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Abstract. Microbial induced calcite precipitation is an emerging technique in
the field of soil stabilization techniques. In the present on-going study, the sta-
bilization of fly ash is investigated through the MICP process. Sporosarcina
pasteurii, a natural urease enzyme producing bacteria, has been considered be-
cause previous studies demonstrated that Sporosarcina pasteurii has a high ure-
ase enzyme producing capacity and can hydrolyze more than 90% of urea in a
comparatively shorter time span. A urease enzyme is a type of enzyme that hy-
drolyzes urea and precipitates it as calcium carbonate (CaCOj3). Two different
cell concentrations of these microbes at OD600,,, (0.8) along with a binding so-
lution of urea and calcium chloride passed through a fly ash column of length
and diameter (2:1) ratio. After microbial treatment, fly ash samples were sub-
jected to an Unconfined Compressive Strength (UCS) test. The test results show
improvement in UCS value with treatment. The precipitation of calcium car-
bonate is the key material which binds with fly ash particles. The goal of this
study is to look at fly ash as a building material and see if it can be used in the
field.

Keywords: MICP; Fly ash; Sporosarcina Pasteuri; Unconfined Compressive
Strength; Sustainability.

1 Introduction

Sustainable building material demand is increasing day by day. Some traditional con-
struction materials like sand, cement, and aggregates have been used in previous dec-
ades. Today, the number of thermal power plants is increasing day by day to meet the
demand for power requirements. Hence, fly ash generation is also high. Recycling and
reuse of fly ash is an economical and eco-friendly technique to conserve natural re-
sources for sustainable development. The use of fly ash as a building material is rec-
ognized worldwide [1] To prevent the adverse environmental impact of fly ash, recy-
cling rates are increasing to minimize its negative impact and promote better sustain-
able development [2- 3].

In recent years, bio-cementation, which is based on calcite precipitation using mi-
crobes, has been recognized worldwide as a novel consolidation technique, used in
cement concrete mortars, expansive soil and sand consolidation to improve engineer-
ing properties and compressive strength [4-6]. A novel method that uses urease-
producing microbes to produce carbonate has been introduced and examined by prior
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studies to address the remediation of metal leaching from CFA. Microbially induced
carbonate precipitation (MICP) is a well-known name for this method [7-10]. By
using MICP to immobilize cadmium in soils, Kumari et al. (2014) observed a 90%
conversion of soluble cadmium to carbonate-bound cadmium [11]. Microbe induced
calcium carbonate precipitation is a mineralization process leading to CaCOj; precipi-
tation to fill the pore structure of fly ash and bind them. The microbe reaction process
induces calcite precipitation via urea hydrolysis by urease enzyme as follows:

+ Urea gets hydrolyzed by the urease enzyme and produces carbamate and ammonia:

CO(NH,), +H,0  —» NH,COOH + NHj ()
 After hydrolysis of carbamate, 1 mole of ammonia and carbonic acid are formed:

NH,COOH + H,0 —%»  NH, + H,CO; (ii)
+ Carbonic acid dissociates into one mole of bicarbonate and a hydrogen ion:

H,CO; —»  H' +HCO3 (iii)
* Ammonia dissociates into 2 moles of ammonium ions and hydroxide ions:

ONH; +2H,0 —»  2NH, +20H (iv)

* Due to the presence of ammonium ion, pH increases and bicarbonate ions dissoci-
ate and carbonate ions are formed and a combined reaction occurs:

HCOs++H' +2NH,+20H  —» CO;* +2NH," + 2H,0 )
+ Bacterial cell walls are negatively charged. Due to this, bacterial cell walls attract

Ca2" and cations and stick to the cell surface; further Ca2" reacts with CaCO; and

precipitation of calcium carbonate occurs at the bacterial cell surface as a nuclea-

tion site and the size of CaCO3 mineral increases:

Cell + Ca** —» (Cell-Ca®™) (vi)

(Cell-Ca®") + CO> —»  (Cell-CaCOy) (vii)
This study focuses on improving the compressive strength of fly ash by using bacteri-
al solutions and cementation solutions. Nutrients, calcium, and urea have been given
as ingredients for bacterial growth and bio cementation.

2 Materials

2.1 Source of bacteria

Bacteria, namely Sporosarcina pasteurii (MTCC 1761), were procured from the Mi-
crobial Type Culture Collection and Gene Bank (MTCC), Chandigarh, India.
2.2 Nutrients for bacterial growth

LB (Luria-Bertani) Broth was used as a nutrient for bacterial species as shown in
Table 1.

Table 1. Nutrient Source

Ingredients Gram/Litre
Tryptone 10.00
Yeast extract 5.00
Sodium chloride 10.00
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The nutrients were mixed with distilled water and autoclaved for 15 minutes at 121°
C.

2.3  Biocementation medium preparation

Table 2. Biocementation composition

Mineral Molarity
Urea 0.5
Calcium chloride 0.5

The biocementation solution was prepared and pH was adjusted to 7.5 with 1 N sodi-
um hydroxide as shown in Table 2.

2.4  Source of fly ash

A fly ash sample was collected from the National Thermal Power Corporation located
at Barh in Bihar, India. Samples were transported with the utmost precaution for stud-
ying various properties of fly ash samples.

3 Methodology

3.1  Microbial solution preparation

Frozen Sporosarcina pasteurii was inoculated in LB (Luria Bertani) broth nutrient
medium and placed in an incubator at 37°C for 24 hours. The bacterial culture was
then sub-cultured in 250 ml of LB broth. Biological solution was checked at OD (Op-
tical Density) at 600,,, wave length for determining cell concentration. In this study,
an OD600,,,, of 0.8 was used and cell concentration was taken as 6.34107 cells/ml.
The bacterial cell concentration in growth media was measured by the expression
[12].

