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ABSTRACT  49 

New sustainable methods utilizing biological processes to mediate the improvement of soil properties have 50 

recently emerged. Microbially induced calcite precipitation (MICP) has been demonstrated as a potential 51 

sustainable technique for soil improvement and solidification, erosion control and prevention, and remediation of 52 

contaminants. This paper describes experiments conducted to demonstrate the efficacy of using pelletised organic 53 

manure (POM), supplemented with varying concentrations of yeast extract (20% to 80%, w/v) as a suitable 54 

alternative low-cost nutrient source for bacteria cultivation during the MICP soil biocementation process. The 55 

evaluation entails using scanning electron microscopy with electron dispersive X-ray spectroscopy (SEM-EDS), 56 

Fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and thermogravimetric 57 

analysis (TGA) analysis for the evaluation of cementation efficiency, relative merits of the mechanisms and 58 

biocementation byproduct. The results demonstrated that ureolytic bacteria can be cultivated with POM that 59 

contains yeast extract ranging from 4 g/L to 8 g/L and this alternative bacteria cultivation nutrient source produced 60 

more crystal formations with less visible pore spaces in biocemented soil. This study reveals that more treatment 61 

cycles (bacterial cultures and chemical solution) approach would be required during biocementation to achieve 62 

successful crystal shapes to bridge soil particles when using ureolytic bacteria grown in the inexpensive medium 63 

supplemented with low yeast extract.  64 

 65 
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1. Introduction 79 

The biomineralisation process via metabolic activities has been dramatically shown in literature for its potential 80 

usefulness in engineering and biotechnological practices. In the past three decades, the scientific community has 81 

increasingly focused its attention on microbially induced calcite precipitation (MICP), a biologically induced 82 

mineralization process. Out of the several MICP methods/techniques (including photosynthesis, ureolysis (urea 83 

hydrolysis), sulphate reduction, ammonification, and denitrification (nitrate reduction), ureolysis appears to be 84 

the most straightforward pathway for microorganisms to manipulate their environmental conditions and 85 

precipitate carbonate polymorphs [1]. MICP application primarily focuses on soil solidification/enhancement and 86 

heavy metal remediation/removal. The literature has suggested that siderophores and indole-3-acetic acid are 87 

secreted by ureolytic bacteria (i.e., Staphylococcus equorum, Lysinibacillus sp., and Pseudochrobactrum sp.), can 88 

help accelerate plant development and increase plant tolerance to heavy metals during MICP process [2]. 89 

Furthermore, contaminated soils containing heavy metal ions are then sequestrated into stable mineral forms 90 

through biocementation treatment, which helps minimize metal mobility/toxicity and increases soil strength.  91 

Under the ureolysis-driven MICP process, urea substrate is hydrolyzed by urease from the bacterial cells, 92 

which leads to the breakdown into ammonia (NH3) and carbamate (NH2COOH) ([3]. This is followed by 93 

immediate hydrolysis to produce NH3 and carbonic acid (H2CO3) [4]. The NH3 later forms ammonium ion (NH4
+) 94 

and hydroxide ion (H+), then also NH2COOH results in bicarbonate (HCO3
-) ions. During the MICP process, the 95 

pH level of the solution increases to alkaline due to hydroxide ions which causes a shift in the HCO3
- equilibrium. 96 

This leads to the carbonate (CO3
-2) ions formation. When a calcium (Ca+) source such as calcium chloride (CaCl2) 97 

is introduced or present in the solution, the Ca+ ions bind with CO3
-2 to form calcium carbonate (CaCO3) crystal 98 

precipitation [1]. CaCl2 is the most often utilized calcium source in MICP technological capabilities because it 99 

can produce CaCO3, which has a high amount of precipitation and is thermodynamically stable [5,6]. 100 

Sporosarcina pasteurii (previously known as Bacillus pasteurii) is one of the highest urease-producing 101 

and calcifying bacteria compared to other microorganisms. It is Gram-positive, alkaliphilic, non-pathogenic, and 102 

has the propensity to generate endospores for survival in harsh environments [7]. The MICP has been 103 

demonstrated under various conditions (such as laboratory-scale, pilot-scale, and field-scale) as a potential 104 

sustainable technique for soil improvement and solidification [8–11], erosion control and prevention [12–14], and 105 

remediation of contaminants (such as copper, cadmium, and mercy) [15–17]. 106 

MICP viability is determined not only by technical features of treatment circumstances but also by 107 

economic obstacles. The material cost of the required substances/chemicals is one of the most challenging 108 
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difficulties in determining the process's overall feasibility [10]. Microorganisms require nutrients for propagation 109 

and metabolic functions. However, the nutrients needed for microbial growth contribute to a substantial portion 110 

of total expenses that ranges up to 60% in the MICP process [18,19]. The elements available in these nutrients 111 

can influence bacterial activity and the reproduction rate of CaCO3 induced by the ureolytic bacteria [20]. Due to 112 

the enormous cost of bacterial cultivation for large-scale implementation, the present investigations on MICP have 113 

been mostly restricted to a limited laboratory-scale [21]. To reduce costs, the expensive protein-rich cultivation 114 

medium such as yeast extract has been widely discussed in the literature to identify alternative nutrient sources. 115 

In recent years, scholars have reported the potential usefulness of inexpensive food-grade yeast extract, kitchen 116 

waste medium, soybean, and corn steep liquor to grow ureolytic bacterial cells for CaCO3 precipitation 117 

[14,19,22,23]. 118 

To overcome the challenge of costly bacterial production to induce CaCO3 precipitation at a large scale, 119 

this paper offers an efficient and economical technique to cultivate alternative nutrient sources for considerable 120 

soil improvement. For bacterial propagation, some nutritional components known as macronutrients (i.e., carbon, 121 

nitrogen, and potassium) are required in greater abundance, while only traces of micronutrients (i.e., manganese, 122 

zinc, molybdenum, nickel) are required. Macronutrients are often supplemented from a natural source. In contrast, 123 

micronutrient requirements are met by traces of elements present as contaminants in the water or waste nutrients 124 

used for the medium preparation [1]. Waste materials (i.e., dairy farmland, Fish waste, rice straw) can serve as 125 

nutritional resources to cultivate numerous microbial species for promising biotechnological or engineering 126 

applications [24,25].  127 

Organic manure is an agricultural waste that is used as a low-cost feedstock available around the world. 128 

Hence, this present study aimed to determine the effect of using inexpensive pelletised organic manure (POM) 129 

medium supplemented with varying concentrations of yeast extract for soil biocementation. The effective usage 130 

of organic manure sourced from local dairy farmland was considered a nutritional source for ureolytic bacterial 131 

productivity. The feasibility to absorb nutrients from the waste medium was evaluated/monitored. This study also 132 

determined the effect of various temperatures and concentrations of treatment ingredients on MICP. Upon 133 

completion of the biocementation treatment test, the soil samples were evaluated with scanning electron 134 

microscopy with electron dispersive X-ray spectroscopy (SEM-EDS), Fourier-transform infrared spectroscopy 135 

(FTIR), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) analysis.  136 

 137 

 138 
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2. Materials and methods 139 

