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The precipitation rate and cementation strength of calcium carbonate crystals during the process of microorganism-induced
calcium carbonate precipitation (MICP) are key factors that affect the application effect of this technology. In order to improve
the quality of calcium carbonate formation in the MICP process, egg white protein with a volume fraction of 20%, bovine serum
albumin with a mass fraction of 0.3%, sucrose with a mass fraction of 5%, bamboo leaves with a mass concentration of 25 g/L,
and bamboo leaf-magnesium chloride (Mg2+/Ca2+ = 4 : 1) were added during the experiment of different groups of MICP
solutions. The results of the solution test study showed that there was no obvious lag period for bacterial growth under the
action of organic matrix. The concentration of bacteria in the reaction solution was higher under the action of sucrose and egg
white. The conversion rate of Ca2+ under the action of egg white was the fastest, which was about 2.5 times higher than that of
the control group. After 14 days of grouting reaction, it was found that the proportion of calcite-type calcium carbonate
produced under the action of egg white was the highest, and the Ca element accounted for 66.24% in the solidified material.
Sucrose was second; bovine serum albumin was the lowest. The calcium carbonate crystals generated by the control of each
organic matrix had a high degree of pore size matching with the tailings under a dry-wet cycle. The structural characteristics of
the calcium carbonate crystals, such as crystal form, morphology, and particle size, were mainly due to the interaction between
the organic matrix and the calcium carbonate crystals. This study proves that the addition of the organic matrix can improve
the formation rate and crystal structure of calcium carbonate during MICP, thus providing a new reference for the development
of MICP technology.

1. Introduction

With the enrichment of scientific theories and research
methods in geotechnical engineering and the increase of
cross-disciplinary interaction, the research on microbial-
induced calcium carbonate precipitation (MICP) has
attracted wide attention in China and abroad. In recent years,
this biochemical reaction has achieved certain results in
strengthening soft soil such as loose silt and silty clay, but
the cementation effect of calcium carbonate precipitation
obtained is not ideal, mainly manifested in a low calcium car-

bonate crystallization conversion rate, insufficient strength of
induced calcium carbonate crystals, and lowmatching degree
between crystal size and interparticle pores [1]. Therefore,
based on the principle of the soft template method, this study
carried out comparative experiments of MICP aqueous solu-
tion under the control of different organic substrates, trying
to find an organic matrix that can effectively promote the
formation of calcium carbonate in the MICP process. The
principle of this method is to use the interaction between
the organic matrix and the calcium carbonate cement in geo-
metric lattice matching, stereochemical complementation,
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and molecular recognition at specific interfaces to regulate
the formation of carbonate composites with specific struc-
tures and functions. By improving the crystal form, crystal
morphology, and particle size characteristics of the original
induced calcium carbonate crystals, it can better exert its
material properties in the field of sand reinforcement [2–5].

In the past ten years, domestic and foreign research insti-
tutions and scholars had carried out some laboratory studies,
mainly using microemulsion, natural biological macromole-
cules, small molecules, polymers, etc., as soft templates to
synthesize calcium carbonate. Mann et al. applied the micro-
emulsion method to the synthesis of calcium carbonate for
the first time and synthesized an interesting polycrystalline
spongy aragonite structure [6]; Xie and others initially stud-
ied the interaction between bovine serum albumin (BSA)
and calcium carbonate and found that BSA can promote
the nucleation of calcium carbonate crystals, increase the
water solubility of calcium carbonate, control the crystalliza-
tion rate, prevent the generation of amorphous calcium car-
bonate, and form a highly ordered structure of calcium
carbonate, thus inducing and regulating calcium carbonate
crystals [7]; Sugawara et al. copolymerized chiral
phosphoserine-aspartic acid into polypeptide, inducing the
formation of specular spiral calcite [8]. Subsequently,
Nishino et al. conducted biomimetic mineralization of
CaCO3 at different Mg2+ concentrations. The results show
that different Mg2+ concentrations can significantly change
the crystal morphology [9]; Adamiano et al. studied the
change of calcium carbonate crystal morphology and kinetics
formation process by fluorescence microscopy after alkali
treatment of abalone shell green sheet protein fragment
(GP) [10]; Wittaya et al. further added different long-chain
amino acids such as glycine, 4-aminobutyric acid, and 6-
aminocaproic acid to calcium hydroxide suspension, and cal-
cium carbonate prepared by a gas phase diffusion method
was transformed from spherical to acicular with the increase
of carbon chain length [11]. Under high temperature and
high pressure hydrothermal conditions, calcium carbonate
crystals were prepared by the urea hydrolysis method with
organic carboxylate sodium citrate as an additive. The effects
of sodium citrate concentration, ethanol volume fraction,
Ca2+ concentration, and ionic liquid concentration on the
crystal form and morphology of calcium carbonate were
investigated [12]. In recent years, Qiao has used egg white
protein foam and egg white protein as organic templates to
prepare calcium carbonate in different forms by traditional
chemical methods [13]; Li used CaCl2 and (NH4)2CO3 as
raw materials to study the effect of SDBS with different
concentrations in solution on the crystallization behavior
and morphology of CaCO3 by a gas diffusion method [14].

The above research results show that an organic matrix
has the potential to improve MICP technology for strength-
ening soft soil. As there is few related research on the appli-
cation of an organic matrix to soft soil at home and abroad
at present, in view of this, this paper will initially select the
organic matrix with biomineralization and cementation
functions as the control template of calcium carbonate crys-
tals. By discussing the influence of different organic matrices
on various indexes of calcium carbonate finally induced

under the control of different organic matrices and combin-
ing with the pore distribution law between tailing sand
bodies, it will lay a good foundation for the subsequent
solidification research of tailing sand.

2. Test Materials and Devices

2.1. Bacteria and Culture Medium. The bacterium used in
this test was Bacillus pasteurianus ii, purchased from the
American strain collection center, No. ATCC11859. The bac-
terium is a facultative anaerobic bacterium. The liquid cul-
ture medium used in the test process was CASO+ urea
culture medium. Each liter of bacterial culture liquid contains
15 g casein peptone, 5 g soybean peptone, 5 g sodium chlo-
ride, 20 g urea, and 1000mL deionized water, and the pH
value is adjusted to 7.3 with 1M NaOH. Since urea is easy
to decompose under high temperature conditions (121°C),
urea and other solutions need to be separately sterilized when
preparing the medium. The urea solution is subjected to fil-
tration sterilization treatment; other mixed solutions are sub-
jected to high temperature sterilization. After completion, the
two are mixed in a septic operation table.

2.2. Preparation of Cementing Fluid. The cementing solution
used in this test is a mixture of urea and CaCl2, which mainly
provides carbonate ions and calcium sources for the micro-
bial grouting reinforcement process (see formulas (1)–(3)).
Based on the previous research of the research group [15,
16], the concentration ratio of urea and CaCl2 in this solution
test is 1 : 1, and the specific concentration of both is
0.05moL/L:

Ca2+ + Cell→ Cell − Ca2+ ð1Þ

2CO NH2ð Þ2 + 2H2O→ CO3
2− + 2NH4+ ð2Þ

CO3
2− + Cell − Ca2+ → Cell − CaCO3↓ ð3Þ

2.3. Organic Matrix. In order to explore the regulation of dif-
ferent organic substrates on microorganism-induced calcium
carbonate crystals, five organic templates, including egg
white protein 20%, bovine serum albumin 0.3%, sucrose
5%, bamboo leaves 25 g/L, and bamboo leaves-magnesium
chloride (Mg2+/Ca2+ = 4 : 1), were preliminarily selected by
referring to previous accumulated results [17–21].

Among the five selected organic matrices, bovine serum
albumin (BSA) is a globulin in bovine serum, which is gener-
ally used as a stabilizer in reaction solution. It often plays the
role of protection and carrier, can greatly improve the activity
of biological cells, and can combine with a variety of cations,
anions, and small molecular substances to guide the forma-
tion of inorganic substances through biomimetic methods.
Egg white mainly contains water and colloidal protein, which
is similar to the organic components in pearls, and has low
price and good water solubility. It can effectively be used as
a carrier to guide the bionic synthesis of calcium carbonate
crystals, and the colloidal substance in egg white can enhance
the cohesion between sand particles and calcium carbonate
cement. The reason why sucrose is used to guide the synthe-
sis of calcium carbonate is that, on the one hand, it can
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decompose and enhance the viscosity between soil particles
under high temperature conditions and, on the other hand,
it can effectively prepare calcium carbonate crystals with spe-
cific structures. Bamboo leaves are gramineous plants and are
rich in manganese, iron, copper, nickel, selenium, silicon,
and other trace elements and other organic matters. Relevant
studies [22] show that the organic components extracted
from natural bamboo leaves can control the crystal form
and morphology of synthesized calcium carbonate crystals.
At the same time, amorphous calcium carbonate (ACC)
can be kept in a stable state for a long time under the coordi-
nated control of magnesium ions. The method of using natu-
ral plants to control bionic calcium carbonate is convenient to
operate, and also, the product is environment-friendly and
pollution-free. The egg white used in the experiment can be
directly separated from fresh eggs, but because the separated
egg white is very inconvenient to sterilize, this experiment
uses the commercially available bottled pasteurized egg white
liquid. The specific specifications and parameters of each
organic matrix are shown in Table 1.

2.4. Test Physical Devices. In order to meet the test conditions
of convenient sampling, waterproof device, aseptic reaction,
oxygen supply, and ventilation, a new MICP technology
solution test reaction device was designed in this study. The
main body of the device is made of high borosilicate glass.
The overall height of the device is 22.5 cm, and the inner
diameter is 10 cm. The main structure consists of upper
and lower reaction vessels. A circular rubber water stop ring
is arranged between the two parts. The upper and lower
structures are firmly connected by steel rings. The reaction
vessel at the upper part of the device comprises a plurality
of basic structures such as an oxygen supply port, a grouting
port, a liquid discharge port, and the like. In order to avoid
serious blockage of the liquid discharge port caused by gener-
ated tiny calcium carbonate crystals, a permeable gauze with
tiny pore diameter is arranged at the inner side of the liquid
discharge port at the upper part of the device. In the lower
reaction vessel, the bottom is a solid member, and the bottom
is covered with eggshells (10 g ± 0:1 g) with uniform size, so
that calcium carbonate crystals generated in the reaction
are organically connected into a whole, which is convenient
for final cutting and sampling. The physical model device
used in the test is shown in Figure 1.

3. Test Methods

3.1. Preparation and Extraction of Organic Matter Such as
Chlorophyll from Bamboo Leaves. Fresh and tender green
bamboo leaves are picked in the campus, stems from the

bamboo leaves are removed, the bamboo leaves are cleaned
with ultrapure water for 2-3 times, the bamboo leaves are
dried in a drying oven at 30°C for 20 minutes, the bamboo
leaves are soaked in 0.07% CuSO4 solution for 5 hours, the
bamboo leaves are washed with ultrapure water for 3-4 times,
and the bamboo leaves are dried to constant weight. Then,
the dried bamboo leaves are cut and poured into ultrapure
water just above the surface of the bamboo leaves for water
bath treatment and filtered by a filter funnel; the filtrate is
subjected to reduced pressure distillation operation to a
semifluid state and finally is cooled to room temperature
and stored in a conical flask [23–25], as shown in Figure 2.

3.2. Preparation and Sampling of Powdered Calcium
Carbonate Cements. After the solution test reaction is fin-
ished, the calcium carbonate gel on the support body is
scraped into a culture dish with a knife and tweezers, put into
a drying box to dry at 50°C for 2-3 days after the sampling is
finished, weighed to constant weight, poured into a grinder,
and ground repeatedly and evenly, and then, fine powder
samples were taken through a 300-target screen for SEM,
XRD, TEM, and other tests.

Table 1: Specific parameters of organic substrates.

Name Specifications Content Manufacturer

Bovine serum albumin (25 g) Analytic pure AR BR, 98% