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Abstract: Microbial-Induced Calcium Carbonate Precipitation (MICP) is an environmentally friendly,
efficient, and sustainable new soil reinforcement technology. For this study, Bacillus pasteurii were
domesticated and cultured in a natural seawater environment with multiple gradients and used
for coral reef calcareous sand reinforcement, comparing the mineral composition of the generated
precipitates and the reinforcement strength under different domestication gradient conditions. The
results revealed that, while the natural seawater environment inhibits the growth of Bacillus pasteurii,
the gradient domestication method allows the bacteria to gradually adapt to the natural seawater
environment. Notably, their shape becomes thin and long under the seawater environment. Further-
more, the MICP mineralisation reaction rate is faster in the natural seawater environment and, with
an increase in the domestication gradient, the mineralisation reaction precipitates increased. At the
same time, in the seawater environment, a small amount of mineral components were generated
in addition to CaCO3, such as MgxCay(CO3)z , and the Mg2+ mineral content increased with an
increase in the domestication gradient. When comparing the curing effect under different gradients in
the natural seawater environment, it was found that the Bacillus pasteurii can effectively enhance the
curing effect of the calcareous sand after multi-gradient domestication in the seawater environment,
with the curing effect increasing with an increase in the domestication gradient. The results of this
study provide new ideas for the application of MICP technology in seawater environments for the
reinforcement of calcareous sand in the construction of South China Sea islands and reefs.

Keywords: MICP; natural seawater environment; Bacillus pasteurii; gradient domestication

1. Introduction

In recent years, various countries have constructed a large number of artificial islands
and reefs, as well as a series of defence and civil facilities in the relevant waters. Calcareous
sand is a locally sourced building material used in the construction of island and reef
projects in the South China Sea [1–5]. Calcareous sand is mainly deposited from the
remains of marine organisms, such as coral and shells, and is mainly composed of calcium
carbonate. It has an irregular morphology, angular appearance, high porosity, and is
easy to break; thus, it is not conducive to directly use in engineering applications [6–11].
The traditional reinforcement methods mainly include physical tamping and vibratory
ramming, using chemical cement mortar, etc., which have a high energy consumption,
take a long time, are high-cost, and are prone to cause ecological and environmental
pollution problems [12,13]. Microbial-Induced Calcium Carbonate Precipitation (MICP) is
a new type of energy-saving, environmentally friendly, and sustainable soil reinforcement
technology, utilising the accelerated decomposition of urea by urease-producing bacteria
to produce CO2−

3 and the mineralisation reaction of Ca2+ in the environment to form a
calcium carbonate precipitate with a cementing effect. The calcium carbonate precipitate
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comprises sand grains cemented together, such that the loose soil body is bonded with a
certain strength, thus improving the mechanical properties of the soil body, The reaction
process is shown in Equations (1)–(5) [14–18]. MICP technology has the advantages of
environmental protection, high efficiency, and sustainability, and it meets the requirements
of island construction projects in the South China Sea [19,20].

CO(NH2)2 + 2H2O Urease→ 2NH3 + CO2 (1)

NH3 + H2O → NH+
4 + OH− (2)

CO2 + H2O ↔ H2CO3 ↔ HCO−
3 + H+ ↔ CO2−

3 + 2H+ (3)

Ca2+ + Cell → Cell − Ca2+ (4)

Cell − Ca2+ + CO2−
3 → Cell − CaCO3 (5)

Xiao et al. have investigated the particle fragmentation and compressibility behaviour
of MICP-treated sand, and they found that MICP-treated specimens exhibited less particle
fragmentation than untreated specimens, suggesting that MICP treatment can effectively
inhibit particle fragmentation [21]. Xiao et al. have observed the kinetics of the MICP
process through adjusting the concentration change of the calcium source in the cementing
solution. Their results indicated the mechanism of bacterial diffusion and CaCO3 crystal
growth, as well as its variation under different CaCl2 concentrations [22]. Wang et al.
have investigated the effect of temperature on MICP-reinforced soils, and they showed
that the effect of temperature on the growth of calcium carbonate in bio-reinforced soils
was significant, where temperatures of 20–35 ◦C led to better curing of particles [23].
Safavizadeh et al., Al-Salloum et al., Liu et al., Mujah et al., Ghasemi et al., and Zhao
et al. [24–29] have conducted research on the effects of various factors on the engineering
properties of MICP-treated soils, and they have shown that various factors—including
bacterial concentration, urease activity, cementation concentration, reaction time, and type
of sand—have a significant effect on the MICP process and the engineering properties
of bacterial and urease-treated sands. Numerous scholars, including Zheng Junjie, Liu
Hanlong, and Liu Shiyu [30–36], have conducted in-depth studies on the mechanical
properties of MICP-reinforced calcareous sand, and they have shown that the mechanical
properties of calcareous sand after MICP treatment were significantly improved, indicating
that this method can be applied for calcareous sand reinforcement on coral reefs.