2.1. Raw material 140 

Pelletized organic manure as shown in Fig. 1 was purchased (US$ 1.4 per 1 kg) locally from a dairy farm supplier 141 

situated in Agricultural & Industrial Chemical Trading, Jalan Buso, Bau, Sarawak, Malaysia) to serve as an 142 

alternative nutrient source for bacterial cultivation. Physiochemical analyses of the organic material (Table 1) 143 

were performed to determine the chemical compounds following the testing methods for fertilizers [26]. The X-144 

ray fluorescence analysis of POM was carried out to determine the elemental composition of materials (Table 2) 145 

using a wavelength-dispersive X-ray fluorescence spectrometer (WDX-4000, China) following the 146 

ASTM E1621-21 [27] standard. 147 

2.2. Microorganisms and culture conditions 148 

For this present MICP study, the ureolytic bacterium Sporosarcina pasteurii (DSM 33 type strain) was purchased 149 

from The Leibniz Institute DSMZ - German Collection of Microorganisms and Cell Cultures GmbH 150 

(Braunschweig, Germany) and used throughout this paper. The non-pathogenic microorganism was received in 151 

lyophilized powdered form and reactivated in a Petri dish containing freshly prepared nutrient agar (28 g/L, 152 

HiMedia, Laboratories Pvt. Ltd., India). Colonies of the bacterium were cultivated under aerobic conditions using 153 

a sterile 13 g/L of nutrient broth (Himedia Laboratories Pvt. Ltd., India), 10 g/L of ammonium chloride, and 20 154 

g/L of urea (Merck, Darmstadt, Germany). The medium initial pH was adjusted to 8.0 by 1 M of NaOH (Sigma 155 

Aldrich, Malaysia) and HCl (Sigma Aldrich, Malaysia) before sterilization at 121 °C using an autoclave machine 156 

(Hirayama-110, Kasukabe-Shi Saitama, Japan). The ureolytic microorganism was then grown to an early 157 

stationary phase (24 h incubation at 32 °C) with a rotation rate of 150 rpm until the liquid culture became turbid. 158 

Afterwards, the ureolytic bacterial cultures were stored at 4 °C for no longer than a month for subsequent use [28]. 159 

All the chemicals and reagents used in this current study were of analytical grade, except for the food-grade (low-160 

purity) yeast extract. 161 

 162 

2.3. Preparation of an alternative nutrient source for bacterial cultivation  163 

Ureolytic bacteria require abundant energy sources for cell growth and urease production to enable biomineral 164 

precipitation. The POM was investigated in this paper to serve as a cheap alternative medium with sufficient 165 

organic nutrients capable of supporting microbial propagation. The material (500 g) was crushed into powdered 166 

form before being used to prepare the culture medium. In a beaker (10000 mL capacity), 200 g of the powdered 167 

material, 0.17 M of sodium acetate (HiMedia Laboratories Pvt. Ltd., India), and 0.0125 M of ammonium chloride 168 
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(HiMedia Laboratories Pvt. Ltd., India) were placed, followed by 1 L of deionised water. Sodium acetate is 169 

typically added into the medium to serve as a carbon source and facilitate or improve the ureolytic bacterial cell 170 

growth [7,29]. To promote an ammonium-rich environment for the ureolytic bacteria, ammonium ions such as 171 

ammonium chloride are added to the growth medium [30]. Also, ammonium chloride has been reported to help 172 

stimulate the MICP process, especially during the biocementation treatment phase [31]. The solution was placed 173 

heated on a hot plate for 15 min and transferred into a clean Schott bottle. The undesired substances that did not 174 

dissolve during heating were subsequently removed by simple filtration and separation method using a Whatman 175 

filter paper® (grade number 1). The growth medium was then autoclaved, while urea (40 g/L, Merck, Shd. Bhd., 176 

Malaysia) was later introduced (by 0.45 μm filter sterilisation) after the medium cooled to room temperature (26 177 

°C). The prepared POM medium has a neutral pH level of 6.8, and the initial pH level was not adjusted. A 178 

preliminary study (data not shown) indicated that the prepared growth medium could only achieve an absorbance 179 

reading of 0.2 but increased to 0.4 when yeast extract was supplemented into the medium. Hence, in this study, 180 

four bacterial inoculum solutions were prepared using different medium constituents depending on the added 181 

concentration of yeast extract (Angel Yeast Co. Ltd., China). Yeast extract is a rich source of organic nitrogen, 182 

amino acids, vitamins, minerals, and peptides which can promote sufficient microbial growth [7,13]. Hence, a 183 

low-cost yeast extract was introduced to support bacterial growth. The four prepared mediums constituted the 184 

ingredients previously mentioned, except growth medium-1 (GM-1, which contained 8 g/L of yeast extract); 185 

growth medium-2 (GM-2, which had 6 g/L of yeast extract); growth medium -3 (GM-3, which included 4 g/L of 186 

yeast extract); and growth medium-4 (GM-4, which contained 2 g/L of yeast extract). All mediums were then 187 

transferred into different sterile shake flasks and inoculated with 10% (v/v) of starter culture containing 188 

Sporosarcina pasteurii. The flasks were then incubated in an incubator shaker (CERTOMAT® CT plus Sartorius, 189 

Germany) for 24 h at 32 °C with shaking conditions (150 rev/min). At the end of the cultivation phase, the culture 190 

flasks (Fig. 2) were then used for subsequent experiments.  191 

 192 

2.4. Monitoring of growth profile, pH profile, and urease activity 193 

Bacterial biomass was measured to determine the bacterial cell density (also known as optical density) at a 194 

wavelength of 600 nm (OD600) using a spectrophotometer (Thermo ScientificTM GENESYSTM 20, United 195 

States). The turbidity of the bacterial growth medium was proportional to the quantity of microorganisms present 196 

(either viable or dead cells) [32]. Hence, A higher turbidity level suggested a more significant number of microbial 197 

cells. Before biomass assessment, the spectrophotometer was calibrated using blank samples (un-inoculated 198 
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freshly prepared growth medium). On the other hand, the pH meter (SevenEasyTM–Mettler Toledo, Malaysia) 199 

was calibrated in buffer solutions (pH, 4, 7, and 10, Sigma-Aldrich Sdn. Bhd., Malaysia) before measuring the 200 

pH acidity or alkalinity profile of the bacterial cultures. The obtained OD600 and pH values were used to plot the 201 

bacterial cell's respective growth and pH profiles after being grown/studied in a POM medium for 24 h. 202 

The urease activity of Sporosarcina pasteurii was determined through relative conductivity change after 203 

being grown in the proposed medium (GM-1 to GM4) for 24 h. The probe in a benchtop conductivity meter 204 

(Milwaukee MI806, United States) was used to measure the relative conductivity changes of the mixture which 205 

contained 10 mL of bacterial culture and 90 mL of urea solution (1.11 M) for 5 min at 25 ± 2 oC. The conductivity 206 

rate change (mS.cm/min), was determined, taking into around the dilution factor (10) before being converted into 207 

the urease activity (mM urea hydrolysed/min) [33]. One unit of urease activity is defined in the measured range 208 

of activities as the amount of enzyme that catalyses the breakdown of 1 mM of urea per minute  [34].  209 

