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ABSTRACT: Microbially induced calcium carbonate precipitation (MICP) represents a low-carbon, environmentally benign
alternative for soil stabilisation and remediation of metal-contaminated matrices. This study examined the effect of Ni*" on the
precipitation potential of Sporosarcina pasteurii ATCC11859, with emphasis on its role as a structural cofactor in urease and fine-
tuning the concentration of Ni** can improve the efficacy of the process. The grown bacterial cells are mixed with urea, calcium
chloride, and graded Ni** concentrations to assess precipitation efficiency. The controlled laboratory experiments evaluated bacterial
performance, revealing that low levels (0.01 mM) of Ni?* enhanced the urease activity and calcite precipitation. This enhancement is
attributed to Ni?"'s role in stabilising the urease active site, thereby improving enzymatic efficiency. At moderate Ni?* concentrations,
S. pasteurii maintained moderate bio-cementation potential, despite the potential inhibitory effects of metal toxicity, demonstrating a
notable degree of metal tolerance. Application of MICP to contaminated overburden soil resulted in an 11-fold increase in unconfined
compressive strength within 5 days. These findings underscore the technology's potential for simultaneous mechanical improvement
and effective management of Ni-contaminated matrices, positioning MICP as a viable cleaner production strategy for sustainable
geotechnical applications.
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1 INTRODUCTION challenge due to the toxicity and non-biodegradability of metals
such as nickel (Ni**), cadmium, and lead (Cui et al., 2023).
These contaminants are frequently introduced through
anthropogenic activities, including mining, industrial effluents,
and agricultural practices, and they can persist in ecosystems
for decades. Even at trace levels, heavy metals can disrupt soil
quality, impair crop productivity, and enter the food chain,
causing bioaccumulation and health hazards for both humans
and animals (Giannis et al., 2010). Among these contaminants,
nickel pollution has become a critical concern due to its
widespread industrial use and associated toxicological risks (El-
Naggar et al., 2021). Interestingly, nickel also plays a dual role
in biological systems. While elevated Ni*" concentrations are
toxic, trace amounts of this metal are essential as a cofactor for
several enzymes, including urease, a key enzyme in the MICP
process. Urease, a metalloenzyme, catalyses the hydrolysis of
urea into carbonate and ammonium ions, which subsequently

Microbially Induced Calcite Precipitation (MICP) has emerged
as a transformative biotechnology, demonstrating rapid
advancements and widespread applicability across various
scientific and engineering disciplines (Fu et al., 2023). In recent
years, innovative research on MICP has significantly enhanced
both its fundamental understanding and practical applications,
particularly within the domains of sustainability, geotechnical
engineering, and materials science. The growing
multidisciplinary interest in MICP is driven by its potential to
address pressing environmental and engineering challenges
while  ensuring  scalability, cost-effectiveness, and
environmental compatibility (Carter et al., 2023). Within
geotechnical engineering, MICP offers a promising, eco-
friendly alternative to conventional methods of soil
stabilisation, material improvement, heavy  metal
immobilisation, and industrial waste valorisation (Mi et al., facili . e

. . .. . e acilitate calcium carbonate precipitation (Ge et al., 2013).
2023; Yin et al., 2023). Unlike traditional chemical stabilisation Given the catalytic dependence of urease on Ni?*, fine-tuning

techniques that often rely on carbon-intensive binders such as o : S .
- . . . o . Ni*" concentrations can enhance the kinetics of urea hydrolysis
cement or lime, MICP utilises microbial activity to induce

. L . and, consequently, the efficiency of the bio-cementation
calcite precipitation, thereby reducing greenhouse gas process
emissions and promoting cleaner production. This inherent :

L. This study focuses on exploring the role of Ni*
sustalpablhty has made MICP a focus pfglobal research efforts, concentration in enhancing the bio-cementation potential of the
especially as industries seek to transition toward low-carbon,

. tall ‘ble soluti Fouladi et al.. 2023 bacterial strain used in MICP. We systematically investigate the
env1rlgnm§:1 a tﬁ, responsi ebso du 10nfs( 01;(3 e lsl.I’CP )- ) impact of varying Ni** dosages on the process efficiency,
csprie tel gri)vx(/ll_ng ho y o dwor_ 0?1 1’1 rr_losd aiming to determine the optimal concentration that maximises
geoenvironmental stucies have - predomimnantly - emphasise calcite precipitation while minimising toxicity effects. The
application-oriented aspects, often overlooking the crucial g i . - - I
. . . . optimised Ni** dosage is further applied to soil stabilisation
microbiological factors that govern the process efficiency

