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ABSTRACT

Sub-standard soils are of great concern worldwide due to diverse economic losses and
the possibility of severe environmental hazards ranging from catastrophic landslides,
building collapse, and erosion to loss of lives and properties. This study explored the
potential of urease-producing bacteria, Bacillus cereus and Bacillus paramycoides, to
stabilise sub-standard soil bio-stabilisation. The maximum urease activity measured by
B. cereus and B. paramycoides was 665 U/mL and 620 U/mL, respectively. B. cereus and
B. paramycoides precipitated 943 £ 57 mg/L and 793 + 51 mg/L of CaCO; at an optical
density (425 nm) of 1.01 and 1.09 and pH 8.83 and 8.59, respectively, after 96 hours of
incubation. SEM microstructural analysis of the precipitated CaCOs; revealed crystals of
various sizes (2.0-23.0 um) with different morphologies. XRD analysis confirmed that
the precipitated CaCO; comprised calcite and aragonite crystals. SEM analysis of the
microstructure of organic and sandy clay soils treated with B. cereus and B. paramycoides
showed the formation of bio-precipitated calcium carbonate deposits on the soil particles

(biocementing soil grains), with B. cereus

precipitating more CaCO; crystals with a
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INTRODUCTION

There is a high demand for land for civil infrastructure, particularly in urban areas, due to
rapid population growth in both developing and developed nations (Sinha & Chattopadhyay,
2016). On the contrary, landmass for various construction purposes continues to become
relatively scarce (Bernardi et al., 2014). This rapid growth enhances the high demand
for land utilisation to meet various basic human needs, necessitating infrastructural
development on sub-standard soils (Chang et al., 2016). Geotechnical engineers define a
sub-standard soil type as having inferior engineering features and cannot be effectively
utilised for construction without an improvement technique (Rabenhorst et al., 2020).
Indeed, there is an estimated global financial loss of up to seven billion US dollars annually
due to the failure of various geotechnical structures built on sub-standard soils (Singh et
al., 2020).

In Malaysia, the Department of Environment reported that 2.56 million hectares of
land (representing 7.74%) are covered with sub-standard peat soils, mostly distributed
within Sarawak (1,697,847 hectares) and Selangor (164,708 hectares) states (Wahab et
al., 2019; Sapar et al., 2020). Furthermore, during the last two decades, there have been
more than 400 landslides comprising over 30 major landslides involving both natural and
cut slopes, which have destroyed properties worth billions of ringgits and claimed over
200 lives due to the high compressibility and low shear strength of these tropical peatland
sub-standard soils (Makinda et al., 2018). The poor soil characteristics may affect the
foundations of multi-storey buildings, pavements, retaining walls and dams with devastating
consequences such as slip failures, local sinking and massive settlements. Thus, an urgent
need is to develop an effective, less evasive, durable and relatively environment-friendly
soil stabilisation method.

Despite the numerous advances in using conventional materials and methods for
soil stabilisation, challenges remain to overcome (Nawarathna et al., 2018). Industrial
manufacturing of mineral additives such as cement has economic and environmental
concerns, such as high energy consumption and CO, emission accounting for 7% of the
world’s anthropogenic emissions (Nawarathna et al., 2018; Nething et al., 2020), which
contributes to climate change (Wong, 2015). An alternative method to stabilise sub-
standard soil is microbial urease enzyme technology known as Microbially Induced Calcite
Precipitation (MICP).

MICEP utilises eco-friendly features of urease-producing bacteria to hydrolyse urea
(ureolysis) in a series of complex biochemical reactions to generate ammonium and
carbonate ions. The ammonium ions favour precipitation by increasing the pH (Terzis &
Laloui, 2019; Filet et al., 2020). The bacteria cell surface has a net negative charge as a
negative zeta potential (Renner & Weibel, 2011), thus providing binding sites for carbonate
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ions with available divalent calcium ions within the micro-environment under sufficient
supersaturation conditions, hence precipitating cementitious calcite crystals on the cell
surface (Dardau et al., 2021). These precipitated inorganic carbonate crystals further
cement soil grains together, filling inter-particle voids, thereby improving the physical and
mechanical properties of sub-standard soils (Lutfian et al., 2020). The success of the MICP
process is promoted primarily by in situ conditions such as particle size and distribution,
temperature, water content and treatment conditions like cementation solution and bacterial
concentrations (Dadda et al., 2018).