2.5. Biomineralization test 210 

A series of experiments were conducted to measure the rate of precipitates induced by ureolytic bacterial cells. 211 

Two factors were selected for this study: (i) the effect of cementation treatment ingredients at different 212 

concentrations; and (ii) the effect of temperature as an environmental condition. The mass of precipitates and pH 213 

effluents were measured and used to evaluate the impact of varying chemical concentrations and temperatures on 214 

the performance of MICP by S. pasteurii. This study provided analytical grade urea (Merck, Shd. Bhd., Malaysia) 215 

and calcium chloride (Lianyungang Longyi Industry Co. Ltd., China) cementation constituents for the 216 

biomineralisation test via the MICP process. Since it has been reported that the optimal molar ratio of urea and 217 

Calcium ions was 1:1 [10,12], hence equimolar of each substance (urea and CaCl2) were used in this paper. The 218 

chemicals were prepared in Schott bottles (1 L) containing sterile deionised water. Urea and calcium chloride 219 

were sterilised via ultraviolet light in a biological safety cabinet (Thermofisher Scientific, 1300 series A2, USA). 220 

After cooling to room temperature, the chemicals were later added to the Schott bottles containing the sterilised 221 

deionized water. 222 

For the effect of cementation treatment ingredients at different concentrations, equimolar solutions of 223 

CaCl2-urea were formulated at 0.25 M, 0.5 M, 0.75 M, 1.0 M, and 1.5 M, respectively, and incubated (Incucell 224 

55-Eco Line, MMM Medcenter Einrichtungen Gmb, Germany) at 32 °C for 72 hr. On the other hand, the effect of 225 

varying temperatures, ranging from 10 oC and 50 oC (at an interval of 10oC) equimolar of CaCl2-urea (1 M), was 226 

selected. All the samples were incubated without shaking, and control samples (without bacteria) were also placed 227 

for comparison purposed when placed in the incubator. The cementation solutions (45 mL) were poured into 228 
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separate clean Falcon tubes (50 mL capacity) before being inoculated with overnight grown ureolytic bacterial 229 

cultures (5 mL). The mass of the dried precipitates was quantified. The deposits were placed in a centrifugation 230 

chamber (Eppendorf, 5804R, Germany) at 10,000g for 5 min. The obtained promises were placed on Whatman® 231 

filter paper (grade 1) in a constant drying oven-dried at 60 °C for 24 h. The weight (mass) of CaCO3 precipitates 232 

was determined from measurements samples weighed before and after oven-drying. In addition, the effluents 233 

obtained after the biomineralization test were transferred into sterile beakers (100 mL), and their respective pH 234 

values were computed to account for the urease activity. 235 

 236 

2.6. Soil biocementation test 237 

The sandy soil used in this study for the biocementation improvement test was collected from Batu Kawah Sand 238 

Quarry (Phua Kheng Heng Sdn. Bhd.). A summary of the soil particle size distribution and some physicochemical 239 

characteristics is presented in Table 3. According to the Unified Soil Classification System (USCS), the soil was 240 

classified as a poorly graded sand (SP) [35]. Petri dishes were used in this experiment to serve as sand columns. 241 

The bottoms were perforated (4 holes having diameters of approximately 1.1 mm at the edge of the Petri dishes) 242 

with a syringe needle (19G) for drainage purposes (of the effluent). However, non-woven fabric was placed above 243 

the holes to avoid sand field leakage [14]. The influence of exogenous ureolytic bacterial cultures grown in POM 244 

mediums (GM-1 to GM-4) on MICP treatment for soil solidification was evaluated. Firstly, sand samples were 245 

autoclaved and dried in the oven before 50 g (of sands) were placed onto empty Petri dishes. 10 mL of cementation 246 

solution constituting equimolar (1M) of CaCl2, and urea were carefully percolated into the columns. After 3 h, 20 247 

mL of overnight grown bacterial cultures were added to the columns. The surficial treatment of the sand specimens 248 

was performed using Falcon tubes (50 mL capacity). The inflow rate of the treatment solution into the column 249 

was 25 mL/min. This biocementation treatment process was repeated two more days with two cycles per day. It 250 

is noteworthy that the new solutions and cultures were percolated at every cycle, and the wastewater (effluent) 251 

was discarded. The columns were then allowed to stay for curing (14 days) at room temperature (26 °C) before 252 

drying using an oven. Then, after treatment, the biocemented samples were collected for microstructural and 253 

mineralogical analyses.  254 

 255 

2.7. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 256 

The scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) was performed 257 

following ASTM D8332 [36] and ASTM E1508-12a [37] standard procedures respectively. A Hitachi tabletop 258 
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microscope (TM4000, Hitachi, Ltd, Japan) with an accelerating voltage of 15 kV was used to examine the 259 

morphological structures and elemental composition of bio-treated soil particles containing crystal precipitates 260 

ureolytic bacterial activities. SEM pictograms of the sample surface morphologies were captured at magnifications 261 

of 250x and 10analysee EDS detector system by Bruker (Quantax 75) attached to the Hitachi benchtop microscope 262 

was used to scan, identify, and analyze the elemental composition percentages of the biocemented soil samples. 263 

The scanning is repeated numerous times at different surface areas of the soil samples until the preferred 264 

mineralogical results are selected and recorded [38]. 265 

 266 

2.8. Fourier-transform infrared spectroscopy 267 

Fourier-transform infrared spectroscopy was performed to determine the functional groups and chemical bonds 268 

caused due to the MICP treatment on the biocemented soil specimens. A Fourier Transform Infrared 269 

Spectrophotometer (Shimadzu IRAffinity-1 machine, Japan) was used to scan the sample spectra resolution of 1 270 

cm-1. An estimated 0.5 mg specimens were mixed with 100 mg of dried spectroscopic grade potassium bromide 271 

powder in a clean agate pestle [39,40]. The samples were pelletised through vacuum pressure, being subjected to 272 

FTIR spectroscopy. Wavelengths ranging from 4000 to 400 cm-1 at 27 °C with 20 repeated scans were conducted 273 

according to ASTM E168-16 [41] and ASTM E1252-98 [42] standards for qualitative and quantitative analyses, 274 

respectively. 275 

 276 

2.9. Thermogravimetric analysis 277 

Thermogravimetric analysis (TGA) was used to measure the thermal stability and percentage weight (mass) loss 278 

of biocemented soil samples, either as a function of time or a function of temperature. The TGA analysis was 279 

performed using a TGA machine (Perkin Elmer, United States). An estimate of 20 mg of each sample was 280 

subjected to varying temperatures (40 to 500 °C) at a heating rate of 10 °C/min and a nitrogen flow rate of 20 281 

mL/min. The TGA test was performed according to ASTM E168-10 [43], and ASTM E1131-08 [44] standards, 282 

respectively. 283 

 284 

2.10. Differential scanning calorimetry 285 

Differential scanning calorimetry (DSC) was performed to determine the type of response the biocemented sand 286 

specimens gave through heating. A DSC machine (Perkin Elmer, United States) was used to conduct the DSC 287 

analysis. The DSC test can study the melting point of crystalline polymer or glass transition point of material 288 
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following ASTM D3418-21 [45] and ASTM E1269-11(2018) [46] standards, respectively. An estimate of 5 mg 289 

of each biocemented sand specimen was sealed in an aluminium pan and subjected to heating that ranged from 40 290 

to 400 °C at a heating rate of 10 °C/min [47]. 291 

 292 

2.11. Statistical analysis 293 

All the experiments were carried out in triplicates, and the average mean results were attained. Microsoft Excel 294 