Y =8.59 x 107 x Z 3¢ (viii)
Note: (Z = ODgponm reading, Y = cell concentration per milliliter)

3.2  Cementation solution preparation

Urea and calcium chloride were mixed in distilled water used as a cementation media
preparation. Table 2 shows the detailed composition of cementation media. In addi-
tion, 3gm of LB broth per litre was added for the supply of nutrients to bacteria [13].
Nutrients are added for the multiplication of bacteria and a higher ureolysis rate.
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3.3  Physical properties of fly ash

On the collected fly ash sample, various tests such as specific gravity, gradation, and
standard proctor test were performed in accordance with the 1S-2720 [14-19]. Uncon-
fined compressive strength was conducted on an untreated fly ash sample and a
MICP-treated fly ash sample. Table 3 gives different physical and engineering prop-
erties of a fly ash sample.

Table 3. Physical and engineering properties of fly ash

Properties Value
Specific gravity (G) 2.01
% Finer than 75 pm 40.04
Sand (%) 59.96
Silt (%) 40.04
Coefficient of Uniformity (Cu) 7.86
Coefficient of Curvature (Cc) 1.21
Optimum Moisture Content (%) 31.47
Maximum Dry Unit Weight (kN/m3) 11.22
Unconfined compressive strength, untreated(kPa) -
Unconfined compressive strength, MICP treated(kPa) 422
pH 7.85

3.4  Specimen preparation

A fly ash column was prepared in a cylindrical PVC mould of 40 mm in diameter and
90 mm in length to maintain a ratio of greater than 2 (height: diameter). Moulds were
prefabricated and formed at the National Institute of Technology Patna as shown in
Fig. 1. Twelve numbers of oven dried fly columns were prepared by adding the bacte-
rial solution at OMC. PVC moulds were fitted with silicon pipe at both ends and
made ready for treatment.

(NH2)2CO + 2H20 _>C02 + HzO + NH3 (IX)
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Fig. 1. PVC moulds for specimen preparation

3.5 MICP treatment process

Fig. 2 shows the adopted method of MICP treatment in this study. A fly ash column
was placed in a vertical position with clamps and stands. One end of a silicon pipe
was fitted with a peristaltic pump to maintain a constant rate of flow of bacterial me-
dia and cementation solution. The other end of the silicon pipe is placed in a container
to collect effluent. At the time of column preparation at OMC, two pore volumes of
cementation solution were passed through the fly ash column and retained for 10
hours. After that, one pore volume of bacteria medium was given to the sample and
retained for two hours. After that, two pore volumes of cementation solution were
given to the fly ash sample again. This cycle continues for 5 days, after which the
samples are cured for seven days. Thereafter, samples were dried as prepared for the
unconfined compressive strength test.

Fig. 2. MICP treatment process through peristaltic pump
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4 Result and Discussion

4.1 Urease test

The hydrolysis of bacteria is confirmed by a urease test. In this process, after hydroly-
sis, urea produces ammonia and carbon dioxide. Ammonia increases the basicity of
the medium. Phenol red reagent is used as an indicator. It changes colour from light
orange (pH 6.8) to magenta (pH 8.1). Urease enzyme producing bacteria turn the
medium pink within 24 hours [20]. 10 ml of cementation solution and 5 ml of bacteri-
al solution were mixed in a test tube and placed in an incubator at 37°C for 24 hours.
Colour change is detected and it confirms that it is a urease enzyme producing bacte-
ria and it is efficient for hydrolysis of urea. Figs. 3 and 4 show the confirmation of
urease activity of Sporosarcina pasteurii.

(NH,),CO +2H,0 —» CO,+H,0 +NH; (ix)

Fig. 4. Urease activity test result after 24 hours.
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4.2  Compressive strength test

Unconfined compressive strength (UCS) [21] tests were carried out to determine the
compressive strength of untreated and treated cylindrical samples of fly ash. Howev-
er, it must be highlighted that the UCS value of untreated samples was very negligi-
ble. In a similar study, bio treated fly ash samples developed strength of about 33.6
kPa [22]. As shear strength becomes a governing design criterion for geotechnical
engineering constructions, numerous studies on the application of MICP to improve
the shear strength of soil and related materials have been done [23,24]. Almost all of
these studies revealed an increase in UCS ranging from 36 to 12,400 kPa. The stress-
strain behavior of fly ash samples treated with MICP for seven days is depicted in
Fig. 5. Similar improvement in UCS values has been observed by other researchers.
In case of fine sand, the UCS values of samples stimulated for both aerobic and an-
aerobic bacteria growth increased by 254-283% [25]. In an experimental investiga-
tion of the MICP treatment of calcarcous foundations on an artificially reclaimed
island, the UCS reached around 821 kPa after nine MICP treatments [26]. The treated
fly ash samples attained a compressive strength of 422 kPa. As observed, it shows a
significant increase in strength in comparison to untreated samples, for which the
UCS value was negligible. Fig. 6 shows the tested samples after the UCS test. There-
fore, it may be concluded that MICP treatment is also effective in stabilizing fly ash.
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Fig. 5. Stress-strain curve for MICP treated fly ash after 7 days
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Fig. 6. MICP treated fly ash sample after UCS test

5 Conclusion

Based on this experimental study, it can be concluded that Microbial induced calcite
precipitation (MICP) has been found to be effective in improving the UCS of fly ash.
The unconfined compressive strength of fly ash increased after 7 days of MICP treat-
ment and the UCS value is 422 kPa. That is quite impressive at OD600 of 0.8 bacteri-
al concentrations and 0.5 M of biocementation solution concentration. Further inves-
tigation is need to establish the effect of MICP with other engineering properties such
as compressibility and permeability characteristics.
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