As the main water resource on the islands and reefs in the South China Sea is natural
seawater, scholars have begun to explore the effect of the MICP reinforcement of calcareous
sand under seawater environments. Some scholars have conducted in-depth studies on the
activity of micro-organisms in seawater environments; for example, Yu Zhenxing [37] and
Dong Bowen et al. [38] have found that the seawater environment has an inhibitory effect
on the growth of micro-organisms, and the activity of micro-organisms in the seawater
environment was significantly weaker than that in a de-ionised water environment. Peng
Jie et al. [15] and Ding Xunchen et al. [39] have found that a seawater environment inhibits
the final production of calcium carbonate in the MICP process. Peng et al. [40] and Ou
Yixi et al. [41] have discussed the effect on coral sand improvement in different water
environments and found that the mechanical properties of the added solids in seawater
environments decreased compared to those in freshwater environments. In addition, in
order to improve the influence of the seawater environment on the microbial culture and
the effect of calcareous sand consolidation, Xiao Yao et al. [42] have used the microbial
domestication method to carry out an experimental study on a domestication culture of
Bacillus pasteurii in an artificial seawater environment. They discussed the influence of
microbial consolidation on the soil after domestication, and their results demonstrated that
the adaptability of the domesticated bacteria to the seawater increased, effectively improv-
ing the reinforcement effect in calcareous sand, indicating that the microbial domestication
method is not only a good solution to the problem of calcareous sand engineering, but
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also an effective solution to the considered problem. As such, the gradient domestication
method of micro-organisms is considered to be feasible.

In summary, there have been few studies on the domestication of Bacillus pasteurii and
the consolidation of calcareous sand in a seawater environment. Based on this, for this
study, natural seawater was adopted to carry out a multi-gradient domestication culture
test using Bacillus pasteurii, in order to explore the growth of Bacillus pasteurii before and
after its domestication to natural seawater, as well as any morphological changes and its
impact on the consolidation effect of calcareous sand. The research results provide new
ideas for micro-organisms to improve calcareous sand in a seawater environment, which is
of reference significance for the application of MICP in the fields of island reef construction
and coastal protection, etc.

2. Materials and Methods

In this study, according to the marine environment in which the island reef project
is located, and in order to accurately simulate the actual environment of the island reef
project, the test was conducted using natural seawater and calcareous sand collected in the
field from the South China Sea islands. In order to promote the hydrolysis reaction of urea
in the gelling solution, the experiments were carried out using Bacillus pasteurii, which is
commonly used in MICP studies, and is a Gram-positive bacterium with the advantages of
non-pathogenicity and high urease activity [43]. Specific information on the test materials
is given below.

2.1. Test Materials

(1) Natural seawater: the seawater used in the experiment was obtained from the sea
near Dadonghai, Sanya City, with a salinity content of 3.6% and a pH value of 8.25.
The ionic composition and concentration of the seawater are shown in Table 1 [44].

Table 1. Ionic composition and concentration of seawater.

Ionic Concentration/(mg/L) Ionic Concentration/(mg/L)

Ca2+ 426.53 Ba2+ 0.12
Mg2+ 1219.86 Cl− 18,690.10
Na+ 11,078.58 HCO3

2− 169.01
K+ 140.16 SO4

2− 2769.10

(2) Calcareous sand: The calcareous sand used in the test was obtained from an island in
the South China Sea. The grain size of the calcareous sand was screened with 0.08 mm,
0.16 mm, and 0.315 mm mesh sieves, and calcareous sand with grain sizes of 0.08–0.16
and 0.16–0.315 mm was selected for the reinforcing sand column in the test. The basic
parameters of calcareous sand are shown in Table 2.

Table 2. Basic parameters of calcareous sand.

Parameters Value

ρdmax (maximum dry density) 1.65 g/cm3

ρdmin (minimum dry density) 1.20 g/cm3

emax (maximum void ratios) 1.27
emin (minimum void ratios) 0.63

Gs (specific gravity) 2.73

(3) Bacteria cultivation and cementation solution: The bacteria selected for the test were
Bacillus pasteurii (No. 337394, BeNa Culture Collection) originating from Guangdong
Province Microbial Strain Preservation Centre. Bacteria were vacuum-dried in the
form of freeze-dried powder and stored in ampoules, and needed to be activated.
They were inoculated into a solid culture medium in a sterile environment on a
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vertical purification workbench, put into a bio-chemical incubator to be constant-
temperature cultured for 36 h, and then subcultured for 2–3 generations after 36 h,
as shown in Figure 1a, and stored in a refrigerator for refrigeration, so that bacteria
could be directly added to the liquid culture medium when needed in the experiment.
According to the needs of the simulation of the experimental environment, the liquid
medium was divided into two kinds of de-ionised water and seawater liquid media:
the de-ionised water medium used sodium hydroxide solution to adjust the pH to
7.3, and the seawater medium did not adjust the pH. After the configuration was
completed and placed in the autoclave sterilisation at 121 ◦C for 30 min, the media
required for the bacterial culture were obtained. The compositions of the culture
media are shown in Table 3 [44]. The concentration of the cementation solution was
1 mol/L, which was composed of anhydrous calcium chloride and urea in the ratio of
1:1. The water environment of the cementation solution was set as natural seawater
and de-ionised water. In order to prevent the interference of other micro-organisms in
the water environment, the water used in the test was autoclaved.
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Figure 1. Bacteria cultivation process: (a) Activation and passaging of bacteria, and (b) the process of
the domestication culture test with different seawater concentration gradients.

Table 3. The compositions of the culture media.

Name Solid Medium
(g/L)

De-ionised Water
Medium (g/L)

Seawater Medium
(g/L)

Urea 20 20 20
Casein Peptone 15 15 15

Soy Peptone 5 5 5
Odium Chloride 5 5 5

Agar 20 — —
Water de-ionised water de-ionised water natural seawater

2.2. Test Methods

Based on the research experience of related bacterial domestication [45,46], this paper
adopted a multi-gradient seawater concentration domestication method to cultivate Bacillus
pasteurii, in order to explore the growth status of the bacteria during the domestication
cultivation process and the change of the bacterial morphology at the end of the domes-
tication. Water solution tests and calcareous sand column tests were carried out for both
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undomesticated and domesticated bacteria, and the precipitation compositions and the
microscopic morphology of the resulting minerals from the MICP reaction under natural
seawater ambient conditions were investigated by water solution tests. An X-ray diffrac-
tometer (XRD) and a scanning electron microscope (SEM) were used to comprehensively
analyse the mineral composition of the generated precipitates and the crystal form, and
then to investigate the surface curing effect of the domesticated bacteria on calcareous sand.