® for Mac (version 16.62) was used to analyse and generate the result/figures in this study. 295 

 296 

 297 

3. Results and discussion 298 

3.1. Bacterial growth performance 299 

The growth and pH curves of S. pasteurii are shown in Fig. 3A and Fig. 3B. The POM with different 300 

concentrations of yeast exact was applied as an alternative to conventional media for carbon and nutrient sources. 301 

The growth and pH data were continuously recorded for 24 h at an interval of 3 h. The OD represents the biomass 302 

concentration of the cultured bacterial cells [48]. On the other hand, changes in pH levels during the growth of 303 

ureolytic bacteria indicate urease activity and ammonium production. The growth curve of S. pasteurii in different 304 

cultivation mediums (GW-1 to GW-4) showed a steady increment throughout the incubation period. The initial 305 

OD600 ranged from 0.03 to 0.08. The elevation in the OD600 demonstrated that the S. pasteurii was growing steadily 306 

and acclimatizing to its new environments that were enriched with POM medium. The growth medium (GM-3 307 

and GM-4) with lower yeast extract concentrations (4 g/L and 2 g/L) resulted in the lowest biomass concentration. 308 

Fig. 3A showed that the supplemented yeast extract in the medium did influence the biomass concentration. This 309 

meant that nutrients available in POM could support ureolytic bacterial growth but at a much slower rate when 310 

supplemented with low yeast extract. At the end of incubation (24 h), GM-1 and GM-2, which were supplemented 311 

with 8 g/L and 6 g/L yeast extract, had higher biomass concentrations (OD600 of 0.86 and 0.78, respectively) when 312 

compared with GM-3 (OD600 of 0.56) and GM-4 (OD600 of 0.48). The growth curves of the samples indicated that 313 

bacterial cells experienced growth lag and exponential phases. The bacterial cells seem to have taken a more 314 

extended period (15 h) to reach the exponential phase in GM-4.  315 

In contrast, others had a relatively quicker lag phase before the exponential phase. S. pasteurii adapts to its 316 

high-nutrient microenvironment and strives for rapid development. During the exponential phase, cell growth 317 

accelerates, and nutrient consumption accelerates [14]. It also appeared that the trace metal elements present in 318 
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POM did not hinder bacterial growth. Nonetheless, to achieve high biomass concentration, the addition of 319 

supplementary nutrients should be considered. This is because nutrients such as yeast extract contain necessary 320 

vitamins and amino acids that can accelerate the development of bacterial cells [14].  321 

The OD600 and pH profiles followed a similar pattern. The initial pH values at 0 h ranged from 6.96 to 7.13 322 

for all the mediums. The increase in pH during bacterial cultivation is influenced by urease activity. Rising 323 

biomass concentration and medium pH of the microbial growth are regarded as suitable measures of the MICP 324 

operation [1]. The result in Fig. 3B showed that at the end of the incubation period, the pH levels for all mediums 325 

reached 9.07 to 9.24. This is regarded as the optimum pH condition of S. pasteurii. It is widely accepted that pH 326 

levels of the ureolytic bacteria reflect the MICP metabolism required for the CaCO3 precipitation [16]. As the 327 

biomass increased, the pH levels of all mediums rapidly increased. Also, the growth trend of the pH values was 328 

almost the same for all samples as experienced in other studies [14,49]. Ureolytic bacteria are used in MICP and 329 

prefer alkaline conditions for their growth condition [48]. The increase of pH in the medium during bacterial 330 

cultivation is associated with the release of ammonium ions in the solution. Low pH induces CaCO3 ion 331 

dissolution and lowers precipitation, whereas high pH enhances Ca immobilisation and electrochemical attraction 332 

[48]. 333 

Yeast extract is a protein-rich complex media that is conveniently used for bacterial cultivation. For MICP-334 

related studies, 20 g/L of laboratory-grade yeast extract is often used to cultivate S. pasteurii [7,8,14,21,23,50–335 

52]. However, some studies reported using 5 to 15 g/L of yeast extract [53–56]. Low-cost yeast extract was 336 

previously reported by to minimize bacterial growth for MICP up to 98% when compared with some conventional 337 

media (i.e., tryptic soy broth, cooked meat medium, nutrient broth, etc.) [56]  However, a high amount of yeast 338 

extract was needed. It was recently suggested that supplementing cultivation media with waste material that 339 

contains essential components can positively impact the cultivation performance of the S. pasteurii [7]. In our 340 

preliminary study, we investigated the effect of POM without low-cost yeast extract on bacterial growth. It was 341 

found that after incubation for 48 h, the absorbance reading (OD600), pH value, and urease activity were 0.39, 8.94 342 

and2.44 mM urea hydrolysed/min. 343 

The urease activities of S. pasteurii in the POM medium were evaluated end of the incubation period as 344 

shown in Fig. 4. The highest urease activity was 13.81 mM urea hydrolysed/min for GM1, while the lowest urease 345 

activity was 5.26 mM urea hydrolysed/min for GM 4. The urease activities of S. pasteurii in other mediums (GM 346 

2 and GM 2) were 11.63 mM urea hydrolysed/min and 5.26 mM urea hydrolysed/min, respectively. The urease 347 

activities in GM 1 and GM 2 are comparable with our previous studies that reported the prospect of using food-348 
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grade yeast extract for the ureolytic bacterial cultivation [9,57]. Higher ammonium ion concentration implies a 349 

higher urease activity rate due to a strong degree of ureolysis (urea hydrolysis). Also, an increase in the bacterial 350 

cell population can result in more production of urease enzyme [16].  351 

 352 

3.2. Effect of varied concentrations of treatment solutions and temperatures on MICP 353 

The effect of treatment solutions with various concentrations (0.25 M to 1.5 M, w/v) on MICP was studied. The 354 

cementation chemical is an essential component for promoting calcite precipitation. As a result, it is critical to 355 

provide adequate urea and calcium chloride to the soil [58]. Urea is a substrate that stimulates urease enzyme for 356 

carbonate production, and the presence of a calcium ion provides the necessary condition that permits CaCO3 357 

precipitation to occur [53]. During the biomineralisation test in the Falcon tubes, the instance bacterial cultures 358 

were inoculated, and visible cloudy precipitation formed. Irrespective of the cementation concentrations, the 359 

mixture with bacterial culture resulted in instant precipitation. After incubation, crystal precipitations or 360 

flocculation appeared at the bottom of the Falcon tubes. Lai et al. [51] also reported that higher cementation 361 

concentrations had more intense turbidity in their tests and higher CaCO3 contents. 362 

The CaCO3 contents in Fig. 5A showed that at different concentrations of the cementation solution, the 363 

CaCO3 contents differ. Equal molarities of urea and CaCl2 at different concentrations were used for the 364 

biomineralisation test. This was to test the influence of the bacterial cultures grown on other cheap mediums to 365 

precipitate CaCO3 minerals. As expected, ureolytic bacteria produced high biomass and used for the specimen 366 

