem both inside and outside the site. Inside the site, 

soil particles generated by wind erosion (i.e., fugitive dust) make a receptor 

exposed to heavy metals in the particles, causing a risk through inhalation 

pathway (Man et al., 2010, Luo et al., 2011, Kerin and Lin, 2010). As well as, 

outside the site, the deposit of the soil particles eroded and transported by water 

and wind erosion contributes to the spread of heavy metals contamination into 

off-site soil, surface water, and sediment (Quinton and Catt, 2007, Alloway, 

2013). It can lead to a great increase in the risk of heavy metals contamination, 

well-known toxic substances to humans and the environment (Tchounwou et 

al., 2012). Due to its effect on the prevention of soil erosion, MICP can be used 

as a technology to reduce the spread and the risk of heavy metals contamination 

in heavy metal-contaminated sites. Although the effect of MICP on soil erosion 
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prevention was not directly evaluated, there are a few studies that confirmed 

the increase of soil strength by MICP application in soils contaminated by lead 

(Mwandira et al., 2017) and by various heavy metals (i.e., arsenic, copper, zinc, 

and molybdenum) (Xihai et al., 2018), implying the applicability of MICP to 

prevent soil erosion in heavy metal-contaminated sites.  

 To apply the MICP to heavy metals-contaminated soil to prevent 

erosion, however, the effect of the soil heavy metals on the MICP should be 

understood. However, it is difficult to find literature studying the inhibitory 

effect of heavy metals in soil on MICP. Some papers applied MICP in the 

presence of heavy metals, but they only focused on the immobilization of the 

heavy metal ions (reduction of the concentration of heavy metal ion), and not 

assessed the effect of heavy metals on calcium carbonate precipitation by MICP 

(Kang et al., 2016, Yang et al., 2016, Kumari et al., 2016, Mwandira et al., 2017, 

Xihai et al., 2018). Because urea hydrolysis is a crucial step in MICP process, 

the inhibition of urea hydrolysis can severely reduce the applicability of MICP. 

Many divalent heavy metals are known to be urease inhibitors (Bremner and 

Douglas, 1971, Upadhyay, 2012). They react with sulfhydryl groups of the 

urease enzyme, causing a conformational change and consequently the 

inactivation of the enzyme (H. R. Shaw, 1954, H. R. Shaw and N. Raval, 1961).  

Based on literature, it is thought that Cu is one of the most effective 

inhibitor of MICP among other heavy metals in soil, because Cu not only has a 

high contamination concentration in soil (Wei and Yang, 2010), but is also 

highly toxic to urease (Upadhyay, 2012, Zaborska et al., 2004). In addition, it 
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is necessary to consider the effect of calcium, an essential element of MICP, on 

the inhibition of MICP by soil heavy metals, because calcium used at a high 

concentration in MICP (Mujah et al., 2016) can lead to the release of heavy 

metals adsorbed in the soil (van den Hoop et al., 1995, Temminghoff et al., 

2005).  

 The main objectives of this study were to assess and quantify the 

inhibitory effect of soil Cu on MICP. Two types of soil (sand and sandy loam) 

freshly contaminated with Cu were used, and the effect of aging was also 

studied. Further, the applicability of MICP in heavy metal-contaminated soil 

was assessed based on the evaluation of the inhibitory effect of other heavy 

metals (i.e., Zn, Cd, Pb, Ni, As, and Cr(VI)). Then, the effect of MICP on soil 

loss prevention was assessed in the three field soils from a heavy metal-

contaminated site. In addition, the role of calcium in the MICP-inducing 

solution on the inhibition of MICP by soil Cu was studied, and a way to improve 

the applicability of MICP in heavy metal-contaminated soil was devised. 
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6.2 Materials and Methods 

6.2.1 Preparation of synthetic Cu-contaminated soils  

Two different soils were prepared and artificially contaminated with Cu. Soil 

properties (pH, organic matter content, cation exchange capacity, and soil 

texture) were analyzed by the following methods and are shown in Table 6.1. 

To determine the pH of the soil, the soil was horizontally mixed with distilled 

water (L/S ratio: 5) for 1 hour. After allowing the mixture to stand for 30 

minutes, the pH of the supernatant was determined to represent the pH of the 

soil (Conyers and Davey, 1988). An orion five-star portable meter (Thermo 

Fisher Scientific, USA) with a pH probe (8102BNUWP) was used. Soil organic 

matter content was determined by the method suggested by Walkley and Black 

(1934), which uses potassium dichromate to oxidize the organic matter in the 

soil. The cation exchange capacity of the soil was analyzed by a method using 

ammonium acetate as suggested by Schollenberger and Simon (1945). Soil 

texture was determined using the different settling times method suggested by 

Miller and Miller (1987).  

Table 6.1 Properties of the soils used in this study 

# 
Soil texture 

(Sand/Silt/Clay) 

Organic 

matter 

content (%) 

Cation exchange 

capacity  

(CEC; cmol/kg) 

pH 

1 
Sand 

(92/4/4) 
<0.1 1.8 7.8 

2 
Sandy loam 

(76/15/9) 
2.6 9.2 5.2 
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The two soils were artificially contaminated with Cu at various 

concentrations of 25, 50, 75, 100, 175, 250, 500, and 1,000 mg/kg. Copper 

nitrate solution was injected into a soil with a volume of the field capacity of 

the soil (8% in sand and 20% in sandy loam), and evenly mixed. For freshly 

Cu- contaminated soil, the mixture was stored in an incubator at 25 ℃ for 7 

days, maintaining their moisture content and temperature. To obtain the aged 

soil, storage was maintained for 350 days for 250 mg/kg Cu-contaminated soils.  

 

6.2.2 Microbially induced calcium carbonate precipitation (MICP) in soil 

To induce microbially induced calcium carbonate precipitation, urea, calcium, 

tryptic soy broth (TSB), and Sporosarcina pasteurii were injected into each 

prepared soil. Pre-cultured S. pasteurii (KCTC 3558; Korean Collection for 

Type Cultures) was washed twice with 0.85% NaCl solution (pH 7.2) and 

resuspended in 8 g/L TSB solution to obtain an optical density at 600 nm (OD600) 

of 2.0. Urea and calcium solution was composed of 900 mM urea (Daejung 

Hwagum, Korea) and 900 mM CaCl2 (Daejung Hwagum, Korea), and the pH 

of the solution was adjusted to 7.0 with HCl. The microbial solution and urea 

and calcium solution were injected sequentially into a target soil at an 

liquid/solid (L/S) ratio of 0.15 each to prevent a reaction outside the target soil, 

and then mixed homogeneously. The final composition of the injected solution 

was OD600 1.0 of S. pasteurii, 4 g/L TSB, 450 mM CaCl2 and 450 mM urea, 

and the ratio of the volume of solution to the mass of soil was 0.3. The soil 

injected with the solution was reacted at 25 ℃ for 24 hours. In addition, to 

investigate the effect of calcium concentration, the same method was applied 
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with various calcium concentrations, namely 0, 50, and 150 mM calcium. 