(1) Determination of bacterial concentration: A UV spectrophotometer model 752 N was
used to measure the absorbance of the bacteria at 600 nm, and the concentration of the
bacterial liquid was expressed according to OD600 [16]. The original blank medium
without Bacillus pasteurii was used as a calibration solution during all measurements.

(2) Measurement of urease activity: A conductivity meter model DDS-307 was used
to determine the ability of the bacterial solution to hydrolyse urea. According to
the research of Whiffin et al. [47], 5 mL of bacterial solution and 45 mL of urea
solution (concentration of 1.1 mol/L) were measured and shaken well, and the changes
in conductivity of the mixture solution of bacteria and urea were measured by a
conductivity meter for 5 min continuously. Since the mixing of 5 mL of bacterial
solution with 45 mL of urea solution diluted the bacterial solution by 10 times, the
dilution factor should be multiplied when calculating the urease activity, i.e., the
average conductivity change value in the measured 5 min was multiplied by the
dilution factor of 10 times.

(3) Observation of bacterial morphological changes: The observation of bacterial mor-
phology was carried out using a Zeiss Axiolab 5 (Carl Zeiss (Shanghai) Management
Co., Shanghai, China) research-grade microscope manufactured in Germany. The
extracted bacterial solution at the end of each gradient of domestication, and the
undomesticated bacterial solution, were treated with Gram stain solution, and the
changes in their morphology were observed with a light microscope.

(4) Determination of pH, Ca2+ concentration, and precipitate production in MICP wa-
ter solutions: PH and Ca2+ concentration changes during the reaction of the water
solutions were measured regularly using a pH meter manufactured by METTLER
TOLEDO and a model PXS-270 ion meter manufactured by Lei-chi. Before each
measurement, the instruments needed to be calibrated: the PXS-270 ion meter was
calibrated with a standard solution, and the pH meter was calibrated with a pH stan-
dard buffer solution. After the end of the test, the aqueous solution precipitation was
cleaned and soaked in de-ionised water for 48 h, then placed in an oven for drying,
and its total mass was measured and the yield calculated using the weighing method.

(5) Penetration resistance test: The fully automatic multifunctional penetrometer (model
TKA-GRY-1F) produced by Nanjing TKA Technology Co., Ltd, Nanjing, China, was
used. The test probe was selected as A type, the contact area was 0.3 cm2, the
penetration rate was selected as 2 mm/min, the sampling frequency was 3 s, and the
depth of penetration was 6 mm [48]. The test was carried out by direct penetration of
the surface of the calcareous sand columns without stripping the surface of the film,
to test the bearing capacity of the surface of the calcareous sand columns cured by
domesticated bacteria.

(6) SEM, EDS and XRD tests: The test samples were selected from the precipitates gener-
ated in the water solution, the collected samples were placed in an oven at 60 ◦C, and
the samples were tested after drying. JSM-7610F PLUS Field Emission Scanning Elec-
tron Microscope (SEM) was used to collect microscopic images of the samples. The
microscope was used to observe the microstructure of calcium carbonate precipitation
induced by Bacillus pasteurii before and after domestication at an accelerating voltage
of 10 kV, to identify the elements in the samples in conjunction with the EDS, and
to comparatively analyse the changes in the composition of substances in the water
solution of the MICP before and after the domestication of the Bacillus pasteurii. Before
SEM, the samples were gold-plated with a gold-spraying instrument (i.e., an ion
sputtering instrument), with the purpose of enhancing the electrical conductivity of
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the sand sample particles. Another part of the sample was taken and put into an agate
mortar to be fully ground into powder, following which an X-ray diffraction test was
carried out to determine the composition of the sample phase.

2.3. Test Protocols
2.3.1. Domestication of Bacillus pasteurii in Natural Seawater

In this study, multi-gradient seawater concentration domestication was adopted to
study the culture of Bacillus pasteurii in a natural seawater environment. Different natural
seawater concentrations were used to design three domestication modes—called the one-
gradient, two-gradient, and three-gradient domestication modes—which were compared
with de-ionised water to the culture of Bacillus pasteurii. The experimental scheme of
domestication under different seawater concentration gradients is detailed in Table 4, and
the process of domestication under different seawater concentration gradients is shown in
Figure 1b.

Table 4. Experimental programme for domestication of seawater with different gradients.

Test Grouping Test Number
Volume of Domestication Medium (mL) Seawater as a Percentage of

Total Volume (%)Natural Seawater De-ionised Water

De-ionised water a-0 0 200 0%
One-gradient
domestication b-0 200 0 100%

Two-gradient
domestication

c-1 100 100 50%
c-2 200 0 100%

Three-gradient
domestication

d-1 66.6 133.4 33.3%
d-2 133.4 66.6 66.7%
d-3 200 0 100%

As the activation and passaging of Bacillus pasteurii were carried out on solid media,
in order to ensure the consistency of bacterial concentration between the domesticated
and undomesticated groups, sterilised de-ionised water was used to clean the bacteria
on the solid medium, and a certain amount of bacterial solution was transferred to the
liquid medium with a pipette. The conical flask was shaken well before sucking up the
bacterial solution, in order to ensure that it was uniformly distributed. In addition, before
the formal test was carried out, it was found that the bacterial concentration and urease
activity were basically stable between 18–24 h by setting up a pre-test, where the time set
for the domestication culture in this test was 24 h. The specific domestication process is
as follows:

(1) De-ionised water: Measure 2 mL of the bacterial solution and add it to a 200 mL
conical flask (a-0) containing 100% de-ionised water, then put it into the shaker at
a controlled temperature of 30 ◦C at 220 r/min and cultivate for 24 h. Then, the
de-ionised water cultivation is completed, and the de-ionised water bacterial solution
required for the test is obtained (A).