. o experiments, demonstrating its potential to enhance the
(Sarmg N t.al., 2025). Given that MIC.P 18 1nhereqtly an mechanical strength and durability of treated soils. These
interdisciplinary ~ phenomenon, coupling microbiology,

hemist d eotechnical enci . holisti hi findings not only advance the scientific understanding of
chemisiry, and geoteehneal enginecring, a NOUSUC approachy 15 metal-microbe interactions in MICP but also contribute to the
essential for optimising its performance. Equal emphasis on

. . . SR development of scalable, sustainable solutions for geotechnical
bacterial activity and geotechnical parameters is critical to

. N applications, heavy metal immobilisation, and industrial waste
enhance the overall effectiveness and reliability of MICP pp isate Y
valorisation.
processes.

Heavy metal contamination, particularly in soils and
groundwater, poses a severe environmental and public health
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2  MATERIALS AND METHODS

2.1 Bacterial Strain and Reagents

The bacterial strain Sporosarcina pasteurii ATCC 11859,
employed in this study, was procured from the American Type
Culture Collection (ATCC). The lyophilised culture supplied in
a sealed ampoule was reconstituted in Tris—ammonium
sulphate (TAS) medium. The resulting suspension was
transferred to fresh TAS medium and incubated under optimal
conditions (30 °C, 180 rpm) to facilitate recovery and growth.
Following initial propagation, single colonies were isolated on
solid TAS medium to ensure purity. Glycerol stocks of the
recovered strain were subsequently prepared and stored at
—80 °C for long-term preservation and future experiments
(Yang et al., 2024). To validate that the obtained strain has
ureolytic activity, a qualitative assay using a phenol-red-based
urease test was carried out with E. coli as the negative control,
along with a blank phenol-red-based medium.

All the chemicals and reagents used for the study were
obtained from Himedia Laboratories Private Limited, Industry
Biotechnology, and Sisco Research Laboratories Private
Limited.

2.2 Soil

Soil used in the study, hereafter referred to as OB, was collected
from the North East Coal mine, India. The physical, chemical,
and geotechnical properties of the soil were determined as per
the ASTM standards, and X-ray Diffraction was carried out to
find the mineralogical characteristics. The total metal
concentration and leachability of the heavy metals were
analysed as per the protocol of the Environmental Protection
Agency (EPA, 1992).

23 Growth Media (GM)

The growth medium TAS comprises Tris Buffer-15.57 g,
Ammonium Sulphate-10 g, Yeast extract-20 g and Urea-20 g in
1 L of media. Fermentation was performed in 250 mL
Erlenmeyer flasks using a 2% (v/v) inoculum adjusted to an
optical density (ODeoonm) of 1. At defined time intervals, 2 mL
aliquots were withdrawn for analysis.

2.4 Precipitation Media (PM)

The PM comprised 0.5 M CaCl. and 0.5 M urea in a total
volume of 50 mL and was used to evaluate the bio-cementation
potential of the bacterial strain. An aliquot (1 mL) of
fermentation broth, adjusted to an ODesoonm of 1, was
centrifuged, and the cells were then washed three times with
phosphate buffer solution (pH = 7). The washed cells were then
introduced into the PM, and samples were collected at defined
time intervals to quantify residual Ca*" (Sarma et al., 2025).
After the residual Ca?" concentration in the PM was constant,
the PM was filtered through Whatman No. 1 filter paper, and
the precipitate was washed with sterile Milli-Q, oven-dried, and
subjected to gravimetric analysis. To study the stimulatory
effect of NiCly, the concentration was varied from 0 to 0.05 M
in the PM during the bio-cementation potential experiments. As
a control PM without inoculation of bacteria was used to check
the abiotic precipitation

2.5 Analytical methods

2.5.1 Biomass

Biomass concentration was determined by centrifuging 1 mL of
fermentation broth at 13,000 rpm for 5 min, washing the pellet
with 0.9% NaCl, and measuring ODgoonm using a UV-VIS
spectrophotometer (Varian 50 Bio; Milpitas, CA, USA).
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2.5.2 Enzyme Activity

Urease activity was determined using the electrical conductivity
(EC) method. Briefly, 1 mL of bacterial broth was mixed with
9mL of 1.11 M urea, and the change in EC was monitored for
5 min at room temperature (25=+ 3 °C). The rate of change in
EC (mS cm™ min™') was used to calculate urease activity using
equation 1, with correction for the dilution factor (Whiffin,
2004). A urea solution without bacterial broth served as the
control.

Urea hydrolysed (mM)

rea hydrolysed {3 —
_ 11.11 X Change in conductivity X dilution factor
a 5

(M

2.5.3  Calcium Concentration

To determine the residual concentration of calcium in the PM,
the samples collected at regular intervals were centrifuged at
13000 rpm for 5 minutes, and the supernatant was used. Flame
photometry was used to determine the concentration of Ca?*
after diluting the supernatant (APHA, 1992).

2.6 Unconfined Compressive Strength (UCS)

Soil columns were constructed at the bulk density and field
moisture content in cylindrical columns having a diameter of
3.8 cm and a height of 7.6 cm. Two-phase injection was used to
introduce the treatment solution and bacteria to the soil system
(Sarma et al., 2025). Initially, the bacterial solution was injected
at arate of 10 rpm, followed by the injection of optimised NiCla,
along with 1M CaClz, 1 M urea and 1 mL of TAS medium. The
sample was subjected to loading after 5, 7, 14, and 21 days of
treatment to determine its strength. Figure 1 depicts the
experimental setup for injecting the treatment solution into the
soil system.

1-Soil Column
2-Peristatic Pump

3-Treatment Solution

4-Magnetic Stirrer
5- Stand pipe

Figure 1. Experimental design for carrying out the MICP treatment.

3 RESULTS AND DISCUSSION

3.1 Physical and Geotechnical Properties of OB

The OB material exhibited a maximum dry density of 1.55 g
cm™ and an optimum moisture content of 15.7%, as determined
by the Proctor compaction test. The in-situ field density was
1.20 g cm™, with a natural water content of 5%. Particle-size
analysis (Fig. 2a) indicated a fines fraction of 22%. A free swell
index of 2 mL per 2 mg confirmed the non-expansive character
of the material, and Atterberg limit testing classified it as non-



plastic. In its untreated state, the OB sample yielded a mean
unconfined compressive strength of 46.6 kPa. X-ray diffraction
analysis (Fig. 7) revealed quartz (26 = 26.6°) as the dominant
mineral phase, accompanied by kaolinite, illite, alumina,
hematite, feldspar, and minor accessory minerals.
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Figure 2. (a) Particle-size distribution curve of the OB sample. (b)

Growth profile of Sporosarcina pasteurii ATCC 11859 in TAS
medium.

32 Growth curve of's. pasteurii

The dynamic profile of S. pasteurii ATCC 11859 was typically
an S-shaped growth curve (Fig. 2b), with a maximum ODeoonm
of 1.6 + 0.064 and entered the stationary phase after 32 h of
inoculation in the TAS medium. The maximum enzyme activity
was found to be 259.88 mMureahydrolyzed/h (Fig. 6). From the
exponential phase, when ODsoonm Was 1, the bacterial cells were
harvested for further analysis (Yang et al., 2024).

The phenol red-based urease assay provided a clear
qualitative distinction between the tested strains. S. pasteurii
induced a pronounced pink colouration in the medium, whereas
E. coli exhibited no perceptible colour change, confirming the
ureolytic nature of the former. This response reflects the pH-
dependent colour transition of phenol red, which shifts from
yellow to pink as the medium becomes alkaline. The alkalinity
arises from the enzymatic hydrolysis of urea by urease,
producing ammonia and carbon dioxide, with the former
increasing the pH. The observed result is consistent with the
established biochemical role of urease in S. pasteurii, and its
absence in E. coli. (Fig.3). No change was observed in the
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blank, indicating the absence of abiotic urea hydrolysis, and
validating that the observed pH shift in the test samples resulted
exclusively from microbial urease activity.

Figure 3. Qualitative Assay, 1- phenol-based medium with E. coli, 2-
phenol-based medium with S. pasteurii, 3- blank phenol-based
medium.

3.3 Effect of Ni** concentration on the utilisation of Ca®*

For large-scale applications of MICP, enhancing system
efficacy is essential from a sustainability perspective. As a
metalloenzyme, urease requires Ni** as a critical cofactor for its
activity (Ge et al., 2013). Determining the optimal Ni**
concentration is therefore vital to achieving improved reaction
kinetics.

The temporal profile of residual Ca?" concentration in the
PM, supplemented with varying concentrations of Ni** (0-50
mM), is shown in Fig. 3. In the PM without Ni**, S. pasteurii
exhibited rapid Ca*" depletion, with residual concentrations
declining from 20 g/L to below 3 g/L within 8 h, indicative of
efficient calcium carbonate precipitation.

In contrast, the presence of Ni** significantly altered Ca*
consumption dynamics. At low Ni?* levels (< 1 mM), the rate
and extent of Ca*" removal were marginally improved, with
complete or near-complete depletion occurring within 4-6 h. In
the case of PM with 0.01 mM Ni?*, the complete depletion
occurred at less than 6h. However, moderate concentrations ~
10 mM caused a pronounced delay, with residual Ca*
exceeding 1 g/L after 24 h of inoculation, suggesting partial
inhibition of ureolytic activity and biomineralisation efficiency.

At the highest Ni** concentrations tested (20-50 mM), Ca?*
utilisation ~was  severely suppressed, with residual
concentrations remaining above 15 g/L even after 24 h. This
strong inhibition is likely attributable to the toxic effect of Ni**
ions on bacterial metabolism, including disruption of the
enzymatic activity of urease. Similar inhibitory trends under
heavy metal exposure have been reported in other ureolytic
strains, where metal toxicity impedes cellular energy
metabolism, enzyme folding, and membrane transport (Fopase
et al, 2019; Rajasekar et al., 2025). No decrease in
concentration of Ca?* was observed in the sample without
bacterial inoculation, eliminating the chance of abiotic
precipitation.

The observed concentration-dependent  inhibition
underscores the importance of optimising heavy metal levels in
cementitious biotreatment applications, particularly when
processing industrial wastewaters or mine tailings with elevated
Ni** content. Elevated Ni** levels compromise long-term
microbial viability, reducing the sustainability of the process.
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Figure 4. Residual Ca** concentration in the PM at different
concentrations of Ni*",

34 Effect of Ni** concentration on the precipitation
potential

The extent of calcium carbonate precipitation exhibited a clear
dependence on Ni** concentration. In the PM without Ni?*, S.
pasteurii achieved a precipitation yield of ~2.16 g within 48 h
of inoculation (Fig. 5).

At low Ni** concentrations (< 10 mM), precipitation
efficiency remained high, with final yields comparable to the
PM without Ni** and only a slight delay in reaching maximum
precipitation (Fig.4). Apparently, a slight increase in the
amount of precipitate was observed in the PM with 0.01 mM
and 0.1 mM of Ni** compared to the PM without Ni?*. This
indicates that trace Ni** did not significantly impair the
ureolytic pathway responsible for carbonate generation.
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Figure 5. Amount of CaCO; precipitated in the PM at different
concentrations of Ni**.

A 10 mM level of Ni** resulted in a marginal decline in the
total amount of precipitation. However, when the Ni?*
concentration increased to 20 mM, the final CaCOs yield was
reduced by ~50% relative to the PM without Ni?* (Fig. 5). The
precipitation rate was also slower, as evidenced by prolonged
retention of soluble Ca*" in the medium. This reduction is
consistent with partial inhibition of urease activity.

Severe inhibition was observed at higher Ni*
concentrations (30-50 mM), where precipitation yields fell
below 0.6 g, even after 48 h, representing less than 30% of the

maximum yield observed in the PM without Ni**. Such
suppression likely stems from heavy metal toxicity disrupting
cellular metabolism, impairing ammonia production and
subsequent pH rise, both of which are critical for CaCOs
formation (Janicka-Russak et al., 2008). Additionally, excess
Ni** may interfere with crystal growth through competitive
binding at nucleation sites, altering the mineralisation pathway
(Magomya et al., 2017). The flat curve at the 50 mM Ni**
concentration in the figure. 3 suggests not just urease inhibition,
but possibly cell death, because both the precipitation rate and
total yield are severely reduced. Considering the effect Ni?* on

the precipitation potential of S. pasteurii, an optimal
concentration of 0.01 mM can be considered.
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Figure 6. Maximum urease activity and biomass of S. pasteurii in the
presence and absence of 0.01 mM Ni?".

The impact of 0.01 mM Ni** supplementation on the
growth and ureolytic performance of S. pasteurii showed
improvement in the biomass and enzymatic activity (Fig.6).
Marginal improvement in biomass was observed with the
supplementation of Ni?*, whereas in the case of the enzyme
activity, ~1.2-fold enhancement was observed.

These results highlight that while trace Ni** may be
tolerated in cementitious MICP processes, elevated
concentrations drastically diminish precipitation efficiency,
posing a significant challenge for cleaner production
applications in heavy metal-rich environments. Pre-treatment
or adaptive acclimatisation of microbial cultures may be
necessary to sustain performance in such conditions.

3.5 Unconfined Compressive Strength (UCS)

The treatment of the OB material with S. pasteurii
significantly enhanced its mechanical strength. The UCS of the
treated specimens exhibited an approximately eleven-fold
increase compared to the untreated control. This substantial
improvement can be attributed to the MICP process, wherein
urease-mediated hydrolysis of urea generated carbonate ions
that subsequently reacted with calcium ions to form calcite. The
precipitated calcite acted as a binding agent, filling voids and
coating particle surfaces, thereby increasing interparticle
bonding and reducing pore space.

Table 1. UCS of OB after different days of treatment
Days 0 5 7 14 21
(untreated)
UCS 46.6 472.8 50091 512.6 502.6
(kPa)




Following bio-treatment, the UCS increased to ~470 kPa
in 5days, representing an ~11-fold improvement over the
control. This sharp early gain can be attributed to high bacterial
activity and rapid calcite precipitation, which effectively
bonded soil particles and reduced pore space.

Between days 5 and 7, UCS continued to rise modestly to
~500 kPa, indicating that the majority of precipitation and
particle bonding occurred during the initial treatment phase. By
day 14, UCS reached ~510 kPa, suggesting that the process had
approached a plateau.

These results align with previous reports demonstrating
that MICP can substantially improve the load-bearing capacity
of granular or loose soils through bio-cementation (Jhuo et al.,
2025; Zhang et al., 2023). The magnitude of improvement
observed in this study suggests that the high urease activity of
S. pasteurii, coupled with sufficient calcium availability,
enabled extensive precipitation throughout the pore network of
the OB matrix. The enhanced particle interlocking and reduced
deformability contributed to the marked increase in the
strength. Such improvements indicate that MICP-based
stabilisation has strong potential for the valorisation of mine
overburden into sustainable construction.

The influence of Ni** supplementation on the mechanical
strength of bio-treated soil was evaluated by incorporating the
optimised concentration of 0.01 mM Ni?** into the treatment
solution. It was observed that the presence or absence of this
supplementation did not result in a statistically significant
difference in the UCS, with both treatments yielding values in
the same range (~512.6 = 7.21 kPa). This suggests that the
addition of Ni** at the tested concentration does not
substantially influence the MICP process under the given
experimental conditions.

One plausible explanation lies in the pre-existing heavy
metal contamination of the soil. Analysis of total heavy metals
revealed a nickel concentration of 13.9 mg/kg, with a leachable
fraction of 0.77 mg/L. The inherent presence of Ni?" in the soil
may have already provided sufficient availability for bacterial
urease activation, thereby rendering external supplementation
redundant. From a cleaner production perspective, these
findings are noteworthy. In case of soils with inherent
concentrations of Ni2*, care should be taken not to include
additional concentrations. This not only reduces chemical
inputs but also aligns sustainability goals by preventing
unnecessary metal introduction, which could otherwise
contribute to secondary contamination risks during field
applications.

The XRD analysis revealed an additional peak at a 20 value
of 29 °C, indicating the presence of calcite (Fig. 7). The
emergence of this peak, absent in the untreated control,
confirms the successful precipitation of calcium carbonate
through MICP. Calcite is the thermodynamically most stable
polymorph of CaCOs under ambient conditions, and its
presence is directly linked to the improvement in mechanical
performance observed in the treated OB (Sarma and Mishra,
2024).
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4. CONCLUSION

MICP offers a sustainable and effective approach for soil
stabilisation, with clear advantages over conventional methods.
This study demonstrated the Ni**-dependent precipitation
potential of Sporosarcina pasteurii, highlighting the role of Ni**
as a structural cofactor essential for urease stability and activity.
Low Ni** concentrations (0.01 mM) enhanced calcite
formation, attributable to its role in stabilising the urease active
site, while maintaining bacterial growth. The moderate
concentrations of Ni** did not suppress urease function,
indicating inherent metal tolerance, further underscoring its
potential in treating Ni-contaminated soils without significant
loss of bio-cementation capacity. MICP treatment of
contaminated overburden achieved an eleven-fold increase in
unconfined compressive strength within five days,
demonstrating its capacity for rapid soil reinforcement. These
results establish MICP as a viable cleaner production approach
for advancing sustainable geotechnical engineering practices
and environmentally benign technology for remediation
applications.
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