MICP is considered one of the most effective soil stabilisation technologies (Ghosh
et al., 2019; Ivanov et al., 2020), thus, has the potential to address a wide range of
geoenvironmental and geotechnical issues (Miftah et al., 2020), including erosion control in
coastal areas, enhancing the stability of non-piled and piled foundations, pavement surface
treatment, reducing dust levels on exposed loose soil surfaces by binding the dust particles
together, and reinforcing soil to improve underground constructions (Wath & Pusadkar,
2016). Furthermore, the technique can also be applied to various soil types ranging from
coarse and well-graded sands to finer soils, but it is more effective for coarse and well-
graded sands (Mortensen et al., 2011). Although previous literature presented encouraging
and impressive results on the stabilisation of sub-standard soils via exogenous ureolytic
bacterial strains procured commercially from microbial culturing centres (Jain & Arnapalli,
2019; Hoang et al., 2019), the introduction of such strains to the soil environment may
adversely disturb the natural eco-system balance (indigenous bacterial strains present).

Furthermore, bacterial cultivation, special precautions required during mixing, the
survivability of the exogenous bacteria and the long time required for the permeation of
the bacteria render this process costly, thus challenging for large-scale implementation
(Tiwari et al., 2021). However, very limited studies focus on the potential of indigenous
ureolytic bacterial strains distributed within the soil (Bibi et al., 2018). Hence, this study
focuses on the potential of indigenous soil urease-producing bacterial strains to reduce costs.

This study focused on the potential MICP treatment of organic and sandy clay soils by
indigenous ureolytic bacteria. It is also the first study involving the application of MICP
using indigenous B. paramycoides for sub-standard soil stabilisation. The maximum
urease activity of B. cereus and B. paramycoides were measured, and the bio-precipitated
CaCOi; crystals were evaluated to prove the biocementing effect of both bacterial species
as potential MICP agents to stabilise sandy clay and organic soils. The study outcomes
are expected to serve as a reference for an improved, simple natural bio-mediated soil
stabilisation method via the precipitation of calcium carbonate by ureolytic bacteria.
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MATERIALS AND METHODS
Bacterial Culture

Two bacterial species, Bacillus cereus (https://www.ncbi.nlm.nih.gov/nuccore/
NR 115714.1) and Bacillus paramycoides (https://www.ncbi.nlm.nih.gov/nuccore/
NR _157734.1) were isolated from sub-standard soil on a farm at Universiti Putra
Malaysia in Selangor, Malaysia. The bacterial species stocks were maintained in sterilised
microcentrifuge tubes at -82°C in 30% sterile glycerol, and the bacterial cells were activated
by cultivation on calcium carbonate precipitation agar containing 10 g/LL NH,Cl, 3 g/L
nutrient agar, 20 g/L agar, 20 g/L urea and 2.12 g/L NaHCO; for 24 hr at 28 + 0.5°C before
use (Wei et al., 2015; Bibi et al., 2018).

Urease Activity

The urease activity was quantified by the phenol hypochlorite assay as previously described
by Chahal et al. (2011). The mixture was measured at an optical density of 626 nm, and
ammonium chloride (50 to 100 pM) was used as a standard, with one unit of urease defined
as the amount of enzyme hydrolysing 1 pmol urea/minute.

Quantification of Precipitated Crystals

The method adapted from Wei et al. (2015) was used to quantify the precipitated carbonate
crystals produced by B. cereus and B. paramycoides. The bacterial isolates were grown
in 100 mL of calcium carbonate precipitation (CCP) broth and incubated for 96 hr at 28 +
0.5°C, with an uninoculated CCP medium used as a control. After incubation, the bacterial
cultures were centrifuged at 4,000 g for 4 min. The pellet containing precipitated CaCO;
and the ureolytic bacteria cells were resuspended in 50 mL TE buffer (pH 8.5, 10 mM
Tris, 1 mM EDTA) before 1 mg/mL lysozyme was added and incubated for 60 min at 37
+0.5°C to break down the ureolytic bacteria cell walls. The suspension was centrifuged to
remove cell debris, and the pellet was washed with distilled water (pH 8.5), then air dried
for 48 hr at 40 = 0.5°C and weighed to quantify the precipitated carbonate crystals. The
quick acid test, according to the method by Richardson et al. (2014), was then performed
to confirm the formation of carbonate crystals. The precipitated carbonate crystals were
placed in dried sterile test tubes before the dropwise addition of 10% (v/v) of hydrogen
chloride. The rapid effervescence with bubble formation confirmed carbonate crystals.

Characterisation of the Precipitated Crystals

The CaCOs; crystals were characterised by a scanning electron microscope (SEM) and
X-ray diffraction (XRD) (Dhami et al., 2016; Liu et al., 2017). The samples were crushed
to evenly distribute the particles before mounting them on the stub. The sample was then
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gold sputtered (BAL - TEC SCD 005, Williston, USA) for 3 min to increase conductivity,
and the stub was mounted onto the JSM-IT100 InTouch Scope ™ (Tokyo, Japan). The XRD
spectra of the crushed dried samples were obtained using Shimadzu 6000 Diffractometer
(Kyoto, Japan) to identify the crystalline phase composition and crystalline nature (calcite,

vaterite, aragonite or amorphous calcium carbonate crystals). The samples were scanned
at 2.00 (deg/min) from 20.00 — 70.00 20 with the Cu anode at 30 kV and 30 mA.

Analysis of the Role of Ureolytic Bacteria in MICP

The texture of the treated soil samples was determined as described by Towner (1974)
and Ritchey et al. (2015), while the potential deposition of carbonate crystals by B. cereus
and B. paramycoides to stabilise sandy clay soil and organic soil was studied based on
the previously described method by Bibi et al. (2018). Approximately 50 mL cultures of
urea medium containing 0.6 g of soil, 20 g/L of urea and 3.7 g/L of CaCl,.2H,0 was used
to inoculate ureolytic bacterial isolates with an initial concentration of 0.1 at an optical
density of 600 nm. The culture was incubated at 28 &+ 0.5°C at 120 rpm for 30 days on a
controlled temperature incubator shaker (Infors Ecotron, Bottmingen, Switzerland). Ten
experimental setups in triplicates were prepared, as shown in Table 1. B. cereus and B.
paramycoides were cultured in tests A, B and C, D, respectively. On the 30™ day, treated
samples were washed three times with distilled water, and the pellets were oven dried at
40 £ 0.5°C for 48 hr. Dried-treated soil samples were analysed using SEM and XRD to
confirm CaCO; (Dhami et al., 2016; Liu et al., 2017).

Table 1

The experimental setup for analysis of ureolytic bacteria's role in calcite precipitation

Test Medium Soil type Isolate

A Urea + CaCl,.2H,0 Sandy clay soil Bacillus cereus

B Urea + CaCl,.2H,0 Organic soil Bacillus cereus

C Urea + CaCl,.2H,0 Sandy clay soil Bacillus paramycoides
D Urea + CaCl,.2H,0 Organic soil Bacillus paramycoides
E Urea + CaCl,.2H,O Organic soil -

F Urea + CaCl,.2H,0 - -

G Urea Sandy clay soil -

H Urea Organic soil -

I Distilled water Sandy clay soil -

J Distilled water Organic soil -

K Distilled water - -
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RESULTS AND DISCUSSION
Bacterial Culture and Measurement of Urease Activity

There are diverse bacterial species inhabiting the soil, among which ureolytic bacteria are
particularly abundant (Hasan, 2000; Oshiki et al., 2018). In the present study, B. cereus
and B. paramycoides were isolated from farm soils, as such soils are rich in urea due to
the frequent use of organic manure and synthetic urea fertilisers, which improve microbial
activity through stimulating in situ urease-producing bacteria within the soil pores (Zhu
& Dittrich, 2016). Farm soils contain urea for urease-producing bacteria to utilise as
sole nitrogen and energy sources, thus, enhancing the rapid distribution, diversity and
adaptability of these microbes within the soil environment (San Pablo et al., 2020; Svane
et al., 2020).

As shown in Figure 1, there was a steady increase in B. cereus and B. paramycoides
urease activity with incubation time reaching a maximum urease activity of 665 U/mL
and 620 U/mL, respectively, indicating their suitability as potential agents for MICP soil
stabilisation. By comparison, the study by Chahal et al. (2011) reported unidentified soil
ureolytic bacterial isolates with maximum urease activity of 598 U/mL, 593 U/mL and
589 U/mL, respectively. Similarly, Li et al. (2015) reported that B. megaterium recorded
maximum urease activity of 592 U/mL after 120 hr incubation. According to the study, 5.
megaterium increases the unconfined compressive strength of the urease-based treated sand
sample to 1002 KPa with a decrease in permeability to 2.0 x 107 ms™! due to the high urease
activity recorded. The steady decrease in urease activity observed in this study after 96 hr
and 120 hr is probably due to cell death, metabolism inhibition, exhaustion of nutrients, and
enzyme degradation with time, leading to an irreversible loss of urease activity (Jiang et al.,
2016). Sub-standard soil stabilisation via MICP is initiated by the microbial enzyme urease,
which catalyses urea decomposition (Bzura & Koncki, 2019), consequently increasing

the pH and production of inorganic mineral
carbonate crystals, such as calcite (Omoregie

_ 700 o B corous et al., 2019; Jiang et al., 2020).

- 600 -®- B. paramycoides

S 5004

?.E; 400- Quantification of Precipitated Crystals

E 300, Individual ureolytic bacterial strains have

% 200 different urease production rates, influencing

= 100 the amount of CaCO; precipitated (Qabany
0 0 24 48 72 96 120 etal.,2011). Thus, it becomes paramount to

Time (Hours) determine the amount of CaCO; produced

Figure 1. Urease activity (optical density 626 nm) of by the ureolytic bacteria to evaluate its
B. cereus and B. paramycoides. Error bars represent

the standard deviation of the mean

calcifying potential. Therefore, the CaCO,

2394 Pertanika J. Sci. & Technol. 31 (5): 2389 - 2412 (2023)



Bio-Stabilisation of Sub-Standard Soil by Ureolytic Bacteria

precipitated at 96 hr incubation time by B. cereus and B. paramycoides was quantified and
studied in relation to cell growth (Figure 2) and pH (Figure 3). As observed from Figure 2,
the amount of CaCO; precipitated by B. cereus and B. paramycoides were 655 mg/L and
546 mg/L at a bacterial growth of 0.83 and 0.76 at the optical density of 425 nm within
48 hr, respectively, while at 96 hr, the precipitated CaCO; increased to 943 mg/L and 793

mg/L with a corresponding increase in bacterial growth to 1.01 and 1.09 respectively.
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Figure 2. Comparison of the bacterial growth and potential of calcium carbonate precipitation among B. cereus

and B. paramycoides. Error bars represent the standard deviation of the mean.

Time (Hour)
48 96
1200 9.0
== precipated CaCO,
= I pH T
< 1000 -8.8
£
= 800- -8.6
(@]
® T
O 600 -8.4 G
e
3
S 400+ -8.2
‘0
g
a 200 -8.0
0- 7.8

B. cereus B. paramycoides B. cereus B. paramycoides

Isolates

Figure 3. Comparison of the pH and potential of calcium carbonate precipitation among B. cereus and B.
paramycoides. Error bars represent the standard deviation of the mean.

Pertanika J. Sci. & Technol. 31 (5): 2389 - 2412 (2023)

2395



Abdulaziz Dardau Aliyu, Muskhazli Mustafa, Nor Azwady Abd Azizand Najaatu Shehu Hadi

Although both isolates recorded an increase in precipitation with time, B. cereus
precipitated more CaCO; than B. paramycoides. Further, most of the precipitated CaCO;
by both isolates was produced within the first 48 hr, in contrast to the study of Kim et al.
(2018), which reported that most calcite precipitation by Staphylococcus saprophyticus
and Sporosarcina pasteurii occurred within 72 hr. This study adopted a 96 hr incubation
based on the maximum precipitation period achieved by both bacteria. Wei et al. (2015)
reported that B. lentus, B. diminuta and S. soli precipitated 931 mg/L, 842 mg/L and 456
mg/L of CaCO;. Noteworthy, findings from previous reports and the current study reveal
that individual ureolytic bacterial species precipitated different amounts of CaCOj; despite
being incubated under similar growth and cultural conditions (Wei et al., 2015; Kim &
Youn, 2016; Kim et al., 2018). This variation in the quantity of CaCO; crystals precipitated
across individual ureolytic bacterial species might be due to individual differences in
bacterial urease activity, favouring CO;> concentrations generated during urea breakdown
and resulting in differences in CaCO; precipitation. Thus, the higher precipitation achieved
by B. cereus compared to B. paramycoides in this study was expected based on the highest
urease activity recorded (Figure 1), which was in relatively good agreement with the amount
of calcium carbonate precipitated (Figure 2).

The increased CaCO; precipitation by both isolates corresponds to an individual
increase in bacterial growth with increasing incubation over 96 hr. Further, B. paramycoides
grew faster after 48 hr recording higher bacterial growth of 1.09 after 96 hr but precipitated
less CaCOj than B. cereus. It implies that higher bacterial cell growth may not correspond
to higher urease activity which does not necessarily translate to a higher CaCO; yield (Bibi
et al., 2018) because urease activity is the main factor favouring a higher CaCO; yield
during MICP (Mwandira et al., 2019; Tang et al., 2020).

Optimum proteolysis occurs at a pH favouring bacterial growth and metabolism, and
the pH of the bacterial medium plays a significant role in inducing microbial morphological
changes, affecting its stability and instigating enzyme secretion (Omoregie et al., 2017).
Urea hydrolysis occurs due to the secretion of urease by the bacteria, which generates
carbonate ions precipitated as CaCOj; crystals (Wu et al., 2017). As shown in Figure 3, B.
cereus and B. paramycoides increased the medium pH to 8.33 and 8.21, respectively, after
48 h, indicating that both isolates require an alkaline pH for maximum CaCOj;precipitation.
The medium alkaline pH enhances the physiological conditions favourable for the ureolytic
bacterial cell wall acting as the nucleation site for mass CaCO; precipitation (Imran et
al., 2019). After 96 hr, the CaCO; precipitation reached a plateau pH of 8.83 and 8.59,
respectively, implying that CaCOj; precipitation corresponds with an increase in pH over
the incubation period, and this has been well documented in several studies (Park et al.,
2010; Keykha et al., 2017). The steady increase in pH may enhance the transportation of
growth factors and other essential nutrients across the bacterial cell membrane, probably
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by facilitating active transport or diffusion (Wiley & Stokes, 1963; Morsdorf & Kaltwasser,
1989), favouring mass CaCQO; precipitation which enhances the MICP treatment of sub-
standard soils (Wu et al., 2017).

By comparison, Kim et al. (2018) reported maximum CaCO; precipitation by
Staphylococcus saprophyticus and S. pasteurii at pH 7.0, and Wei et al. (2015) reported a
pH of 9.6 for B. lentus. It implies that individual ureolytic bacteria have their unique peak
pH favouring maximum calcite precipitation, which varies from neutral to an alkaline pH.

Characterisation of the Precipitated Crystals

Precipitated CaCOj; by both B. cereus and B. paramycoides was confirmed by a quick acid
test (Figure 4) (Richardson et al., 2014). CaCO; precipitated by B. cereus was visualised
under a light microscope showing that some rhombohedral crystals formed aggregates,
as shown in Figure 4a, while no precipitates were formed in the uninoculated medium.
These precipitates were formed by supersaturation within the medium, with the bacterial
cell wall acting as nucleation sites (Wang et al., 2017). The morphology of the CaCO;
crystals observed in this study was relatively similar to the rhombohedral CaCOs; crystals
previously observed in aggregates, as reported by the study of Al-Thawadi and Cord-
Ruwisch (2012). Noteworthy, in the present study, only calcite crystals were visualised
under the light microscope, justifying further adaptation of the SEM-XRD technique for a
more detailed microstructural analysis which confirmed the presence of aragonite crystals.

(a) (b)

Figure 4. Microscopic images of precipitated calcium carbonates viewed under Light microscope (a) Bacillus
cereus (b) Bacillus paramycoides.

Pertanika J. Sci. & Technol. 31 (5): 2389 - 2412 (2023) 2397



Abdulaziz Dardau Aliyu, Muskhazli Mustafa, Nor Azwady Abd Azizand Najaatu Shehu Hadi

The XRD spectra of B. cereus precipitated CaCO; (Figure 5a) showed distinct peaks
at 23.2°,29.6°, 36.1°, 39.6°, 48.6°, 57.5°, 60.8° and 64.8° attributed to the typical calcite
structure abundantly precipitated with aragonite identified at 2theta diffraction angle of
43.3°. Further, B. paramycoides CaCO; XRD spectra (Figure 5b) showed characteristic
diffraction peaks at an angle of 29.6°, 36.2°, 39.6°, 48.7° and 57.6°, 60.8°, revealing that
the most precipitated bio-product was calcite. In comparison, only a 2theta diffraction angle
of 43.3° was identified as aragonite. Therefore, calcite crystals were the most abundant
precipitated CaCO; polymorph by both B. cereus and B. paramycoides.

i A = Aragonite
C-carcne -
T C = Calcite C = Calcite
= 3
Ng %
~
z >
wv —
3 2
g g
- c
o] A Cc =
C 7 C A C
c c
(o}
c C c
.ll I
20 30 40 50 60 70 20 30 2 A 0 2o
2Theta/ degree 2Theta/ degree
(a) (b)

Figure 5. XRD spectra of precipitated calcium carbonate crystals by (a) B. cereus and (b) B. paramycoides

The B. cereus precipitated calcite minerals of different morphology comprised clustered
rhombohedral crystals, cubic crystals of roughly similar sizes and a few irregular calcite
crystals (Figure 6 a-c). Other crystals were also observed, like flower-shaped calcite up to
8.0 um in diameter (Figure 6¢). The findings from this study were consistent with previous
observations by Wei et al. (2015), Oral and Ercan (2018) and Wen et al. (2020). The irregular
calcite crystals were amorphous with several tiny holes on the surface (2.7-3.4 um). By
contrast, Luo and Qian (2016) observed larger irregular calcite crystals of 50 pm diameter.
Furthermore, the cubic crystals have smooth surfaces ranging from 2.0 to 2.7 um. On the
contrary, Zhang et al. (2019) reported larger irregular cubic crystals (53.4 pm). Irregular
cubic and spherical crystals favour better soil biocementation (Tang et al., 2020).

In contrast, the precipitated mineral induced by B. paramycoides was composed
mainly of irregular calcite particles of different sizes (Figure 6f) and agglomerated
rhomboids (Figure 6 d-¢). The agglomerated rhombohedral calcite crystals were similar
to those produced by B. cereus and similar to previous observations (Kakelar et al., 2016).
Furthermore, the irregular calcite crystals (4.6-23.0 um) induced by B. paramycoides had
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arough surface and were larger than the irregular calcite crystals (2.7-3.4 um) precipitated
by B. cereus.

The differences in CaCO; morphology are observed in numerous MICP processes and
are usually influenced by several factors, such as differences in bacterial urease activity,
which might be strain-specific (Kim & Lee, 2019), concentration and composition of the
cementation solution, extracellular polymeric substances available on bacterial cell surfaces,
rate of carbonation, CO, concentration, temperature and pH (Cizer et al., 2008; Tang et
al., 2020). Various CaCOs crystal morphologies have been observed, including rhombic
hexahedrons (Duo et al., 2018), ellipsoidal, spherical, rhombohedral (Dhami et al., 2013),
flower-like, agglomerated rhomboids (Kakelar et al., 2016), lamellar rhombohedral (Zhang
et al., 2019), irregular carbonate particles (Oral & Ercan, 2018), orthorhombic (Warren et
al., 2001), hexagonal (Choi et al., 2017), framboidal aggregates (Mwandira et al., 2017),
sponge-like (Srivastava et al., 2014) and capsule shape (Nawarathna et al., 2019).

Based on the SEM micrographs, no bacterial cells were visualised on crystals due to the
lysozyme enzyme added to the medium after incubation, which breakdown all bacterial cell
walls for clear differentiation of the crystals. By contrast, other authors observed bacterial
cells embedded on similarly precipitated CaCO; crystals of different morphologies, as
reported in this study. It demonstrated the direct involvement of the bacterial cell walls as
nucleation sites for crystal formation (Bang et al., 2001; Duo et al., 2018). Interestingly,
calcite formation from the recrystallisation of spherical vaterite crystals (2.9-5.3 pm) was
partially observed in precipitated CaCOj; by both B. cereus and B. paramycoides (Figure
6). It suggests that the calcite crystals were formed by the transformational disintegration
and dissolution of earlier spherical vaterite crystals. Biocementation may commence with
the initial formation of vaterite spherical crystals, which are meta-stable (Al-Thawadi &
Cord-Ruwisch, 2012) but may gradually dissolve to recrystallise and form a more stable
rhombohedral permanent calcite structure under a longer incubation period (Warren et al.,
2001; Cheng et al., 2014).

However, the mechanism of rhombohedral crystal formation from spherical crystals
remains unclear. Oral and Ercan (2018) observed the polymorphic transformation of
vaterite to calcite with increased pH, indicating that this phenomenon might be related
to supersaturation changes upon pH alteration. Kakelar et al. (2016) suggested that (1)
vaterite crystals formation is kinetically favoured at higher urease activity, but when
the urea is exhausted, there is a continuous decrease in urease activity, favouring calcite
crystals formation and (2) the longer nucleation phase quickly decreases saturation which
accelerates recrystallisation and dissolution, thus, favouring calcite abundance over vaterite.
It may explain why no vaterite crystals were observed in the current study. Of note, factors
influencing the polymorphic form of ureolytic bacterial CaCOj; precipitation include the
temperature of the solution, pH, precipitation time, degree of saturation, presence of
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Figure 6. SEM micrographs showing different morphologies of precipitated calcium carbonate crystals by
(a, b, ¢) Bacillus cereus and (d, e, ) Bacillus paramycoides

additives, the solvent used to dissolve precursors and stirring velocity (Oral & Ercan,
2018). In summary, the characterisation of CaCO; crystals induced by different ureolytic
bacterial species favours the selection of the optimal species, thus, maximising the MICP
efficiency. Further, photographs from SEM microanalysis have shown CaCOs crystals of
different morphologies, confirmed by XRD to be mostly calcite precipitated by both B.
cereus and B. paramycoides.
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Analysis of the Role of Ureolytic Bacteria in MICP

Applying MICP to sub-standard soil will eventually result in the binding of the soil grains
and the filling of inter-particle voids to stabilise the soil (Muthukkumaran & Shashank,
2016). In the current study, two soil types, sandy clay soil and organic soil, were treated with
B. cereus and B. paramycoides. Figure 7 depicts treated organic and sandy clay soil by B.
cereus formed flat, irregularly shaped solids of 24 mm and 22 mm in diameter, respectively;
hence, indicating that B. cereus precipitated more CaCO; compared to B. paramycoides.
Thus, consistent with previous results (Figure 2). It has been shown that larger CaCO;
crystals favour coarse-grained soil cementation, while smaller CaCO; crystals are more
conducive to fine-grained soil biocementation of the treated soils (Tang et al., 2020).