(sample 1) had the highest CaCO3 contents (0.84 g/mL to 4.59 g/mL). In comparison, sample 4 from bacteria 367 

grown in GM-4 produced the lowest CaCO3 contents (0.34 g/mL to 1.58 g/mL). Based on this finding, to induce 368 

sufficient CaCO3 crystals, ureolytic bacteria can be grown in an inexpensive, organic manure medium containing 369 

yeast-containing extract ranging from 4 g/L to 8 g/L.  370 

Furthermore, the experiment's outcome demonstrated that the bacterial cultures exhibited tolerance to a 371 

high concentration of urea-CaCl2, with a good crystal formation tendency [53]. A greater chemical concentration 372 

of treatment solution/mixture is required to precipitate more calcium carbonate in each treatment. However, with 373 

an increase in the concentration of treatment ingredients, the MICP process may be slowed or even terminated 374 

[51]. 375 

The purpose of testing the effect of different cementation concentrations on bacterial performance is 376 

because it can impact the strength of biocemented soil. Suitable urea-CaCl2 concentration will produce denser 377 

crystal and biocemented soil with enhanced engineering properties. Hence, it is crucial to quantify the CaCO3 378 
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precipitates and determine the cementation concentrations to better MICP efficiency. Furthermore, the effluent 379 

pH was studied from the supernatant in the Falcon tubes, as shown in Fig. 5B. The initial pH value of the treatment 380 

solution varied from pH 4 to 5, which indicated that these solutions were acidic. Fig. 5B suggested that the effluent 381 

pH attained steady neutrality to alkalinity. Although the pH values ranged from 6.27 to 7.56 for sample 1, pH 6.55 382 

to 8.97 for sample 2, pH 6.87 to 8.59, and finally, pH 6.79 to 8.18 for sample 4.  383 

The effluent pH solution transcended from alkaline to neutral or slightly acidic as the cementation 384 

concentration increased (from 0.25 M to 1.5 M). The observed pH variation in the effluent resolutions 385 

demonstrates the hydrolysis effect or ureolytic microbial capacity [59]. High pH values represent lost/unused 386 

urease activity in the effluent solution from the bacterial activity [3]. It is expected that different concentration 387 

levels of urea-CaCl2 and urea hydrolysis will be affected. When effluent pH is high (especially at low cementation 388 

concentration), this solution should be recycled/reused during MICP treatment to improve microbial activity and 389 

biocementation. Finally, the results showed that the CaCO3 content increased with the increasing concentration 390 

of cementation reagents for the MICP test. However, the results for effluent pH indicated that the pH level moved 391 

from alkaline to acidic with a growing concentration of cementation reagents. 392 

Fig. 6A shows the effect of various temperatures on CaCO3 content and the pH effluent after 48 h 393 

incubation. Temperature plays a vital role in the MICP process for bacterial biomass growth, urease production, 394 

and CaCO3 formation [14]. Unsuitable temperature can influence carbonate precipitations by changing the 395 

bacterial urease activities [55]. This also happens to the solubility and chemical equilibrium of CaCO3 precipitates 396 

during the MICP process. Hence, it is vital to test the effect of varying temperature conditions on precipitation 397 

rates of calcium carbonate. All the bacterial cultures grown in different mediums were able to induce carbonate 398 

crystals at temperatures that ranged from 10 °C to 50 °C. The results in Fig. 6A showed that at 10 °C, the lowest 399 

CaCO3 contents were measured for all the tested samples except for sample 4. The highest CaCO3 contents 400 

occurred when all the samples were incubated at 30oC. For sample 4, the lowest CaCO3 contents occurred at 50oC. 401 

At different temperatures, the flocculants in the Falcon tubes increased with changes in incubation temperature. 402 

Interestingly, from sample 1 to sample 3, all the CaCO3 contents increased until they reached 40oC, where the 403 

measured precipitates decreased. It was also observed that the precipitation of carbonates (0.91 g/mL to 0.93 404 

g/mL) for samples 1, 2, and 3 were comparable at 10oC. This observation also occurred at 50oC (1.76 g/mL to 405 

1.74 g/mL) but only for samples 1 and 2.  406 

Earlier research used S. pasteurii in MICP at low temperatures to show that the precipitation rate was too 407 

low to bind sand particles due to the low bacteria activity [55]. Fig. 6A demonstrated a correlation between 408 
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temperature and carbonate precipitation to a certain degree. Because the higher the temperature, the higher the 409 

precipitation rate during the incubation period except at 50oC. This evidence suggests that it is preferable to use 410 

temperatures ranging from 20 °C to 40°C for MICP when the bacterial is cultured in a cheap pelletised medium. 411 

It further confirms that S. pasteurii is sensitive to the changes in different temperature conditions for carbonate 412 

precipitation [55]. Recent studies demonstrated that these temperatures provided a suitable microenvironment to 413 

induce a high carbonate precipitates [20,48]. The authors suggested that very low temperatures (5 °C and below) 414 

and very high temperatures (5oC and above) above the optimal threshold for MICP may deform the binding 415 

sites/surface activity and kinetic energy needed for soil biocementation. At extremely unfavourable conditions, 416 

the microbial cell structures would be inactivated owing to heat/cold, thus making it challenging for bacteria to 417 

execute regular metabolism for the urease production [20]. Fig. 6B indicated that the measured effluent pH values 418 

for the treated samples remained at a relatively neutral level. Irrespective of the temperature (10oC to 50oC) or 419 

bacterial cultures grown in different mediums (GM1 to GM4), the pH level did not drop to 6 or surpass 7.99. The 420 

highest effluent pH level at 10oC and 20oC occurred in sample 1. On the other hand, the highest effluent pH level 421 

at 40oC and 50oC was obtained from sample 2, while 30oC was found in sample 3. However, the lowest effluent 422 

pH level in the tested samples at various temperatures occurred in sample 4. 423 

 424 

3.3. Analysis of crystal morphology and elemental composition  425 

The microstructural morphologies and mineralogical properties of crystals induced on the soil samples by the 426 

ureolytic bacterial cultures were determined using SEM-EDS analysis. Fig. 7 presents the SEM images of the 427 

biocemented samples (four different treated specimens) after curing. The SEM images at 1000x magnification 428 

were able to visualize the presence of biomineral crystals on the specimens. Interestingly, soil sample-1 and 429 

sample-2 that were treated with ureolytic bacterial cultures grown with GM-1 and GM-2 had more crystal 430 

formations with lesser visible pore spaces in biocemented soil, as depicted in Fig. 7A and Fig. 7B. However, there 431 

were more visible voids with fewer crystal formations for samples treated with ureolytic bacterial cultures grown 432 

with GM-3 and GM-4. Soil voids become densely filled as the soil becomes subjected to MICP treatment due to 433 

the field's biocementation [60].  The soil pores in Fig. 9A and Fig. 9B appeared to have been filled with cementing 434 

material (i.e., CaCO3) after the MICP treatment [8]. The SEM indicated that the precipitated crystals could change 435 

the morphological structures of soil particles by adhering to the surface of soil grains and bridging the particles 436 

together [21]. 437 
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The crystal aggregates formed on the surface of soil particles or at the particle-to-particle interconnected 438 

pore spaces displayed irregular shapes with rough or smooth textures. Careful observation of SEM images for Fig. 439 

7A and Fig. 7B suggested that these crystals showed clusters of rhombohedral shape. However, some biominerals 440 

appeared to be integrated into cubic-like forms with smooth surface textures. The significant difference between 441 

crystals displayed in these SEM images was the magnitude of their sizes when studied at higher magnification 442 

(1000x). The SEM analysis for Fig. 7A indicated that the crystals were more prominent in diameter (15 to 20 μm) 443 

when compared to Fig. 7B, which were slightly smaller in diameter (5 to 10 μm). Similar crystal morphological 444 

observations on MICP-treated soil samples were observed in previous studies [8,21,50,52]. Unfortunately, fewer 445 

crystals formed and adhered to the soil particles' surfaces for sample-3 and sample-4 after MICP treatment, as 446 

shown in Fig. 7C and Fig. 7D. It seemed the minerals were not properly crystallized when formed on the soil. 447 

More so, few noticeable crystals on these samples had cubic shapes. The SEM results showed that ureolytic 448 

bacteria grown in inexpensive POM (medium-1 and medium-2), which contained 60% (v/v) and 80% (v/v) of 449 

yeast extract, were able to induce more crystals during biocementation. Dissolved organic carbon release, protein, 450 

and other essential nutrients in cultivation media are crucial factors that can influence the formation/morphology 451 

of CaCO3 crystals [4,9,10]. This is because the bacterial proliferation after cultivation provides the necessary 452 

condition (microbial activity) to induce the amount of CaCO3 precipitate through the MICP process. This is 453 

evident in the result shown in Fig. 7. More treatment cycles (bacterial cultures and chemical solution) approach 454 

may be required during biocementation to achieve successful crystal shapes to bridge soil particles when using 455 

ureolytic bacteria grown in the inexpensive medium supplemented with low yeast extract.  456 

The EDS analysis was performed after SEM to accurately determine the compositions of the microstructures 457 

(crystal minerals) formed after the soil MICP treatment test. The EDS spectra (Fig. 8) indicated the X-ray intensity 458 

emitted from each elemental composition. The brighter colour represents the more significant essential 459 

density/concentration [13,22,54] Clusters of biomineral crystals detected in the SEM micrographs confirm the 460 

presence of elements that correspond with carbonate minerals (i.e., CaCO3). The EDS mapping was able to show 461 

the differences between the four treated soil samples based on mineralogical properties, as depicted in Table 4. 462 

For sample-1, the atom proportion for the leading elements was oxygen (32.6 %), carbon (25.3 %), and nitrogen 463 

(24.5 %). For sample-2, oxygen (60.5 %), carbon (16.3 %), and silicon (15.9 %) were the prominent elements. 464 

The major chemical elements identified by EDS analysis for sample-3 were oxygen (61.3 %), carbon (15.3 %), 465 

and silicon (12.2 %). Finally, the prominent elements for sample-2 were oxygen (44.7 %), carbon (20.5 %), and 466 

nitrogen (15.1 %). The overall atom percentage for soil sample-1 and sample-4 were oxygen, carbon, and nitrogen. 467 
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On the other hand, the dominant elements for soil sample-2 and sample-3 were oxygen, silicon, and carbon. In 468 

EDS mapping, the identified silicon element represents silicon dioxide, a constituent of sand [54,61]. 469 

The detection of carbon, oxygen, and calcium indicates the occurrence of biocementation, which can be 470 

used to bind soil particles. Bacterial cells produce negatively charged ions such as carbonate and hydroxide ions 471 

which provide conditions to bind with calcium ions and induce CaCO3 precipitation. Theoretically, the formations 472 

of calcium carbonate mineral typically constitute carbon, oxygen, and calcium elements at an atomic ratio of 1:3:1 473 

[62]. This relatively confirms the results presented in Table 4 and Fig. 8. The main components of extracellular 474 

polymeric substances are polysaccharides, proteins, and nucleic acid, which are critical for biomineralisation 475 

during in MICP process [17]. Bacterial cells produce exopolysaccharides as a response to a toxic environment 476 

responsible for the biomineralisation of carbonate minerals [62]. The different atom proportions for the elements 477 

that constitute CaCO3 may be influenced by this factor (extracellular polymeric substances). The detection of 478 

elements which includealuminiumm, calcium, iron, potassium, sodium, magnesium, and chlorine after EDS 479 

mapping may be related to the urea substrate and growth medium used for bacterial cultivation. It has been 480 

reported that these elements found in treated soil specimens are ascribed to organic matter secreted by bacteria 481 

cells [20]. It is also possible that they are attributed to the components of POM used in this study for bacterial 482 

cultivation. Like the SEM images, the EDS results showed that ureolytic bacterial cells cultivated in different 483 

constituents of growth medium have a profound effect on the elemental ratio compositions of CaCO3 crystals. 484 

3.4. FTIR Spectroscopy  485 

The FTIR spectra for the biotreated specimens are shown in Fig. 9. The evaluated frequency vibrations were in 486 

the mid-infrared (400 to 4000 cm-1) and near-infrared (4000 to 13000 cm-1) regions [63] The bands in the region 487 

of 449.41 cm-1 (soil sample 2) and 466.77 cm-1 (soil sample 4) were attributed to weak C-C bending vibrations 488 

(out of the spectral window) [64]. The band presented at 536.21 cm-1 and 673.16 cm-1 detected in Fig. 9D were 489 

with medium C-I stretching vibration of aliphatic iodo compounds and medium C-H stretching vibration of alkyne 490 

group, respectively. A strong C-Cl stretching of aliphatic bromo compounds at wavelengths ranging from 769.60 491 

cm-1 to 773.46 cm-1 was identified in all four MICP-treated soil samples.  492 

These specified chemical bonds may be associated with the elements present in the organic waste material 493 

used in cultivating bacteria. The FTIR result showed strong, broad CO-O-CO stretching of anhydride (detected 494 

only in soil sample 4) and C-O stretching of primary alcohol (soil sample 3) at 1045.42 cm-1 and 1049.28 cm-1, 495 

respectively. Strong S=O stretching vibration (1056.99 cm-1 to 1072.42 cm-1) of sulfoxide and medium C-H in-496 

plane bending vibration (1414.82 cm-1 to 1415.42 cm-1) of vinyl were spotted except for Fig. 9B. A medium O-H 497 
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bending vibration of carboxylic acid at a wavelength of 1427.32 cm-1 was found only in sample 2. The C=C 498 

bending vibration of α, β-unsaturated ketone group occurred in Fig. 9A and Fig. 9B, at 1627.92 cm-1 and 1620.21 499 

cm-1, respectively. However, The C=C stretching vibration (1651.07 cm-1) of vinylidene and the C=O stretching 500 

vibration (1791.87 cm-1) of conjugated acid halide were only detected in Fig. 9D. Except for Fig. 8C, the FTIR 501 

results had C-H bending vibration of aromatic compound (overtone) at wavelengths ranging between 1809.23 cm-502 

1 to 1878.67 cm-1. Strong C=C=C stretching vibration of allene (1986.68 cm-1 to 1980.89 cm-1) and weak CΞN 503 

stretching of nitrile (2237.43 cm-1 to 2245.14 cm-1) were detected in all four soil samples. This vibration indicated 504 

that denitrification occurred during the MICP crystallisation process of the soil. Strong O=C=O stretching 505 

vibration of carbon dioxide at wavelengths ranging from 2370.51 cm-1 to 2385.95 cm-1 was shown in the FTIR 506 

results, except for Fig. 9C. The vibration peaks could be associated with carbonate precipitations since increased 507 

oxygen-containing surface functional group (i.e., carbonyl) enhances the crystal formation [65]. A medium C-H 508 

stretching vibration of the alkyne (2515.18 cm-1) was found in Fig. 9D. The FTIR results in Fig. 9A-C further 509 

presented weak S-H stretching vibration of thiol at wavelengths between 2538.32 cm-1 to 2534.46 cm-1. This may 510 

have occurred due to relevant biological materials such as proteins and enzymes associated with the reactive thiol 511 

group [66]. Medium C-H stretching vibration of alkene at wavelengths of 3170.97 cm-1 and 3153.61 cm-1 were 512 

shown in Fig. 9B and Fig. 9C, respectively. Previous research has revealed that these chemical bonding are useful 513 

for crystal aggregation and adherence of microorganisms [15,67]. A weak broad O-H stretching vibration of 514 

alcohol (intramolecular bonded) at wavelengths of 3284.77 cm-1 and 3250.05 cm-1 were detected in Fig. 9B and 515 

Fig. 9D, respectively. All the samples observed medium N-H stretching vibration (3354.21 cm-1 to 3417.86 cm-516 

1) of the aliphatic primary amine group and medium sharp O-H stretching vibration (3468.01 cm-1 to 3959.86 cm-517 

1) of the free hydroxyl group. These ascriptions of function groups generated due to MICP are suggested to belong 518 

to the stretching vibration of the organic matter [68]. The vibration of the hydroxyl group that was identified via 519 

FTIR verified the presence of water in the treated soil samples. 520 

 521 

3.5. TGA and DSC analyses of the biocemented specimens 522 

The TGA and DSC thermograph of the bio-treated soil particles after MICP treatment are shown in Fig. 10 and 523 

Fig. 11. The figures indicate the GM-1 for soil sample-1, GM-2 for soil sample-2, GM-3 for soil sample-3, and 524 

GM-4 for soil sample-4. Fig. 10 shows that soil sample-1, soil sample-2, soil sample-3, and soil sample-4 have a 525 

3-step stoichiometric degradation process. The first degradation step was due to the loss of water in the 526 

crystallisation [69], which caused the deformation of the crystalline structure. For soil sample-1, the process 527 
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happened at early as 60°C and 150°C, while soil sample-2, soil sample-3, and soil sample-4 happened at 150 °C. 528 

At this stage, the soil sample loses volatile components such as moisture, solvents, and monomer. The second 529 

degradation step is due to the decomposition of the formation of calcium carbonate and the release of carbon 530 

monoxide for all samples. It is noted that all samples had a decomposition that started around 150°C to 200°C. 531 

The atmospheric switch from nitrogen to oxygen happened for soil sample-1 at 200°C to 280°C, but not for soil 532 

sample 2, soil sample -3, and soil sample-4. The third decomposition occurred at 250°C to 700°C for soil sample 533 

2, soil sample 3, and soil sample 4. While for soil sample 1, it happened at 300°C to till 800°C. Around 700°C 534 

and above, combustion of carbon and the inert inorganic residue was notified for soil sample-2, soil sample-3, and 535 

soil sample 4. The degradation process for soil sample-1 is faster than for soil sample-2, soil sample-3, and soil 536 

sample-4. Fig. 11 shows that almost all the soil samples had a similar reaction. The exothermic glass transition 537 

happened at 50°C, whereas glass formation happened slowly toward the first endothermic curve [70] from 180°C 538 

to 250°C. The endothermic curve was due to the melting process of the partially crystalline soil sample due to the 539 

heat [32]. 540 

3.6. Cost implication 541 

The typical materials required for MICP include nutrient source, urea, and calcium chloride. Most (60%) of these 542 

material expenses are spent on bio-stimulation of native/indigenous ureolytic microorganisms or bio-543 

augmentation of exogenous ureolytic microorganisms [33]. Omoregie et al. [56] previously showed that the food-544 

grade Yeast extract (Angel Yeast/FB00) cost US$ 0.27 for 15 g/L which was 89.89% cheaper than laboratory-545 

grade yeast extract (BD BACTO™/ #212750). However, this present study showed that POM has the potential 546 

for circular economy and is useful for MICP application. The addition of 2 to 8g/L of cheap yeast extract in the 547 

POM medium results in a total culture cost of US$ 0.32 to US$ 0.41, considering if the POM is procured from a 548 

supplier. This further indicates that using POM has the potential to serve as an alternative medium to the present 549 

cultivation medium. Also, the scholarly community will benefit from cost savings, and the introduction of less 550 

hazardous materials into the geoenvironment, if POM is used for bacterial cultivation. Kitchen waste was recently 551 

used to grow S. pasteurii for wind erosion control of arid soil [14]. The authors demonstrated that kitchen waste 552 

(0.375 g/L) was less expensive (less than US$ 1) than traditional media (yeast extract medium, nutritional broth 553 

medium, and tryptic soy broth medium, 1 to US$ 5, respectively). Another study showed that MICP cultivation 554 

cost was reduced from US$ 2.34/L (Laboratory-grade reagents) to US$ 0.28/L (low-grade reagents) for field-scale 555 

application [71]. This means that future researchers should aim to reduce the cost of bacterial cultivation to $1 or 556 

less, and it is suggested that cheaper materials be used for MICP studies and applications. 557 
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The material cost of MICP is also determined by the cost of chemical reagents such as calcium chloride, 558 

and urea. For cost reduction of these chemicals, researchers have proposed other alternatives. A recent study 559 

demonstrated that thermally treated cow urine is a viable alternative to synthetic urea for MICP application. The 560 

authors showed that this cow urine maintained the desired pH range (7 to 9) for over 28 days of monitoring without 561 

requiring an additional item for the stability [72]. Another recent paper demonstrated that fresh urine and carbide 562 

sludge (containing 30% of Calcium hydroxide, w/w) can help significantly lower the expense of urea and calcium 563 

supply for MICP applications [73]. The urine was filtered using a filter paper (pore size of 6 µm) and sterilized 564 

via ultraviolet for 6 h before use. The authors reported that after treating their sand, they obtained uniaxial 565 

compressive strength, calcium carbonate content, and permeability values of 1.7 MPa, 7.7%, and 4.1 × 10−6 m/s, 566 

respectively [73]. Another recent work showed that eggshell waste material can serve as a suitable alternative to 567 

calcium source since it contains 94% of calcium salts [74]. To further reduce MICP chemical reagents, future 568 

studies can explore using fish bones, chicken bones, and seafood shells (i.e., clam shells, and blood cockle shells). 569 

These can be explored as alternative replacements to calcium chloride. In addition, Waste from a horse shelter 570 

can be used to replace urea instead of fertilizer or technical-grade urea. 571 

4. Conclusion 572 

It is concluded that low-cost POM, containing yeast extract ranging from 4 g/L to 8 g/L can serve as an alternative 573 

bacterial cultivation nutrient source for the MICP process. POM supplemented with more yeast extract inclusion 574 

had higher biomass concentrations, demonstrating that the combination of low-grade/food-grade yeast extract and 575 

POM can lower bacterial cultivation costs. The pH levels for all mediums reached 9.07 to 9.24, which is regarded 576 

as the optimum pH condition of Sporosarcina pasteurii and the pH level moved from alkaline to acidic with 577 

increasing concentration of cementation reagents. It is preferable to use temperatures ranging from 20oC to 40oC 578 

for MICP when the bacterial is cultured in the low-cost POM medium. Further analyses (SEM-EDX, FTIR, TGA, 579 

and DSC) on the biocemented soil specimens showed that the compositions of nutrients used in growing ureolytic 580 

bacterial cells have a profound effect on the crystal formation during MICP. The vibration indicated in the FTIR 581 

spectra for biotreated soil specimen confirms that denitrification occurred during the MICP crystallization process 582 

of the soil. The TGA and DSC thermograph of the bio-treated soil particles indicated degradation due to the loss 583 

of water in crystallization and the decomposition of calcium carbonate with the release of carbon monoxide. POM 584 

combined with low-grade/food-grade yeast extract is recommended as a low-cost alternative nutrient source in 585 

the cultivation of the Sporosarcina pasteurii strain for a more economically sustainable and eco-friendly MICP 586 

biocementation application. 587 
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Fig. 1: Packets of POM purchased to serve as an inexpensive alternative cultivation medium. 827 
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Fig. 2: Images showing shake flasks containing POM medium (A) before and (B) after cultivation of S. pasteurii. 832 
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 838 

 839 

Fig. 3: Growth and pH profiles of S. pasteurii in POM medium containing various concentrations of low-grade 840 

yeast extract (2 g/L to 8 g/L). Error bars represent standard deviations. 841 
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 846 

Fig. 4: Urease activity of S. pasteurii after cultivation in POM medium.  847 
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 863 

 864 

Fig. 5: Effect of various concentrations of treatment solution on treated specimens. (A) Mass of CaCO3 contents, 865 

and (B) pH of the effluent solutions. The error bars represent standard deviations. 866 
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 870 

 871 

Fig. 6: Effect of different temperatures on treated specimens. (A) Mass of CaCO3 contents, and (B) pH of the 872 

effluent solutions. The error bars represent standard deviations. 873 
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 878 

 879 

Fig. 7: SEM images showing the surface morphologies at 1000x magnifications of bio-treated soil particles with 880 

crystal formations after MICP treatment. (A) soil sample-1; (B) soil sample-2; (C) soil sample-3; and (D) soil 881 

sample-4. 882 
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Fig. 7: continued. 885 
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 888 

Fig. 8: EDS spectrum graphs for biocemented samples after being treated with cementation solution and ureolytic 889 

bacterial cultures cultivated with (A) medium 1, (B) medium 2, (C) medium 3, and (D) medium D. 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

(A) (B) 

(C) 
(D) 



Page 37 of 42 

 898 

Fig. 9: The FTIR images of soil samples subjected to MICP treatment containing cementation solution and 899 

ureolytic bacterial cultures. (A) soil sample-1, (B) soil sample-2, (C) soil sample-3, and (D) soil sample-4. 900 
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 903 

Fig. 9: continued. 904 
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 908 

Fig. 10. TGA thermograph of soil sample-1 (GM-1), soil sample-2 (GM-2), soil sample-3 (GM-3), and soil 909 

sample-4 (GM-4). 910 

 911 

 912 

 913 

Fig. 11: DSC thermograph of soil sample-1 (GM-1), soil sample-2 (GM-2), soil sample-3 (GM-3), and soil 914 

sample-4 (GM-4). 915 
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List of tables 917 

Table 1: Physiochemical properties of pelletized organic manure 918 

Parameter Unit Result 

pH - 7.7 

Electrical conductivity µs/cm 4040.0 

total nitrogen % 0.3 

carbon % 2.6 

organic nitrogen % 0.2 

phosphorous % 0.2 

chloride mg/L 1278.0 

aluminium mg/L 45.3 

calcium % 0.2 

copper mg/L 5.8 

iron mg/kg 5.50 

lead mg/kg 4.1 

magnesium % 0.3 

manganese mg/kg 17.6 

potassium % 0.3 

sodium mg/kg 94.4 

sulphur mg/kg 22.1 

zinc mg/kg 5.2 

moisture content % 19.4 

organic matter % 39.1 
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 921 

 922 
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 924 
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Table 2: X-ray fluorescence analysis of pelletized organic manure 926 

Chemical composition Mass 

content   

Silicon dioxide 40.15% 

Calcium oxide 14.14% 

Potassium oxide  7.14% 

Aluminium oxide  7.35% 

Phosphorus pentoxide 7.62% 

Iron (III) oxide  5.07% 

Chlorine  2.44% 

Sulfur trioxide  5.55% 

Magnesium oxide 2.85% 

Sodium oxide  5.54% 

Titanium dioxide 0.81% 

Manganesec(II) oxide 0.32% 

Zinc oxide 0.29% 

Dysprosium oxide 0.12% 

Lead (II) oxide 0.08% 

Actinium  0.07% 

Rubidium oxide 0.07% 

Arsenic trioxide 0.08% 

Bromine 0.05% 

Strontium oxide 0.05% 

Copper (II) oxide  0.05% 

Zirconium  0.05% 

Krypton 0.03% 

Chromium oxide 0.04% 

Yttrium oxide 0.04% 

 927 
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Table 3: Summary of soil particle size distribution and some physico-chemical characteristics 928 

Characteristics Value 

Unified Soil Classification SP 

D10 0.125 mm 

D50 0.210 mm 

D60 0.240 mm 

Coefficient of Uniformity (Cu) 1.92 

Coefficient of Curvature (Cc) 1.20 

Specific Gravity (Gs) 2.670 kg/m³ 

Maximum dry density (ρdmax) 1.640 Mg/m³ 

Minimum dry density (ρdmin) 1.27 Mg/m³ 

pH value 6.29 

 929 

 930 

 931 

Table 4: Elemental compositions of biocemented soil samples using EDS analysis 932 

Element Atom percentage (%) 

Sample 1 Sample 2 Sample 3 Sample 4 

Oxygen 32.6 60.5 61.3 44.7 

Silicon 2.1 15.9 12.2 11.2 

Carbon 25.3 16.3 15.7 20.5 

Nitrogen 24.5 0.0 0.0 15.1 

Chlorine  10.7 1.1 1.3 2.5 

Aluminium 0.2 2.8 3.8 3.3 

Calcium 3.9 3.1 2.1 1.4 

Iron 0.7 0.4 0.5 0.4 

Potassium 0.0 0.0 0.7 0.4 

Sodium 0.0 0.0 1.9 0.5 

Magnesium 0.0 0.0 0.5 0.00 

 933 