After the reaction, 1 M KCl solution (pH 7.0) was added to the soil at 

a L/S ratio of 10, and the mixture was vertically mixed for 1 hour to extract 

ammonia and remove dissolved calcium (i.e., not precipitated as calcium 

carbonate) from the soil. Soil and supernatant were separated by centrifugation 

with 14,000 g for 10 minutes. After filtering the supernatant with a 0.45 μm 

polypropylene (PP) syringe filter, the ammonia concentration of the filtered 

solution was measured using Nessler’s reagent as previously described 

(Whiffin et al., 2007). The amount of urea hydrolyzed in the injected solution 

was determined to be half of the amount of ammonia of the extracting solution. 

The remaining soil was reacted with 1 M HCl solution at a L/S ratio of 10, and 

the mixture was vertically mixed for 1 hour to dissolve calcium carbonate. After 

centrifuging and filtering the solution, the calcium concentration of the 

supernatant was analyzed using inductively coupled plasma-optical emission 

spectroscopy (ICP-OES; iCAP 7400 DUO, Thermo Scienfitic, USA), and the 

calcium carbonate concentration was determined from this concentration.  

To analyze the Cu concentration in soil solution distinct from the total 

soil Cu concentration, the soil solution was made using the same solution to 

induce MICP. The solution used to induce MICP except microbe (i.e., 4 g/L 

TSB, 450 mM CaCl2 and 450 mM urea) was injected to a dried soil at a L/S 

ratio of 0.3, and distilled water at a L/S ratio of 4.7 was additionally injected 

for a final L/S ratio of 5. The mixture was horizontally mixed for 1 hour and 

filtered by 0.45 μm PP syringe filter. The pH and Cu concentration of the soil 
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solution were analyzed.  

 

6.2.3 Analysis of Cu form in Cu-contaminated soils 

To analyze the form of Cu in the Cu-contaminated soils used, a sequential 

extraction procedure was conducted using the method suggested by Tessier et 

al. (1979) (fraction 1-4) and by the US EPA Method 3052 (Agency, 1996) 

(fraction 5). The extracting solution and condition for each fraction are shown 

in Table 6.2. 

 

 Table 6.2 Sequential extraction procedure used in this study 

Fraction Extraction solution Extraction condition 

1 
1 M MgCl2  

(pH 7.0) 

1 hour mixing; 

room temperature; 

2 
1 M NaOAc and HOAc  

(pH: 5.0) 

5 hours mixing; 

room temperature; 

3 
NH2OH·HCl in 25% HOAc 

(pH 2) 
6 hours mixing; 96±3℃; 

4 
H2O2/HNO3 (pH 2) and 

subsequent NH4OAc 
5 hours mixing; 85±2℃; 

5 HNO3, HF, and H2O2 
With microwave at 

180±5℃; 
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6.2.4 Application of MICP on heavy metal-contaminated field soil and soil 

loss test 

Three types of soils (named as Soil F1, Soil F2, and Soil F3) were collected 

near a former smelter site where heavy metal contamination occurred by 

smelting activity. Soil properties (Organic content, pH, cation exchange 

capacity (CEC), and soil texture) were analyzed using the method 

aforementioned, and are shown in Table 6.3. The total concentration of six 

kinds of heavy metals (Cd, Cu, As, Pb, Zn, and Ni) in the soils were analyzed, 

and shown in Table 6.4. The heavy metals in the soils were extracted following 

USEPA METHOD 3052 (USEPA, 1996). Then, the concentrations in the 

extract were analyzed using ICP-OES (iCAP 7400 DUO, Thermo Scientific, 

USA), and converted to the concentration in soil.  
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Table 6.3 Properties of the field soils used in this study 

Name 
Soil texture 

(Sand/Silt/Clay) 

Organic 

matter 

content 

(%) 

Cation 

exchange 

capacity  

(CEC; 

cmole/kg) 

pH 

Soil F1 
Loam 

(39/38/23) 
2.0 18.8 6.0 

Soil F2 
Sand 

(90/4/6) 
0.8 3.1 5.7 

Soil F3 
Loamy sand 

(80/14/6) 
1.4 9.4 5.6 

 

  

Table 6.4 Total heavy metal concentrations of the field soils used in this study 

Soil 

name 

Heavy metals concentration (mg/kg) 

Cu Zn Cd Pb Ni As 

Soil F1 110.8±6.7 98.3±5.3 ND 270.5±9.2 87.2±2.9 65.7±2.9 

Soil F2 23.5±1.6 60.2±3.0 ND 90.0±5.6 48.8±1.4 ND 

Soil F3 10.1±0.9 15.1±1.6 ND 93.7±8.1 183.3±16.3 6.7±0.7 

* ND means that the concentration was below detection limit (i.e., 1.25 mg/kg) 

 

  



161 

To assess loss of the soils with or without MICP application, 

hexahedron-shaped specimens (W: 20 cm, H: 20 cm, D: 1.5 cm) were made 

using these soils. The frame was made of acryl, and its internal size had a width 

of 20 cm, height of 20 cm, and depth of 4 cm. One side of the frame was made 

1.5 cm lower so that the soil separated by rainfall and the runoff would flow to 

that side. In the lower part of the frame, nine holes each with a diameter of 5 

mm were drilled at equal intervals for drainage. Each soil was placed in a frame, 

and the MICP-inducing solution was repeatedly sprayed onto the soils once 

every 24 hours as a L/S ratio of 0.3. After each application, the reaction 

occurred at 25℃. After each target number of applications, the specimens were 

dried at 25 ℃ until no change in weight was observed.  

An artificial rainfall test was conducted to assess soil loss in the soils 

with or without MICP application. Rainfall was simulated using nozzle 

injection type facility which can simulate rainfall intensity from 10 to 150 

mm/hr. The variation in rainfall intensity, the size of raindrop, and kinetic 

energy of raindrop was maintained within 10% in the position of the specimen. 

Those were monitored using disdrometer (OTT Parsivel2; OTT Hydromet, USA) 

which covers the size of raindrop for 0.2-8.0 mm, rainfall intensity for 0.001-

1,200 mm/hr, and kinetic energy of raindrop for 0-1,000 J/m2/h. The specimen 

was placed on a slope and exposed to artificial rainfall during 10 minutes. The 

soil lost by rainfall was collected in the lower part of the slope, and its dry 

weight was measured. The conditions of the artificial rainfall test were slope of 

8.5°, and rainfall intensity of 33 mm/hr. The main size of raindrop was in a 

range of 0.5-1.5 mm. 
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6.3 Results and discussion 

6.3.1 Inhibition of MICP in Cu-contaminated soils 

The solution containing urea, calcium, and Sporosarcina pasteurii was injected 

into sand and sandy loam freshly contaminated with various Cu concentrations 

(i.e., 0, 25, 50, 75, 100, 175, 250, 500, and 1,000 mg/kg), and the amount of 

calcium carbonate precipitated and urea hydrolyzed were analyzed (Fig. 6.1). 

In the soils without Cu contamination, 397.6±12.6 and 352.5±16.0 mM calcium 

carbonate was precipitated in sand and sandy loam, respectively, by the 

hydrolysis of all injected urea (450 mM). However, the concentrations were 

reduced to 212.2±6.0 and 206.8±27.8 mM in each soil, respectively, with 25 

mg/kg of Cu. In both the soils, the amount of calcium carbonate precipitated 

continued to decrease as soil Cu concentration increased from 25 mg/kg. 

However, even at the same Cu concentration of soil, calcium carbonate 

precipitation was more reduced in sandy loam than in sand. No precipitation of 

calcium carbonate was obtained at Cu concentration equal and above 500 

mg/kg and 100 mg/kg in sand and sandy loam, respectively. The amount of urea 

hydrolyzed showed a trend similar to that shown by the amount of calcium 

carbonate precipitated, continuously reduced with the increasing Cu 

concentration up to 1,000 mg/kg.  
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Fig. 6.1 MICP in Cu-contaminated soils. The amount of calcium carbonate 

precipitated and urea hydrolyzed by the application of MICP-inducing solution 

in freshly Cu-contaminated soils: (a) sand, and (b) sandy loam. Error bar means 

the standard deviation of triplicate samples. 
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 Specifically, the amount of calcium carbonate precipitated was fitted 

to the amount of urea hydrolyzed (Fig. 6.2). In both soils, the amount of calcium 

carbonate precipitated was linearly correlated with the amount of urea 

hydrolyzed (r2: 0.99). Also, 83% and 79% of additionally hydrolyzed urea was 

contributed to calcium carbonate precipitation in sand and sandy loam, 

respectively. However, no precipitation of calcium carbonate occurred when the 

Cu concentration was higher than 500 mg/kg in sand and 100 mg/kg in sandy 

loam. In the soils, lower pH was obtained after urea hydrolysis. In this study, 

calcium carbonate precipitation occurred in the soils in which pH increased 

above 6.5. In the higher concentration of Cu in soil, the lower urea hydrolysis 

due to the inhibition by Cu also inhibited the pH increase up to 6.5, resulting in 

no calcium carbonate precipitation.  
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Fig. 6.2 Relationship between calcium carbonate precipitation, final pH, and 

urea hydrolysis. The amount of calcium carbonate precipitated on the amount 

of urea hydrolyzed after the application of MICP-inducing solution. The slopes 

of the linear regression were 0.83 and 0.79 in sand and sandy loam, respectively 

(r2: 0.99). Final pH on the amount of urea hydrolyzed after the application of 

MICP-inducing solution. Error bar means the standard deviation of triplicate 

samples. 
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In both test soils, Cu contamination significantly inhibited the urea 

hydrolysis and consequently the calcium carbonate precipitation by S. pasteurii, 

even at a Cu concentration of 25 mg/kg. It is known that Cu in soil is adsorbed 

to various materials, such as soil organic matter, Fe or Mn oxide, and clay, or 

precipitated in various forms, such as Cu(OH)2 and CuCO3 (Oorts, 2013). These 

various forms of Cu in soil, which are commonly referred as Cu fraction, have 

different extents of inhibitory effect. It is known that the toxicity of soil 

contaminants is derived from the fraction desorbed from soil solid to soil 

solution (Young, 2013). Especially, in MICP process which uses high 

concentration of calcium ion, the desorption of heavy metals from soil to soil 

solution may be promoted (Echeverría et al., 1998), because calcium competes 

with Cu on the adsorption site of soil surface (Zhu et al., 2011). Thus, the 

inhibitory effect of Cu on MICP was evaluated based on Cu concentration of 

the soil solution, and the inhibition in the aged soils was also assessed by Cu 

concentration of the soil solution.  
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6.3.2 Determination of the inhibition concentration of Cu on MICP  

Cu concentration of the soil solution was analyzed for sand and sandy loam 

with all Cu concentrations tested. Additionally, to analyze the effect of aging, 

Cu concentration of soil solution was analyzed in aged soils with Cu 

contamination of 250 mg/kg. 

The relationship between the amount of urea hydrolyzed and Cu 

concentration of the soil solution was predicted by using a four parameters 

logistic function (Fig. 6.3). In both the soils, the reduction in urea hydrolysis by 

increasing Cu concentration was well predicted by the logistic function (r2 = 

0.99). Half maximal concentration (IC50) for the inhibition of urea hydrolysis 

by Cu was determined to be 1.3 mg/L in sand and 0.9 mg/L in sandy loam. In 

both the soils, as Cu contamination was aged, more urea was hydrolyzed even 

at the same Cu concentration in the soil (i.e., 250 mg/kg) as Cu concentration 

of the soil solution decreased (Fig. 6.3). The amount of urea hydrolyzed 

increased about three times, from 68.0±2.9 to 194.5±14.6 mM in sand and from 

11.9±0.2 to 32.8±3.4 in sandy loam. The Cu concentration in soil solution 

decreased from 12.0±0.1 to 3.7±0.1 mg/L in sand and from 21.0±0.3 to 7.9±0.2 

mg/L in sandy loam.  
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Fig. 6.3 Inhibitory effect of Cu on urea hydrolysis based on Cu concentration 

of soil solution. The amount of urea hydrolyzed on Cu concentration of soil 

solution was fitted using a four parameters logistic function (r2: 0.99) (rigid). 

Half maximal inhibition concentrations were 1.3 and 0.9 mg/L in freshly Cu-

contaminated sand and sandy loam, respectively. The amount of urea 

hydrolyzed on Cu concentration of soil solution in aged sand and sandy loam 

with 250 mg/kg of Cu contamination was also pointed (blank). Error bar means 

the standard deviation of triplicate samples. 
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The inhibitory effect of Cu on MICP was well predicted based on the 

Cu concentration of the soil solution. Further, there was a difference in the 

determined inhibition concentration between the two tested soils, implying that 

other factors in the soil solution also affected the inhibition by Cu.  

One possible factor is the difference in dissolved organic carbon (DOC) 

concentration between the two soils, which is derived from the soil organic 

matter. It is well known that soil DOC, which is mainly composed of humic and 

fulvic acid, can strongly bind with Cu and form DOC-Cu complexes, which 

substantially affects the toxicity of Cu (Tchounwou et al., 2012). However, such 

effect by soil DOC was not significant in the experimental condition of this 

study. Rather, the toxic effect of Cu was higher in sandy loam which has 2.6% 

of soil organic matter content, indicating that the presence of DOC was not the 

key factor to determine the toxicity of Cu in the test condition of this study. It 

was probably due to the low pH of the soil solution. In the calculation using 

Minteq, Cu species as DOC-Cu complex represented less than 5% in the test 

condition of this study (pH 4.5 and 27 mg-DOC/L in soil solution).  

Another expected factor is the nutrient contained in the MICP-

inducing solution, which can greatly affect the binding of Cu with organic 

molecules (Tchounwou et al., 2012). In the MICP-inducing solution used in this 

study, 4 g/L TSB was contained as nutrient, providing various amino acids of 

4.72 mM. The soil solution extracted from sand and sandy loam showed 

different pH of around 6.3 and 4.5, respectively. It was assumed that the 

difference in pH could significantly affect Cu species in soil solution (Oorts, 
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2013), which would be especially related to the binding of Cu with amino acids 

in this study, because amino acid abundant in MICP-inducing solution can 

strongly bind Cu at neutral pH and the binding strength might be affected by 

pH (McBride, 1998, Ramamoorthy and Kushner, 1975, Callahan et al., 2006). 

However, it was difficult to predict the biding of Cu with amino acid and reflect 

the toxic effect of Cu-amino acid species.  

Additionally, the IC50 for the inhibition of MICP by soil Zn was 

determined with the same method for Cu because Zn was the second strongest 

inhibitor on urease activity of S. pasteurii in preliminary test. Sandy loam 

contaminated with various concentrations of Zn (i.e., 25, 50, 75, 100, 175, 250, 

500, and 1,000 mg/kg) was used. The amount of urea hydrolyzed decreased as 

Zn concentration of soil solution increased, and the IC50 for Zn was determined 

to be 57.5 mg/L in the sandy loam (Fig. 6.4). The value was very high to occur 

in field because that concentration would mean that 290 mg/kg of Zn is 

desorbed into the soil solution.  
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Fig. 6.4 The inhibitory effect of Zn on urea hydrolysis based on Zn 

concentration of soil solution. The amount of urea hydrolyzed on Zn 

concentration of soil solution was fitted using a four parameters logistic 

function (r2: 0.96). Half maximal inhibition concentration was 57.5 mg/L. 
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The inhibition of urease activity by various heavy metals in soil can 

cause MICP being inhibited; however, from the result of this study, Cu was only 

potential inhibitor of MICP. Specifically, the analysis on the toxic species of Cu 

in the soil solution could predict the most reliable method to predict the 

inhibitory concentration of soil Cu; however, it was thought that Cu 

concentration of soil solution can be an alternative to predict the inhibition of 

MICP by soil Cu because it reflects the initial Cu concentration in the solution, 

practically maximum concentration, where MICP process occurs. Despite the 

limitations aforementioned, the IC50 values determined in this study were 

considered to be meaningful in evaluating the applicability of MICP in Cu-

contaminated soils. The pH of the tested soils in this study (i.e., 5.2 and 7.8) 

covered the pH range which the MICP by urease activity have been studied 

(Mujah et al., 2016, Lauchnor et al., 2015). Conclusively, it is suggested that 

the applicability of MICP should be evaluated by the concentration of Cu in the 

soil solution and the determined IC50 value in this study. 
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6.3.3 Application of MICP on heavy metal-contaminated field soils for soil 

loss prevention 

The applicability of MICP was evaluated in heavy metal-contaminated field 

soils that were sampled from a former smelter site. The soils named as Soil F1, 

F2 and F3 had a total soil Cu concentration of 110.8±6.7, 23.5±1.6, and 

10.1±0.9 mg/kg, respectively. To determine the applicability of MICP, the Cu 

concentration in soil solution was analyzed. The concentrations were 0.15±0.03, 

0.28±0.00, and 0.26±0.06 mg/L, respectively, indicating that all the 

concentrations were below the IC50 determined before (i.e., 0.9 and 1.3 mg/L 

for sandy loam and sand, respectively). The Cu concentration in soil solution 

was not proportional to the total Cu concentration of the soil. Especially, the 

concentrations were much lower when compared to the case of synthetic 

contaminated soils. This may be because the amount of Cu able to be desorbed 

to the soil solution had gradually decreased during long-term aging.  

 The number of applications of the MICP-inducing solution was 

determined 5, 3, and 4 times in Soil F1, F2, and F3, respectively, based on soil 

organic matter content (2.0, 0.8, and 1.4%). In a previous study, increasing soil 

organic matter content required more calcium carbonate precipitation to obtain 

same binding effect. By the repeated application of MICP-inducing solution, 

white precipitates were formed on all test field soils (Fig. 6.5). After the 

application, the concentrations of calcium carbonate were 41.4±18.0, 28.5±3.9, 

and 36.7±5.3 mg/g-soil in Soil F1, F2, and F3, respectively. Calcium carbonate 

was precipitated in average 8.3, 9.5, and 9.2 mg/g-soil per application. 
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Fig. 6.5 Surface of three field soils tested before and after MICP application. 

Before MICP-application in: (a) Soil F1, (b) Soil F2, and (c) Soil F3. After the 

applications of MICP-inducing solution in: (d) Soil F1 with 5 applications 

(41.4±18.0 mg-CaCO3/g-soil), (e) Soil F2 with 3 applications (28.5±3.9 mg-

CaCO3/g-soil), and (f) Soil F3 with 4 applications (36.7±5.3 mg-CaCO3/g-soil)  
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 Soil loss of the field soils with or without MICP application was tested 

in the artificial rainfall facility with the test conditions of rainfall intensity of 

33 mm/hr and slope of 8.5°. The soil loss rates of each soil without MICP 

application were 1.9, 5.3, and 4.7 g/m2-min in Soil F1, Soil F2, and Soil F3, 

respectively. After MICP application, the rates decreased to 0.8, 1.6, and 0.8 

g/m2-min in Soil F1, Soil F2, and Soil F3, respectively. 

In heavy metal-contaminated field soils, calcium carbonate 

precipitation and the reduction in soil loss were confirmed, indicating 

successful application of MICP as a soil loss prevention technology. In heavy 

metals-contaminated soil with long-term aging, it was expected that the Cu 

concentration of soil solution showed lower value independently from the total 

Cu concentration in soil. Considering that the MICP technology developed in 

this study aims to prevent the migration of heavy metal-contaminated soil itself, 

such soil will be a main target of this technology. Therefore, the applicability 

of MICP is expected to be obtained even in heavy metals-contaminated soil. 
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6.3.4 Role of calcium in MICP-inducing solution on the inhibition of MICP 

by soil Cu 

6.3.4.1 Effect of calcium in MICP-inducing solution on the Cu concentration 

of soil solution and corresponding inhibition of MICP 

The solution containing urea, Sporosarcina pasteurii, and various concentration 

of calcium (i.e., 450, 150, and 50 mM) was injected into fresh and aged Cu-

contaminated sand and sandy loam of which Cu concentrations were 250 mg/kg. 

The amount of calcium carbonate precipitated, urea hydrolyzed, and Cu 

concentration of soil solution were analyzed.  

In all soils except aged Cu contaminated sand, Cu concentration of 

soil solution decreased as calcium concentration decreased, and accordingly, 

the amount of urea hydrolyzed increased (Fig. 6.6). Especially, this effect was 

larger in sandy loam than sand. In freshly Cu contaminated sand, 19.6% of 

reduction in Cu concentration in soil solution (i.e., 12.0±0.1 to 9.6±0.1 mg/L) 

and corresponding 62.6% of increase in urea hydrolysis (i.e., 68.0±2.9 to 

110.6±7.0 mM) were obtained. In contrast, the Cu concentration in soil solution 

was reduced by 39.3% (i.e., 21.0±0.3 to 12.7±0.4 mg/L), and urea hydrolysis 

increased approximately 6 times (i.e., 11.9±0.2 to 69.5±14.3 mM) in sandy 

loam with fresh Cu contamination. This large difference by calcium 

concentration was the same for sandy loam with aged Cu contamination.  
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Fig. 6.6 Effect of calcium concentration on MICP in Cu-contaminated soils. 

The amount of urea hydrolyzed and Cu concentration in soil solution according 

to different calcium concentrations of MICP-inducing solution (i.e., 450, 150, 

and 50 mM) in: (a) freshly contaminated sand, (b) freshly contaminated sandy 

loam, (c) aged sand, and (d) aged sandy loam. Total Cu concentration of all 

tested soils was 250 mg/kg. Error bar means the standard deviation of triplicate 

samples. 
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To investigate which form of Cu in the soil was mainly desorbed to 

soil solution, Cu fractions in aged and freshly contaminated soils were analyzed 

by sequential extraction procedure (Fig. 6.7). In freshly contaminated sand, 

72.5% of the Cu was present as a form of fraction 2, which is extracted by 1 M 

NaOAc and HOAc solution of which pH was 5.0. Cu in fraction 1, which is 

extracted by 1 M MgCl2, accounted for 10.9% of total Cu. As aging, almost all 

Cu in fraction 1 was removed (i.e., 10.9 to 0.3% of total Cu), and Cu in fraction 

3, which is considered as the Cu absorbed to Fe, Mn oxide, increased from 15.6 

to 29.1%. In freshly contaminated sandy loam, the main form of Cu was the 

form of fraction 1 and fraction 2, which accounted for 42.3 and 31.3% of total 

Cu, respectively. Like in sand, Cu in fraction 1 was the form most reduced by 

aging (i.e., 42.3 to 14.5% of total Cu). Likewise, Cu in fraction 3 and fraction 

4 also increased as aged. 
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Fig. 6.7 Cu fraction in freshly Cu-contaminated and aged soils with 250 mg/kg 

of total Cu in soil by sequential extraction procedure 
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When comparing fresh and aged soils, the desorption of Cu into 

MICP-inducing solution was highly related to the Cu form which can be 

extracted by 1 M MgCl2. In freshly Cu contaminated sandy loam, which has the 

highest percentage of Cu in the form extracted by 1 M MgCl2, the difference in 

Cu concentration of soil solution by calcium concentration was the largest. In 

contrast, no changes in Cu concentration of soil solution was observed in aged 

Cu contaminated sand which has no Cu in that form. The fraction 1, which is 

extracted by 1 M MgCl2, has been considered as an adsorbed fraction onto 

various surface of soil materials (e.g., clay, Fe-oxides, and organic matter), and 

easily affected by ion concentration and pH (Tokalioǧlu et al., 2000, Fuentes et 

al., 2004, Arwidsson et al., 2010). It is differentiated from other fractions like 

Fe-oxides bound and organic matter bound form of which heavy metals form 

complexes with each metrics.  

To further identify the Cu fraction mainly desorbed by calcium, the 

tested soils were washed by calcium solution with the same amount of calcium 

was used in the soil solution. The Cu fractions in the washed soils were also 

analyzed by the same sequential extraction procedure (Fig. 6.8). In Soil S with 

7 days aging, the Cu in exchangeable form only decreased after the extraction 

with calcium. The Cu concentration of exchangeable form decreased 41% (i.e., 

26.9±0.3 to 15.9±0.5 mg/kg), while the amount of Cu in the other four fractions 

was not changed. No change in total Cu concentration was observed in Soil S 

with 350 days aging which had no Cu in exchangeable form. Like as in Soil S, 

the decrease in Cu concentration was mainly identified in exchangeable form 

in Soil SL1. In the case of Soil SL1 with 7 days aging, the amount of Cu 
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desorbed by calcium was mainly composed of that from exchangeable form 

(i.e., 77.6%). However, the decrease in the Cu concentration in carbonate bound 

form and Fe, Mn-oxide bound form was also identified in Soil SL1, unlike in 

Soil S, in which it occupied 11.7% and 10.3% of the desorbed Cu, respectively. 

In our additional test using sequential extraction procedure, it was 

confirmed that the extracted Cu by calcium solution was dominantly from the 

fraction 1 (i.e., 100% in sand and 77.6% in sandy loam). So, the high amount 

of calcium ion injected as a component of MICP-inducing solution competed 

with other cationic heavy metal ions on adsorption site (Echeverría et al., 1998, 

Zhu et al., 2011), mainly determining the desorption of soil Cu to soil solution.  

More specifically, the amount of Cu extracted to soil solution was 

larger than the total amount of Cu in fraction 1, especially in sand. In freshly 

contaminated soil with 250 mg/kg of Cu, 60.0 and 105.0 mg/kg of Cu was 

extracted to soil solution in sand and sandy loam, respectively, while Cu in 

fraction 1 was 26.9 and 100.4 mg/kg each. Also, 18.4 mg/kg of Cu was 

extracted even in aged sand with 250 mg/kg of Cu which had no Cu in fraction 

1. In an additional test on the aged sand, Cu was not extracted when calcium 

was solely used to make soil solution. Rather, the extraction of Cu, equivalent 

to 22.4 mg/kg, occurred when TSB was used for soil solution. In our calculation, 

4 g/L TSB used in this study contained 4.72 mM free amino acids. It is known 

that free amino acids can form stable complexes with Cu (McBride, 1998, 

Ramamoorthy and Kushner, 1975, Callahan et al., 2006), increasing the 

solubility of heavy metals such as Cu and Zn by forming metal-organic 
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complex (McBride, 1998). So, it was proposed that the extraction of Cu from 

the fraction other than fraction 1 might be caused by TSB. In most studies on 

MICP, nutrient, such as TSB and yeast extract, which contains free amino acids, 

was also applied in addition to urea and calcium like in this study (Maleki et al., 

2016, Wang et al., 2018b, Zomorodian et al., 2019, Salifu et al., 2016, Wang et 

al., 2018a).  

In the extraction, calcium used in high concentration in MICP mainly 

affected the desorption of soil Cu by ion exchange. However, it is possible that 

additional elements of the MICP-inducing solution like TSB also promoted the 

desorption of soil Cu through different mechanism from calcium. Thus, it was 

difficult to predict the extraction of soil Cu by only using the Cu form in target 

soil. Rather, it is desirable to make soil solution using MICP-inducing solution 

to be used, for determining the inhibitory effect of soil Cu on MICP.  
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Fig. 6.8 Cu fractionation of four Cu-contaminated soils before and after 

extraction with 450 mM calcium. Error bar means the standard deviation of 

triplicate sample. 
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6.3.4.2 Effect of calcium in MICP-inducing solution on the inhibition of MICP 

by Cu in soil solution 

Calcium in MICP-inducing solution played a major role in the desorption of the 

soil Cu to soil solution and corresponding inhibitory effect on MICP. However, 

the increase in urea hydrolysis occurred without the reduction of the Cu 

concentration in soil solution in aged sand (Fig. 6.6(c)), implying another role 

of calcium in the inhibition of MICP by Cu.  

To compare the inhibitory effect of Cu in soil solution in the presence 

or the absence of calcium, the amount of urea hydrolyzed and Cu concentration 

in soil solution were further analyzed with MICP-inducing solution excluding 

calcium (i.e., 450 mM urea, 4 g/L TSB, and S. pasteurii). The amount of urea 

hydrolyzed on Cu concentration of soil solution is shown with the result of all 

conditions in the presence of calcium (i.e., 50, 150, and 450 mM calcium in 

MICP-inducing solution) (Fig. 6.9). The inhibitory effect of Cu was smaller 

when lower calcium concentration was applied, even at the same Cu 

concentration of soil solution. The difference was especially large in low Cu 

concentration of soil solution. This resulted in a significant difference in IC50 

value without calcium or with 450 mM calcium. Without calcium, the IC50 was 

6.5 and 7.4 mg/L in sand and sandy loam, respectively. These values were larger 

than that in the condition with 450 mM calcium (i.e., 1.3 and 0.9 mg/L in sand 

and sandy loam, respectively), indicating the lower inhibitory effect of Cu on 

MICP in the condition without calcium. 
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Fig. 6.9 The amount of urea hydrolyzed on Cu concentration of soil solution 

with various calcium concentrations of MICP-inducing solution (0, 50, 150, 

and 450 mM) 
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The slight increase in the pH of the soil solution with decreasing 

calcium concentration can be one reason to explain the difference in the 

inhibitory effect. For instance, the pH of the soil solution increased from 6.6 to 

6.9 as calcium concentration in the MICP-inducing solution decreased from 

450 to 0 mM in the aged sand contaminated with Cu of 250 mg/kg. However, 

the effect of calcium was not fully explained by this slight pH change.  

To further understand the inhibition of MICP by Cu with calcium, urea 

hydrolysis was analyzed in the solution containing Cu without calcium or with 

450 mM calcium. In 10 μM Cu, the inhibition of urea hydrolysis was larger in 

the presence of calcium (Fig. 6.10(a)). Depending on the presence of calcium, 

pH increase in the Cu solution by urea hydrolysis was significantly different 

(Fig. 6.10(c)). In 10 μM Cu solution without calcium, the pH increased up to 9 

within 30 seconds of after reaction, but it only rose up to 7.8 in the presence of 

calcium, maybe because of calcium carbonate precipitation consuming 

hydroxyl ions. This difference in the solution pH resulted in a significant 

difference in free Cu ion concentration (Fig. 6.10(d)). The free Cu ion 

concentration was 300 times higher (i.e., 0.07 and 2.2 μM) in the presence of 

calcium condition. However, in 1,000 μM Cu solution, there was no difference 

in the inhibitory effect depending on calcium (Fig. 6.10(b)). In that, the pH 

increase by urea hydrolysis was not observed within initial reaction stage, 

resulting in no difference in free Cu ion concentration. Interestingly, the pH of 

the solution increased up to the same value in the case of 10 μM Cu solution, 

but urea hydrolysis rate was not recovered. This indicated that the initial 

reaction of urease with Cu determined the inhibitory effect.    



187 

 

Fig. 6.10 Urea hydrolysis in the solution containing Cu, and the differences in 

pH change and free Cu ion concentration: (a) urea hydrolysis in 10 μM Cu 

solution without or with 450 mM calcium, (b) urea hydrolysis in 1000 μM Cu 

solution without or with 450 mM calcium, (c) pH changes in 10 and 1000 μM 

Cu solution by urea hydrolysis, and (d) free Cu ion concentrations in 10 and 

1000 μM Cu solution at initial reaction stage 
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Conclusively, calcium in MICP-inducing solution promoted the 

desorption of soil Cu into soil solution, directly causing the inhibition of urea 

hydrolysis. In addition, calcium limited the pH increase in solution by calcium 

carbonate precipitation, which resulted in the higher free Cu ion concentration 

and larger inhibitory effect. The pH increase in pure solution was expected to 

be different in the solution in soil due to various buffering effect by soil 

materials. Although the mechanism was not fully understood, the observed 

effect by calcium concentration is important for MICP application. It suggested 

that merely using low calcium concentration for MICP can reduce the inhibitory 

effect of Cu. 

Additionally, the ammonia produced by urea hydrolysis can promote 

the desorption of soil heavy metals in exchangeable form (Sabiene et al., 2004, 

Castilho and Rix, 1993, Moral et al., 2002). It can cause the increase of the 

vertical mobility of soil heavy metals to groundwater. This is a serious problem 

involved in MICP application for heavy metals contaminated soil. Considering 

the inhibitory effect of Cu desorbed from exchangeable form and the increase 

of the desorption of heavy metals by ammonium, the application of MICP may 

be limited in heavy metals-contaminated soil with high exchangeable fraction. 

However, the fraction of heavy metals in exchangeable form decreased with 

aging (Huang et al., 2015, Jalali and Khanlari, 2008). Therefore, the 

applicability of MICP is expected to be higher for soils with longer aging 

periods.  
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6.4 Summary 

The inhibitory effect of soil Cu on microbially induced calcium carbonate 

precipitation was assessed and quantified in Cu-contaminated soils. The 

inhibition occurred even at the Cu concentration of 25 mg/kg. Since the 

important factor in the inhibition was the Cu concentration in soil solution 

rather than the total Cu concentration of the soil, the half maximal inhibition 

concentration (IC50) of Cu for MICP was determined to be 1.3 mg/L in sand and 

0.9 mg/L in sandy loam with a pH of 7.8 and 5.2, respectively, based on the Cu 

concentration in soil solution. The applicability of MICP in three types of heavy 

metal-contaminated field soils was assessed by the comparison of the Cu 

concentration in soil solution of the target soils with the determined IC50. With 

MICP application, the soil erosion prevention effect of MICP was confirmed 

on the three heavy metal-contaminated field soils using the artificial rainfall 

test. Additionally, calcium, an essential element of MICP, desorbed Cu in 

exchangeable form, greatly contributing to the inhibition by Cu as it highly 

increased the Cu concentration in soil solution. Conclusively, it is suggested 

that the applicability of MICP in heavy metal-contaminated soil should be 

evaluated based on the Cu concentration in soil solution, and merely lowering 

calcium concentration in MICP-inducing solution could be one method to 

reduce the inhibitory effect of soil Cu on MICP process.  
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Chapter 7. Conclusions 

 

This dissertation summarizes the overall content of this study and presents the 

results with emphasis on scientific and practical importance. 

Microbially induced calcium carbonate precipitation (MICP) was 

studied to use it for the prevention of rainfall-induced soil erosion in heavy 

metals-contaminated sites as a measure of risk mitigation. It is known that 

calcium carbonate precipitates, which forms bonds between soil particles, 

contributed predominantly to the increase in the strength of the soil. 

Consequently, the efficient composition and concentration of the MICP-

inducing solution were determined. Using the determined solution, the increase 

in the strength of the surface soil owing to MICP application and the 

corresponding prevention of soil erosion were confirmed using an artificial 

rainfall simulating facility. Further, the inhibitory effect of the heavy metals in 

soil on MICP was evaluated focusing on Cu, which is a potential inhibitor of 

urea hydrolysis. Finally, the effect of MICP on the prevention of soil erosion 

was assessed on heavy metal-contaminated field soils. 

The process of soil strengthening by MICP application, which 

includes applying the MICP-inducing solution, forming calcium carbonate 

precipitate, bonding of soil particles, and finally achieving an increase in the 

strength of soil, was comprehensively understood using microscopic analyses 

and a strength measuring device. In particular, beyond the two-dimensional 
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observation on the surface, the three-dimensional structural analysis was 

applied using X-ray CT and a computational image processing method. It was 

confirmed that as the number of MICP applications increased, the pores 

between soil particles were filled, and the extent of the bonding increased, 

gradually becoming one large particle (i.e., all particles were bonded). The 

saturation of the bonding resulted in the increasing and subsequent converging 

in the strength of the MICP-applied soil. Additionally, the effect of the 

qualitative characteristics of calcium carbonate precipitates on bonding and the 

corresponding soil strengthening effect were understood. Larger calcium 

carbonate precipitates were formed by the solution containing nutrients; 

conversely, smaller calcium carbonate precipitates were formed with high 

organic matter content, which probably occurred because the dissolved organic 

carbon inhibited the growth of calcium carbonate precipitates. The extent of the 

bonding between soil particles was lesser in the absence of nutrients and in the 

presence of dissolved organic carbon, which resulted in lower strength of the 

MICP-applied soil. 

The effect of MICP on the prevention of soil erosion in heavy metal-

contaminated soil and the related important factors were derived and evaluated. 

The applicability of MICP in heavy metal-contaminated soil was assessed 

based on the Cu concentration in the soil solution, which was presented as half 

maximal inhibitory concentration for MICP application. Thus, larger amount of 

MICP application was required to obtain the same level of strength in the soil 

with smaller particle size and higher organic matter content. This was 

determined by testing the strength of the surface soil and by also using an 
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artificial rainfall simulator. The soil erosion prevention effect was confirmed on 

sand and sandy loam with 2.6% of organic matter. By evaluating and deriving 

the application method according to the soil properties and heavy metal 

contamination, the results not only provide a scientific basis for the effect of 

soil properties on MICP but also contribute to extending the field of MICP 

research to risk mitigation through soil loss prevention in heavy metal-

contaminated soil. 
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국문 초록 

 

중금속 오염토양의 침식 방지를 통한  

위해저감조치로서  

미생물 매개 탄산칼슘 침전에 대한 연구 

 

토양에 오염된 중금속은 주변 수용체(인체 및 생태)에 위해를 야기

할 수 있으며 따라서 이를 방지하기 위한 조치가 취해져야 한다. 매

우 넓은 부지가 상대적으로 낮은, 그러나 독성 영향을 보이는 수준

으로 오염된 경우에는, 오염 정화에 매우 큰 비용과 시간이 소요될 

수 있다. 본 연구는 토양 안정화 기술로서 미생물 매개 탄산칼슘 침

전을 활용하여, 강우로 인한 토양 유실을 방지함으로써 중금속을 함

유한 토양 입자가 인근 수계나 부지 외부 토양으로 확산되는 것을 

방지하고자 하였다. 기술 적용을 통해 오염부지 인근 수용체에 대한 

중금속의 노출을 차단하여 수용체를 잠재적인 위해로부터 보호할 

수 있을 것으로 기대된다. 

 Sporosarcina pasteurii 종을 미생물 매개 탄산칼슘 침전을 

위한 요소가수분해미생물로 사용하였다. 이 종은 최대 1 M의 요소 

및 칼슘 농도 용액에서까지 요소 가수분해를 통한 탄산칼슘 침전을 

일으킬 수 있었으며, X선 회절분석(X-ray diffraction; XRD) 결과 

침전된 탄산칼슘의 결정은 방해석(calcite)과 바테라이트(vaterite)

였다. 미생물 매개 탄산칼슘을 유도하기 위해 요소, 칼슘, S. 

pasteurii가 포함된 용액을 모래에 주입하였을 때, 토양 입자의 표

면에 탄산칼슘 침전물이 생성된 것을 주사전자현미경(Scanning 

Electron Microscope; SEM)을 통해 관찰하였다. 그러나 탄산칼슘 
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침전물의 양이 동일하더라도, 탄산칼슘 침전물의 크기 및 분포는 침

전 유도 용액의 조성이나 농도에 따라 큰 차이를 보였다. 저농도의 

용액을 반복적으로 주입하거나 영양분(본 연구에서는 tryptic soy 

broth를 사용)을 함께 주입하는 경우 크기가 크고 집중된 형태의 

탄산칼슘 침전물이 형성되었다. 이러한 특성의 탄산칼슘 침전물이 

토양 입자간 결합을 형성하는 데에 유리할 것으로 판단하고, 요소 

450 mM, 염화칼슘 450 mM, 4 g/L tryptic sot broth 및 S. 

pasteurii를 이러한 특성의 침전물을 확보할 수 있는 용액 조성으로 

결정하였다. 

 결정한 조성의 용액을 모래에 반복적으로 주입함에 따라 탄

산칼슘 침전물의 농도는 주입 횟수에 비례하여 증가하였다. 용액의 

1회 적용은 9.7 mg-CaCO3/g-sand의 탄산칼슘 침전을 일으켰으며, 

따라서 용액을 5회 적용하였을 때 46.2±1.8 mg-CaCO3/g-sand

의 탄산칼슘을 확보하였다. 탄산칼슘이 토양 입자를 결합함에 따라 

토양의 강도가 증가하므로, 관입시험계(penetrometer)를 사용하여 

토양 표면의 강도를 측정하였다. 관입저항(penetration resistance)

은 용액을 5회 적용할 때까지는 탄산칼슘 침전량이 증가함에 따라 

함께 증가하여 23.9±1.2 N/mm에 도달하였으나, 이후에는 탄산칼

슘 침전량이 증가하여도 더 이상 증가하는 경향을 보였다. 모래에 

더해 유기물함량 2.6의 사양토를 대상으로 미생물 매개 탄산칼슘을 

적용하고, 다양한 강우 강도와 경사도 조건에서 인공강우시험을 수

행하였다. 용액을 5회 주입한 결과, 시험 조건 중 가장 강한 조건이

었던 강우 강도 75 mm/hr 및 경사도 15도 조건의 인공강우시험에

서 토양 유실률이 모래에서 94%, 사양토에서 58% 감소한 것을 확

인하였다. 두 토양에서 탄산칼슘 침전물의 양은 유사할 것이므로, 

토양입자크기와 유기물함량이 미생물 매개 탄산칼슘 침전 적용에 
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따른 토양 강도 증가 및 토양 유실률 감소에 영향을 미친 것으로 

판단하였다. 다양한 입자 크기의 모래에 침전 용액을 5회 주입하고 

관입저항을 측정한 결과, 동일한 적용 수준에서 관입저항은 

150~500 μm 크기의 모래에서 23.9±1.2 N/mm로 가장 높고, 

500~1000 μm 크기의 모래에서 13.1±0.1 N/mm, 75~150 μm 크

기의 모래에서 7.0±0.0 N/mm의 순으로 낮아졌다. 특히, 유기물함

량의 영향이 두드러졌는데 유기물함량을 0, 1, 2.5, 5%로 조절한 모

래에 침전 용액을 5회 주입한 경우, 탄산칼슘 침전량은 유사한 반면 

관입저항은 유기물함량이 높은 토양으로 갈수록 23.9±1.2에서 

17.0±4.1, 6.4±0.4, 3.0±0.5 N/mm로 감소하였다. 주사전자현미경

을 통해 탄산칼슘 침전물을 관찰한 결과, 유기물함량이 높은 모래에

서 작은 크기의 침전물이 형성된 것을 확인하였다. 용존유기탄소

(dissolved organic carbon; DOC)가 탄산칼슘 결정의 성장을 방해

하고 그 결과 토양 입자간 결합이 효과적으로 형성되지 못해 관입

저항이 낮은 것으로 판단되었다.   

 침전된 탄산칼슘이 토양 입자간 결합을 형성하는 정도를 분

석하기 위해 미생물 매개 탄산칼슘 침전이 적용된 모래를 대상으로 

X선 컴퓨터 단층촬영(X-ray CT)과 객체기반영상분석을 수행하였

다. 침전 용액이 주입됨에 따라 탄산칼슘 침전물이 각 모래 입자의 

표면에 축적, 성장하여 모래 입자 사이의 공극을 채우면서 입자가 

탄산칼슘으로 결합되는 것을 확인하였다. 3차원 영상처리를 통해 침

전 용액을 적용하지 않은 시료의 각 모래 입자를 개별 객체로 분리

하고, 동일한 처리방법을 침전 용액을 적용한 시료에 적용하였다. 

이와 같은 처리를 통해 결합이 형성된 입자들을 하나의 객체로 인

식하도록 하고, 결합에 따라 각 객체의 유효반지름이 증가하는 것을 

토대로 결합의 형성 정도를 분석하였다. 유효반지름의 분포를 토대
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로 분석한 결과, 침전 용액의 주입 횟수가 증가함에 따라 유효반지

름이 커지는 경향을 보였다. 특히, 침전 용액을 5회 이상 주입하였

을 때 그 차이가 두드러졌는데, 5회 주입의 경우 전체 입자 부피의 

55%가 하나의 입자로 결합되어 있었으며, 주입 횟수가 9회로 증가

함에 따라 그 비율은 95%로 증가하였다. 탄산칼슘을 통한 토양입

자의 연결점 수 또한 증가하다가 5회 이상 주입하였을 때 평균 6개

/입자로 수렴하였다. 이러한 경향들은 주입 횟수에 따라 관입저항이 

증가하는 경향과 유사하였다. 추가로, 탄산칼슘 침전물의 크기에 영

향을 미쳤던 요인인 영양분과 용존유기탄소에 의한 결합 형성 정도 

차이를 분석하였다. 5회의 동일한 적용 수준에서, 용존유기탄소가 

존재하거나 영양분이 존재하지 않았던 경우 탄산칼슘 침전물에 의

한 결합 정도가 두드러지게 감소하는 것이 확인되었다. 이러한 결과

는 용존유기탄소와 영양분의 존재 유무가 탄산칼슘 침전물의 정성

적인 특성(크기 및 분포)에 영향을 미치고, 결과적으로 결합 정도와 

토양 강도에까지 영향을 미치게 되는 것을 뒷받침한다.     

 미생물 매개 탄산칼슘 침전의 잠재적인 저해요인으로 판단

한 구리로 오염시킨 토양에서 기술의 적용성을 평가하였다. 미생물 

매개 탄산칼슘 침전의 핵심 단계인 요소 가수분해는 토양을 25 

mg/kg 수준의 구리로 오염시켰을 때에도 50% 가량 감소하였으며, 

구리 오염농도가 1000 mg/kg까지 증가함에 따라 그 감소율 또한 

증가하였다. 토양에서의 독성 영향을 판단할 때에는 토양 용액의 구

리 농도가 더욱 중요하므로, 토양 용액의 구리 농도를 기반으로 토

양 구리의 저해효과를 평가하였다. 요소 가수분해를 50% 저해하는 

농도(IC50)는 pH가 7.8인 모래에서 1.3 mg-Cu/L, pH가 5.2인 사

양토에서 0.9 mg-Cu/L로 결정되었다. 토양의 구리 농도가 250 

mg/kg으로 동일하여도, 오염기간이 긴 토양에서 낮은 저해효과(모
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래에서 85%에서 57%로 감소, 사양토에서 97%에서 93%로 감소) 

가 나타났는데, 이는 오염기간이 긴 토양에서 토양 용액 내 구리 농

도가 낮기 때문이었다. 미생물 매개 탄산칼슘 침전의 토양 침식 방

지 효과를 구 제련소 부지에서 채취한 세 가지 종류의 중금속 오염

토양을 대상으로 평가하였다. 세 토양에서 분석한 토양 용액의 구리 

농도는 각각 0.28±0.00, 0.26±0.06, 0.15±0.03 mg-Cu/L로 앞서 

결정한 IC50 보다 낮은 수준이었으며, 따라서 기술적용이 가능한 것

으로 판단하였다. 토양 침식을 방지할 수 있는 수준의 토양 강도를 

확보하기 위해, 유기물함량이 0.8, 1.4, 2.0%인 각 토양에 침전 용액

을 각각 3회, 4회, 5회 주입하였다. 기술 적용에 따라, 강우강도 33 

mm/hr 및 경사도 8.5도의 강우조건에서 토양 유실률이 각각 69, 

82, 56% 감소된 것을 확인하였다. 추가로, 미생물 매개 탄산칼슘 

침전의 핵심 물질인 칼슘이 토양 내 치환성으로 흡착되어 있는 구

리의 탈착을 증가시켜 토양 용액 내 구리 농도 및 미생물 매개 탄

산칼슘 침전에 대한 저해 효과를 높이는 것을 확인하였다. 

 본 연구를 통해 미생물 매개 탄산칼슘 침전 용액의 조성과 

토양 특성에서 유발된 성분이 탄산칼슘 침전물에 의한 토양 입자 

결합에 영향을 줄 수 있음을 탄산칼슘 침전물의 정성적인 특성과 

결합 정도, 토양 강도 증가에 기반하여 포괄적으로 살펴보았다. 다

양한 특성의 토양과 실제 중금속 오염토양에서 토양 침식 방지 효

과를 확인한 본 연구결과를 토대로, 미생물 매개 탄산칼슘 침전을 

중금속 오염토양에서 토양 침식 방지를 통한 효과적인 위해저감조

치로써 사용할 수 있을 것으로 사료된다.  

주요어: 미생물 매개 탄산칼슘 침전(MICP); 토양 침식 방지; 탄산칼슘;  

강우로 인한 토양 침식; X선 컴퓨터단층촬영(X-ray CT) 

학 번: 2014-21501 
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