(2) One-gradient domestication: Measure 2 mL of the bacterial solution and add it to a
200 mL conical flask (b-0) containing the 100% natural seawater domestication group
medium, then put it into a shaker at a controlled temperature of 30 ◦C at 220 r/min,
and then incubate for 24 h. Then, one-gradient domestication is completed, and the
bacterial solution required for the one-gradient domestication test is obtained (B).

(3) Two-gradient domestication: Measure 2 mL of the bacterial solution and add it
to a 200 mL conical flask (c-1) containing the 50% natural seawater domestication
group medium, and use culture conditions consistent with those for the first gradient
domestication. Take the flask out after 24 h of incubation and set aside. Take 2 mL
of bacterial solution from conical flask c-1 and add it to another 200 mL conical flask
(c-2), which contains the 100% natural seawater domestication group medium, and
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incubate for another 24 h. Then, two-gradient domestication is completed, and the
bacterial solution required for the two-gradient domestication test is obtained (C).

(4) Three-gradient domestication: Measure 2 mL of the bacterial solution and add it to
a 200 mL conical flask (d-1) containing the natural seawater domestication group
medium with 33.3% seawater content, and then incubate for 24 h as described above.
Then, take 2 mL of the bacterial solution from conical flask d-1 and add it to an-
other 200 mL conical flask (d-2) containing the natural seawater domestication group
medium with 66.7% seawater content, and incubate this flask for 24 h. Next, take 2 mL
of the bacterial solution from conical flask d-2 and add it to a third 200 mL conical
flask (d-3) containing the natural seawater domestication group medium with 100%
seawater content, and then incubate flask d-3 for a further 24 h. Then, three-gradient
domestication is completed, and the bacterial solution required for the three-gradient
domestication test is obtained (D).

(Note: Natural seawater domestication of Bacillus pasteurii should be controlled at
each stage of cultivation, otherwise the concentration of bacteria and urease activity will
be affected.)

2.3.2. MICP Water Solution Test

The test was carried out in a 250 mL beaker, and 40 mL of bacterial solution and
160 mL of cementing solution were mixed thoroughly; the specific test protocol is detailed
in Table 5.

Table 5. MICP water solution test programme under different domestication methods.

Test Grouping Test Number Test
Bacteria

Collodion Aquatic
Environment

CCaCl2 ,
Curea/(mol/L)

CCaCl2 :
Curea

Vbacterial solution:
Vcementation solution

Undomesticated
group FW A De-ionised water

1.0 1:1 1:4One-gradient
domestication group SW-1st B

Natural seawaterTwo-gradient
domestication group SW-2nd C

Three-gradient
domestication group SW-3rd D

(Note: The MICP of the undomesticated Bacillus pasteurii in a de-ionised water environment is uniformly referred
to as the untamed group in the subsequent text. In the data processing, the undomesticated group is denoted by
FW, the one-gradient domestication group is denoted by SW-1st, the two-gradient domestication group is denoted
by SW-2nd, and the three-gradient domestication group is denoted by SW-3rd).

2.3.3. MICP Sand Column Curing Test

A cylindrical hollow tube with a thickness of 3 mm, diameter of 45 mm, and height of
88 mm was used for the test moulds. When making samples, one end of the mould was
wrapped with gauze and tape, and a layer of filter paper was put in the bottom to prevent
the loss of calcareous sand particles. Then, a certain quantity of calcareous sand was
weighed (the sand used in the test was cleaned and dried) and was loaded into the moulds
four times. Each time it was poured into the mould, the mould was shaken, such that the
calcareous sand was naturally and uniformly distributed in the moulds. Then, the last layer
of the shaking was scraped with a steel ruler to flatten the surface, and the sample-making
was considered to be complete at this time. When reinforcing, the calcareous sand was
reinforced by manually dropping the bacterial liquid and cementing liquid. Finally, the
reinforced calcareous sand specimens were put into an oven for drying in order to carry
out the subsequent penetration test; the specific test protocols are given in Table 6. The test
sand was divided into two groups according to particle size (0.08–0.16 and 0.16–0.315), and
the bacterial injection was divided into primary and secondary bacterial injection methods.
In the primary injection method, 10 mL of bacterial liquid was injected, the test sample
was left for 12 h, and then 10 mL of cementing liquid was injected twice, with an injection
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interval of 24 h. In the secondary bacterial injection method, 5 mL of bacterial liquid was
injected and, after an interval of 12 h, 10 mL of cementing liquid was injected, this being one
round of injection, repeated in two rounds, with an interval of 24 h between each round.

Table 6. Test protocols for calcareous sand consolidation under different domestication methods.

Test
Number

Test
Bacteria

Collodion
Aquatic

Environment

Grain Size
(mm)

Number of
Bacterial

Injections

Volume of
Bacterial Liquid

Injected (mL)

Number of
Colloidal
Liquids

Total Volume of
Cementing
Liquid (mL)

FW A De-ionised
water

0.08~0.16
1 10

2 20
2 5

0.16~0.315
1 10
2 5

SW-1st B Natural
seawater

0.08~0.16
1 10

2 20
2 5

0.16~0.315
1 10
2 5

SW-2nd C Natural
seawater

0.08~0.16
1 10

2 20
2 5

0.16~0.315
1 10
2 5

SW-3rd D Natural
seawater

0.08~0.16
1 10

2 20
2 5

0.16~0.315
1 10
2 5

The penetration resistance test was conducted to study the bearing capacity of the
Bacillus pasteurii tamed and untamed groups on the surface layer of the sand column after
curing. During the test, the middle point was selected as the test point for each sand
column, in order to reduce the test error. Each group of tests included two parallel samples,
and the average value of the two points for each group of tests was taken to obtain the
penetration depth–resistance change curve. The specific test process is depicted in Figure 2.
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3. Results and Analyses
3.1. Analysis of the Bacillus pasteurii Domestication Results

To investigate the effect of the domestication of Bacillus pasteurii using natural seawater
on the bacterial growth, bacterial urease activity, and the final domestication morphology of
the bacteria, the bacterial growth (OD600) and bacterial urease activity (UA) were monitored
throughout the continuous incubation of the inoculated bacteria in a constant temperature
shaker for 72 h. The differences in microbial concentration and activity under different
domestication protocols varied significantly with time.

As can be seen from Figure 3a, 1⃝ in the process of the bacterial gradient domestication
culture, the OD600 concentration value of the Bacillus pasteurii solution cultured in a natural
seawater environment was always smaller than that of the Bacillus pasteurii solution cultured
in a de-ionised water environment. This indicates that the natural seawater environment
inhibits the growth of Bacillus pasteurii. 2⃝ The de-ionised water cultured bacteria at the
beginning which entered into growth in a logarithmic phase, while the natural seawater
culture showed a delayed growth phase, which became longer with an increase in the
seawater concentration. The reason for this may be that the medium used for the activation
and passaging of the bacteria was de-ionised water, which the Bacillus pasteurii had already
adapted to, while the seawater environment is more complicated than the de-ionised water
environment, such that the bacteria had to adapt to the environment after entering it,
leading to a delay period. 3⃝ The overall trend of bacterial liquid concentration was stable
after 24 h of incubation. When the seawater gradient domestication tended to be stable,
the concentration of the bacterial sap showed a gradual increase with an increase in the
domestication gradient; that is, b < c-2 < d-3. In the domestication process for different
concentrations in the same gradient, the concentration of the bacterial sap was lower than
that under the previous seawater concentration when domestication tended to be stable;
that is, c-1 < c-2 and d-1 < d-2 < d-3. The reason for this may be that in the process of gradient
domestication, bacteria that not been expanded and cultured multiple times through
concentration gradients had not well adapted to high-concentration seawater cultivation.
Consequently, under conditions of elevated seawater concentration, the resultant increase
in osmotic pressure and ionic strength could potentially cause structural damage to, or
even the death of, a majority of the cells. In the process of gradient domestication, the
observed trend was in agreement with conclusions drawn in the previous literature [42].
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The following can be observed from Figure 3b: 1⃝ During the bacterial gradient do-
mestication culture, the urease activity of Bacillus pasteurii increased with incubation time,
growing rapidly in the first 18 h, remaining essentially stable in the 18–36 h interval, and
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then gradually decreasing. The one-gradient decay period was more pronounced during
natural seawater gradient domestication. 2⃝ The urease activity of bacteria cultured in the
de-ionised water environment was always higher than that in natural seawater. Comparing
different seawater gradients, it was found that, the higher the seawater concentration, the
greater the effect on the activity of the bacteria; and, the use of multiple gradients of seawa-
ter concentration to domesticate and cultivate Bacillus pasteurii better enabled the bacteria
to transition from the de-ionised water environment to the seawater environment, which
thus better protected the bacterial urease activity. 3⃝ The bacterial urease activity at the
end of the multi-gradient culture test with natural seawater under different domestication
schemes also slightly differed: when the bacterial concentration tended to be stable, the
bacterial urease activity of b was lower than that of c-2 and d-3, while c-2 and d-3 presented
alternating urease activities due to the inconsistency in the time period that they arrived
at their peaks. The bacterial urease activity did not differ much in general. Under the
same gradient, the lower the concentration of natural seawater, the closer the bacterial
urease activity was to that of de-ionised water. Before 12 h, a low concentration of natural
seawater cultivation was conducive to promoting the bacterial urease activity in a certain
period of time. In addition, when the bacteria entered the high concentration medium at
the beginning, they showed a decline at first, followed with an increase up to the maximum
value, from which it can be seen that the decreasing trend decreased with an increase in
the gradient. This result indicates that the bacteria have a certain adaptability to natural
seawater from low to high concentrations during the seawater gradient domestication
process. Therefore, when cultivating bacteria, it is possible to increase the concentration
properly according to the demand, in order to achieve the intended purpose.