By comparison, based on this study, B. cereus precipitated much smaller CaCO; crystals
of 2.0-8.0 um in diameter (Figure 6 a-c) than B. paramycoides which precipitated larger
CaCQ; crystals 0f 4.6-23.0 um in diameter (Figure 6 e-f). Notably, the texture of organic
and sandy clay soil treated in this study is silky and fine, therefore more favourable to
biocementation with smaller CaCO; crystals. It is because fine-grained sands have smaller
intergranular distances and more intergranular contacts. Hence, most of the smaller CaCO;
coats the contact points, which could eventually enhance the overall cementation efficiency
(Tang et al., 2020). It also might have further favoured B. cereus's visible bio-cementation
effect (Figure 7) over B. paramycoides because B. cereus precipitated much smaller CaCO,
crystals. A detailed future study on factors influencing soil biocementation should be
conducted to clarify the discrepancy in calcite crystal biocementation potential.
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Figure 7. Biocementation of soil samples treated by Bacillus cereus (a) sandy clay soil and (b) organic soil
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The SEM-XRD microstructural analysis confirmed the deposition of bio-precipitated
CaCO; on the treated soil grains by both bacterial species. The microstructural analysis of
untreated soil samples (Figure 8 a and b) showed that the particle surfaces were smooth
and distributed with large pores. By comparison, the inter-particle voids of all treated soil
samples in Figure 8 (c, d, e, f) were densely filled and cemented by precipitated CaCO;.
SEM images of the treated soil samples in Figure 8f with only urea-calcium chloride
medium showed particles surrounded with CaCO; even though the soil was not treated
with any ureolytic bacteria under study.

XRD results of untreated soil showed characteristic diffraction peaks at 24.9°, 26.86°,
50.34°, 60.12° and 62.62° identified as defernite crystalline minerals which may be found
in soil (Figure 9a) (Taner & Martin, 2013). The current study confirmed no CaCO; crystals
in the untreated soil sample. Furthermore, the XRD results of treated soil samples with
only urea-calcium chloride medium showed (Figure 9b) 2theta diffraction angles of 24.9°,
26.7°,50.2° and 55.0°, which were attributed to defernite mineral. In comparison, distinct
peaks at 20.9° and 62.3° were identified as vaterite and calcite, respectively. The abundant
defernite minerals observed are part of the natural soil composition, as similarly observed
in the untreated soil sample (Figure 9a), while the few calcite and vaterite crystals found
may have been precipitated by the soil indigenous ureolytic bacteria since no CaCO; was
introduced into the medium throughout the incubation period.

It is contrary to the study by Bibi et al. (2018), who reported no crystals or amorphous
calcium carbonate precipitated after 30 days of incubation with only urea-calcium chloride
medium on sampled soil from the Qatar desert. However, the present findings were expected
as the sampled soils were urea-rich due to the frequent application of synthetic urea and
organic manure during crop cultivation. Hence, such soils favour biodiversity and abundant
distribution of in situ ureolytic bacteria (Zhu & Dittrich, 2016).

The microstructural analysis of sandy clay soil treated with B. cereus and B.
paramycoides (Figure 8 c-f) showed pore spaces of soil grains surrounded by CaCOs;. The
morphology of individual CaCO; crystals was not visible due to the dense formation of
CaCO; clusters. However, the distribution of CaCO; bonds was qualitatively visualised,
covering soil grains and forming bridges between grains. It is similar to the findings utilising
pure cultures such as B. licheniformis (Helmi et al., 2016), S. pasteurii (Liu et al., 2021),
B. subtilis, S. pasteurii and B. sphaericus (Sharma et al., 2021). The XRD spectra of B.
cereus treated sandy clay soil (Figure 9¢) showed distinct peaks at 29.6°, 36.1°, 39.6°,
48.7°, 57.6° and 61.0° attributed to calcite abundantly precipitated with some aragonite
identified at 2theta diffraction angle of 43.4° in addition to peaks at 23.2°, 26.8° and 47.7°
attributed to defernite crystals believed present in the soil. Furthermore, B. paramycoides
treated sandy clay soil (Figure 9d) showed characteristic diffraction peaks at an angle of
29.4°,36.0°,39.4°,43.1°, 48.4° and 57.4° revealing that the most precipitated bio-product
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was calcite. In comparison, the only 2theta diffraction angle of 47.5° was identified as

scawtite, a carbonised calcium silicate hydrate crystalline mineral believed to be in the
soil (Grice, 2005).
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Figure 8. SEM micrographs of untreated/treated soil samples after 30 days of incubation at 28°C + 0.5°C. (a)
Untreated sandy clay soil sample, (b) Treated sandy clay soil by Bacillus cereus, (c) Treated sandy clay soil
by Bacillus paramycoides, (d) Treated organic soil by Bacillus cereus, (e) Treated organic soil by Bacillus
paramycoides, and (f) Treated soil sample with urea—calcium chloride medium only.
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Figure 8 (b, ¢, d & e) shows the SEM images of biocemented organic soil treated with
B. cereus and B. paramycoides, respectively, with bio-precipitated CaCOj; on the surfaces
and contact points of soil particles. The CaCO; crystals were integrated tightly around the
entire soil grain structure, with a decreased distance between the grains. Duo et al. (2018)
found that the CaCO; crystals between soil particles improved the strength, enhanced the
bearing capacity and reduced the permeability of the soil structure. The XRD spectra (Figure
9¢) confirmed calcite to be the most abundant precipitated CaCO; polymorph by B. cereus
with distinct peaks at 29.6°, 36.1°, 39.6°, 48.6°, 57.6° and 61.0°, with aragonite identified
at peak 43.3°, in addition to peaks at 23.2°, 26.7° and 47.6° attributed to defernite. B.
paramycoides precipitated calcite most at 2theta diffraction angles of 29.8°, 39.8° and 43.5°,
while vaterite and aragonite were identified at 27.0°, 61.4° and 36.3°, 48.9° respectively
in addition to scawtite at a diffraction angle of 23.5°, 47.8° and 57.8° (Figure 9f1).
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Figure 9. XRD spectra of (a) Untreated soil sample, (b) Treated soil sample with Urea + CaCl,.2H,0, (c) Treated

sandy clay soil sample by B. cereus, (d) Treated sandy clay soil sample by B. paramycoides, (¢) Treated organic
soil sample by B. cereus, (f) Treated organic soil sample by B. paramycoides

In the present study, all three polymorphic forms of crystalline CaCO; (calcite, vaterite
and aragonite) were precipitated, with calcite being the most abundant CaCO; polymorph
deposited onto the soil grains by both B. cereus and B. paramycoides, followed by vaterite
and aragonite. Of note, vaterite is not naturally abundant but is an important precursor in
calcite formation (Mwandira et al., 2017). Meanwhile, B. cereus precipitated more calcite
than B. paramycoides in all treatments in this study. Consistent with our findings, most
studies conducted through ureolysis-driven MICP confirmed calcite and vaterite crystalline
polymorphic forms as the most precipitated (Al-Thawadi & Cord-Ruwisch, 2012; Algaifi
et al., 2020). Calcite is the most preferable in MICP as it is the most thermodynamically
stable polymorph (Chang et al., 2017). The solubility of CaCO; polymorphs increases
in the order of calcite, aragonite, vaterite and amorphous calcium carbonate (Chang et
al., 2017). Therefore, the lower solubility of aragonite and vaterite makes it difficult to
obtain these polymorphs (Oral & Ercan, 2018). The characteristics mentioned above-
favoured calcite over other CaCO; polymorphs in MICP for an effective soil stabilisation
method. Although little is known with regard to what causes the bacterial precipitation
of a particular polymorphic form of CaCQO;, previous investigations have shown that the
selective precipitation of a specific polymorphic form is influenced by complex processes
governed by several biotic and abiotic factors ranging from pH, urease enzyme specific
amino acid sequence, medium composition to bacterial extracellular polymeric substances
(Wei et al., 2015).

The calcite crystals observed in this study as the most precipitated polymorphic form
of CaCOs in all treatments with B. cereus and B. paramycoides agreed with numerous
studies (Bang et al., 2010; Achal et al., 2013). However, studies by Akyol et al. (2017)
reported vaterite as the most precipitated form of CaCO;, while Zhang et al. (2019) reported
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aragonite as the most precipitated. Other polymorphic forms of bio-precipitated calcium
carbonate include amorphous calcium carbonate and two hydrated crystalline phases:
hexahydrocalcite (CaCO;.6H,0) and monohydrocalcite (CaCO;.H,0) (Anitha et al., 2018).
Therefore, future comprehensive investigation of the parameters determining the formation
of the polymorphic forms of CaCO; should be conducted.

In all cases, CaCO; mineral formation was bacteria associated, as none of the cultures
had introduced CaCOj; sources, and no mineral formation was detected in a medium
without bacteria. Hence, the dynamic process of MICP leading to CaCO; precipitation is
not chemically induced but microbially induced and directly linked with urea hydrolysis
by bacterial urease activity (Alonso et al., 2018; Badiee et al., 2019; Osinubi et al., 2019).

CONCLUSION

B. cereus and B. paramycoides demonstrated high urease activity and precipitated large
amounts of CaCQ;, including the three polymorphic forms of calcite, vaterite and aragonite.
Since it is the most thermodynamically stable polymorph, calcite crystals were the most
precipitated and preferable in MICP. Applying B. cereus and B. paramycoides to treat both
organic and sandy clay soils results in the dense formation of CaCO; biocementing soil
grains and filling inter-particle voids. Of note, B. cereus recorded the highest urease activity
and precipitated more calcite with a better biocementing effect than B. paramycoides.
Therefore, B. cereus is the preferred MICP bacterial candidate with the highest potential
to be utilised as an agent for soil bio-stabilisation. This study established the presence of
active indigenous urease CaCQOj; precipitating bacteria within the soil and their promising
potential application as potential MICP agents for soil stabilisation.
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