Figure 4a–d shows the bacteria after the completed tests with de-ionised water and
three gradient domestication cultures. Morphological observations using a microscope
revealed that the length of Bacillus pasteurii cultured in a de-ionised water environment
was 0.08–0.16 µm, while in 100% natural seawater concentration, the length of the bacteria
cultured in the one-gradient was 0.10–0.17 µm, the length of the bacteria cultured in the
two-gradient was 0.06–0.18 µm, and the length of the bacteria cultured in the three-gradient
was 0.07–0.22 µm. The Bacillus pasteurii became elongated on the basis of the original with
increased gradient domestication, and most of the domesticated bacteria became obviously
longer and thinner, when compared with the undomesticated bacteria. Moreover, a small
portion of the bacteria became shorter; the reason for this may be that the Bacillus pasteurii
bacteria were in the process of splitting when observed after domestication.
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3.2. Analysis of MICP Aqueous Solution Test

The degree of mineralisation under different domestication conditions was explored
through measuring the pH, Ca2+ concentration, precipitate generation, and productivity of
the solution during the mineralisation reaction of the MICP cementation solution. As can
be seen from Figure 5a, the pH values under different water environments all increased and
then decreased rapidly with time, and then gradually levelled off. This is due to the initial
addition of bacteria to the cementing solution, with the bacteria promoting the hydrolysis of
urea in the solution to produce a large amount of CO2−

3 , thus increasing the pH value of the
aqueous solution. Within 0.5 h, the CO2−

3 in the solution and the cations in the solution had
combined to generate a large number of precipitates. With the generation of precipitates, the
pH value of the solution reduced to a stable level. Comparing the different test conditions,
it can be seen that the pH of the de-ionised water environment was higher than that of the
seawater environment and decreased slowly in the de-ionised water environment, which
may be due to the high initial pH of the natural seawater environment. High pH values are
conducive to the promotion of the hydrolysis of urea and the acceleration of the generation
of precipitates, leading to the rapid decrease in pH under the seawater environment; in
addition, with an increase in the domestication gradient, the pH tended to stabilise more
quickly, indicating that the domesticated Bacillus pasteurii were more favourable for the
promotion of urea hydrolysis and increased the reaction rate in the aqueous solution.
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Figure 5b shows that the Ca2+ concentration decreased and levelled off with increasing
reaction time. The decrease rate of Ca2+ concentration in the de-ionised water environment
was slower than that in the seawater environments, and the time to reach the equilibrium
was obviously longer. With the gradient of domestication, the decrease in calcium ion
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concentration was accelerated, and there was not much difference in the change of Ca2+

concentration between the three domestication groups when the gradients were stable.
The ionic change concentration under the three gradients was related to the activity of
the bacteria, and the bacterial activity was improved, to a certain extent, after gradient
domestication. The high activity of the bacteria was conducive to promoting the minerali-
sation reaction rate of the cementing solution, which led to a quick decrease in the Ca2+

concentration in the aqueous solution.
Figure 5c shows that the precipitates generated through the mineralisation reaction of

the bacteria domesticated in natural seawater were higher in generation and productivity
than those without domestication, indicating that the bacteria domesticated in natural
seawater were conducive to promoting the mineralisation reaction in the cemented solution,
resulting in an increase in the amount of precipitates generated. In addition, the presence of
Ca2+ and Mg2+ in seawater provided more calcium and magnesium sources for the reaction
environment, which combined with the CO2−

3 in the environment to produce carbonate
crystals, thus greatly improving the yield; this was consistent with the literature [44,49].
With an increase in gradient domestication, the precipitate production gradually increased,
consistent with the experimental conclusions obtained by Xiao Yao et al. [42]. In this
experiment, the domestication period was relatively short, which was conducive to the
protection of the activity of Bacillus pasteurii. Compared with the precipitate production of
the untamed group, the precipitate production through the mineralisation reaction was
increased by 10.43%, 15.19%, and 16.31% after gradient domestication with the first, second,
and third gradients, respectively, indicating that the bacteria adapted to the seawater and
that their activity was enhanced gradually through gradient domestication.

3.3. Analysis of MICP Sand Sample Curing Test

To investigate the surface curing effect of Bacillus pasteurii using MICP technology for
reinforcing calcareous sand columns before and after domestication, penetration tests were
conducted on the sand columns. Through the penetration test, the relationship between
penetration depth (penetration depth is the change in axial displacement) and penetration
resistance could be obtained, reflecting the strength change in the surface layer of the sand
column at different depths from the surface downwards, thus indicating the effect of the
MICP technology on the surface curing of calcareous sand columns.

Visually, a thin white layer was cemented on the surface of the calcareous sand
columns through the curing with bacteria in the seawater environment, whereas no white
deposit was observed on the calcareous sand columns cured with bacteria in the de-
ionised water environment (see the two red circles in Figure 6a). Comparing the damage
patterns under the two curing conditions, it was found that the fine-grained sand columns
cured under the de-ionised water environment had a better overall integrity without any
obvious ring-breaking fracture, whereas the surface of the sand columns cured in the
seawater environment ruptured and the surface of the sand columns presented a thin
layer. Comparing the thickness of the calcareous sand under the two curing conditions,
it was found that the de-ionised water environment-cured calcareous sand could form a
sand layer with a certain thickness cemented on the surface of the sand column, while the
seawater environment-cured calcareous sand formed a thin layer.

From the results of the penetration test, as shown in Figure 6b,c, the penetration
resistance of the coarse-size calcareous sand plus solid increased with an increase in the
penetration depth, then decreased rapidly and increased again. When the penetrometer
probe continued to penetrate into the sand column, the penetration resistance continued
to increase, after the force borne by the surface of the sand column reached the maximum
value, and the hard layer on the surface of the sand column broke, resulting in the penetra-
tion resistance to rise and then decrease. When continuing to penetrate, the compactness of
the sand increased, the confining pressure increased, and the penetration resistance contin-
ued to rise. The fine-grained calcareous sand column presented resistance to penetration
with an increase in the depth of penetration, while the coarse-grained sand column pre-
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sented a different change curve. It is possible that, on the one hand, the effect of bacterially
reinforced fine-grained calcareous sand is better than that of coarse particles while, on the
other hand, the penetrometer probe continued to penetrate into the sand column, and the
compactness of the sand at a certain depth had already reached the value of the force borne
by the surface. When the penetrometer probe continued to penetrate deeper into the sand
column, the compactness of the sand gradually increased and the penetration resistance
also gradually increased. From the perspective of the mode of bacterial injection, it was
found that the secondary bacterial injection mode was conducive to improving the curing
effect of a coarse grain size. The penetration resistance of the coarse-grained calcareous
sand under the secondary bacterial injection was significantly improved. In addition, with
an increase in the domestication gradient, the penetration resistance increased; however,
the effect of the secondary bacterial injection mode on the fine-grained calcareous sand was
not significant.
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Figure 6. Analysis of penetration test results: (a) sedimentation and destruction characteristics of
consolidated calcareous sand under different gradient domestication schemes; (b) different bacterial
injection methods for curing calcareous sand under coarse-grained conditions; and (c) different
bacterial injection methods for curing calcareous sand under fine-grained conditions.

In terms of the curing effect of calcareous sand with different grain sizes, in the
coarse-grained sand, the curing effect of domesticated bacteria was superior to that of
undomesticated bacteria, while the curing effect in the fine grains was completely opposite
to that of the coarse-grained calcareous sand. In coarse calcareous sand particles, the
porosity is high, which is conducive to bacterial penetration into the interior of the sand
column, promoting the mineralisation reaction inside and on the surface of the sand
column; however, in fine calcareous sand, the gaps between the particles are small, and
when reinforced, the undomesticated Bacillus pasteurii is not conducive to the downward



J. Mar. Sci. Eng. 2024, 12, 542 14 of 20

infiltration into the sand column, resulting in the concentration of the bacteria on the surface
of the sand column. Thus, it is gathered and cemented on the surface of the calcareous
sand and generates calcium carbonate precipitation on the surface of calcareous sand,
leading to the formation of a hard shell on the sand column’s surface. In addition, no
matter whether reinforcing coarse or fine calcareous sand, it was found that the effect of the
domesticated bacteria cementing calcareous sands was better with an increase in gradient
domestication. This indicates that the use of domesticated Bacillus pasteurii is conducive
to improving the curing effect of the calcareous sand, especially in the process of curing
fine-grained calcareous sand. With an increase in the gradient of domestication, the volume
of the Bacillus pasteurii was relatively reduced, which is conducive to their downward
infiltration, leading to the solidification of the interior of the calcareous sand, more than
just that aggregated on the surface, such that the effect of curing is further improved.

It can be seen that Bacillus pasteurii of the multi-gradient domestication for the curing
of calcareous sand can improve the bearing capacity of the surface of the sand column with
an increase in the gradient of domestication, a greater bearing capacity of the surface of
the sand column, and a greater penetration resistance of the surface of the sand column
were also observed. In addition, different bacterial injection and cementation methods
presented differing effects when considering the same grain size, the secondary injection
mode improved the bearing capacity on the surface of the coarse-grained sand columns, and
domesticated and undomesticated bacteria reinforced different particle sizes of calcareous
sand, which had different effects, and which can be used as reference for future research.

3.4. Microstructural Characterisation

To investigate the reinforcing effect of domesticated Bacillus pasteurii on calcareous
sand, SEM imaging processing and EDS elemental determination were carried out, com-
bined with XRD spectroscopic testing and quantitative mineral analysis. It can be observed
that the precipitate crystals generated by the untamed group, as shown in Figure 7a–d,
were predominantly spherical in shape, with each crystal being a different size, forming
a spherical-shaped morphology from one or more spheres joined together. The crystal
shapes of the precipitates generated by the domesticated groups were spherical and rhom-
bic (mainly rhombic), arranged as multiple irregular rhombic shapes tightly aggregated
together to form a cluster structure in a layer-by-layer stacked manner, resulting in a
cluster-like structure. The number of spheres gradually reduced with an increase in the
domestication gradient.

Combined with the energy spectrum analysis, as shown in Figure 7e–h, the elements
generated by the undomesticated group were Ca, C, and O, indicating that the main
component of generation from the water solution was CaCO3.the elements generated in the
seawater environment included Ca, C, O, Mg, S, Na, and Cl. Compared with the de-ionised
water environment, Mg, S, Na, and Cl were observed (the elements Na and Cl are likely
to have been generated by seawater attached to the unwashed surface). The elemental
content suggests that at least CaCO3 and MgCO3 were generated in the water solution
precipitates, as well as possibly calcium sulphate hemihydrate [38]. Under the different
domestication gradients, the content of each element was not consistent, especially the
element Mg, which increased with the gradient, suggesting that the content of MgCO3
in the precipitate also increased, as the domesticated bacteria promoted the formation of
magnesium salts. In addition, the cured strength of formed MgCO3 is slightly higher than
that of formed CaCO3 [50], which may also explain the calcareous sand reinforcement
results obtained with the domesticated Bacillus pasteurii. This may also be the reason why
the surface of calcareous sand reinforced by domesticated Bacillus pasteurii improved as the
gradient increased. The experimental results showed that the domesticated Bacillus pasteurii
was conducive for inducing carbonate precipitation and increased the amount of carbonate
precipitation, which was also conducive to the reinforcement of the calcareous sand.
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Figure 8 shows the XRD spectroscopic testing and quantitative mineral analysis results
for the precipitates generated by the different domestication groups. Overall, the water
solution precipitates generated by both domesticated and undomesticated groups were
carbonate crystals, and both contained calcite crystal phases. The carbonate crystals of
the undomesticated group consisted of two crystalline phases: calcite and vaterite. In
the domesticated groups, the carbonate crystals consisted of both calcite and magnesium
calcite phases. Using standard cards to compare the precipitates’ crystals, it was found
that the spectral peaks of the two water environments were very different, as the two
phases of the undomesticated group presented distinct peaks, while the two phases of the
domesticated group presented superimposed peaks, which could be attributed to the fact
that the high magnesium calcite content in the domesticated group was a combination of
calcium and magnesium carbonates, while the standard cards contained calcium carbonate
in both phases, which resulted in the superimposition of the two phases obtained under
the seawater environments [49,51]. In addition, quantitative analysis revealed that the
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content of each crystalline phase in the undomesticated group was 77.4% calcite and 22.6%
vaterite whereas, in the domesticated group, the content of each crystalline phase varied
with the different domestication gradients; in particular, the content of high-magnesium
calcite increased with an increase in the domestication gradient, which is in agreement
with the results obtained from the above EDS elemental content analysis. Combined with
SEM, it was found that no calcite was observed in the undomesticated group; however, a
large amount of the calcite crystal phase was detected with XRD, which may be due to the
fact that low quantities of precipitates used for SEM measurements did not select a fraction
containing both crystalline phases. In the domestication groups, the presence of the vaterite
crystal phase in the sample was observed with SEM, but not observed XRD, which may be
due to the fact that the magnesium ions can promote the disappearance of vaterite when
they reach a certain concentration, and the remaining content of vaterite was also low in the
precipitate [52]. In summary, all of the above detection methods were a means of detection,
the selection of samples for detection and the expression of the characteristic diffraction
peaks of the material composition of the samples affected the test results, and there was a
certain degree of error in the detection results [53].
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4. Conclusions

In this paper, Bacillus pasteurii was domesticated by multi-gradient seawater concen-
trations and a series of tests were carried out on the domesticated bacteria, combined
with microscopic test methods to analyse the effect of the domesticated bacteria in curing
calcareous sand. The main conclusions are as follows:
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(1) The comparison of the growth of Bacillus pasteurii in seawater and de-ionised water
environments revealed that seawater environments inhibit the growth of Bacillus
pasteurii, with a delay period observed for the growth of bacteria in the seawater
environments. The gradient domestication method allowed the bacteria to gradually
adapt to the seawater environment, improving the growth and urease activity of the
bacteria. With the three-domestication gradient, the Bacillus pasteurii could better
adapt to the natural seawater environment, their morphology became thinner and
longer, and their size increased from 0.07–0.13 µm to 0.07–0.22 µm.

(2) The MICP water solution test demonstrated that the MICP mineralisation reaction
rate was faster in the natural seawater environment, yielding more precipitates from
the mineralisation reaction than in the de-ionised water environment. Comparing the
generation of precipitates under different gradients, it was found that the generation of
The MICP water solution test precipitates increased by 10.43% after the bacteria were
domesticated in the one-gradient, 15.19% after the two-gradient, and 16.31% after the
three-gradient (which was obviously higher than the first and second gradients). The
comparison of the mineral compositions revealed that the generated calcite content
was high in the natural seawater environment, and there were small amounts of
MgxCay(CO3)z and other minerals in the generated product in addition to CaCO3.
Furthermore, with an increase in the domestication gradient, the content of Mg2+ in
the precipitates increased and the Mg2+ mineral content increased.

(3) According to the results of the penetration resistance tests, conducted in order to
compare the curing effect on calcareous sand under different gradients, it was found
that the reinforcement of calcareous sand with Bacillus pasteurii after multi-gradient
domestication in a seawater environment effectively enhanced the curing effect. The
curing effect was more obvious and the penetration resistance gradually increased
with an increase in the domestication gradient. Comparing the consolidation effect
on calcareous sand with coarse and fine grain sizes, it was found that the surface
curing effect on the sand column of fine-grained calcareous sand was better than
that for the coarse-grained calcareous sand specimen. In addition, different bacterial
injection cementation methods presented different effects when considering the same
grain size, where the secondary bacterial injection mode improved the surface bearing
capacity of the coarse-grained sand column.

5. Discussion

In this study, it was confirmed that the cultivation of Bacillus pasteurii by using multi-
gradient seawater concentration domestication can make it gradually adapt to the seawater
environment, and the concentration and activity of the bacteria were improved. The
domesticated bacteria can achieve a better curing effect for the reinforcement of calcareous
sand. This indicates that the MICP curing technology can directly cure calcareous sand
in a seawater environment, which is greener and more environmentally friendly than the
traditional concrete curing method. In addition, the micro-organisms used in the MICP
technology are present in the natural island environment, which has less impact on the
ecological environment of the island and is more suitable for the application to the island.
However, this study was performed indoors and with fewer types of particle size settings.
In the future, engineering practices could consider a few points: (1) tropical islands, coral
reefs, and coastal areas of beaches are all in environments with high temperatures and
humidity, and further research is needed to study the effects of high temperatures and
humidity on Bacillus pasteurii; (2) calcareous sands are sand bodies formed by the deposition
of biological debris from the death of reef-building coral colonies and fragmentation and
refinement by various ocean dynamics. There are differences in the particle gradation
and compaction of sand formed under various ocean dynamics, as well as differences in
its porosity and its distribution, which are directly related to the morphology and size of
the reinforcing bacteria which have been domesticated by natural seawater. Therefore,
in engineering practice, the applicability of particle gradation and particle size should be
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taken into account, so as to obtain a more suitable reinforcement method for calcareous
sands in the actual environment.
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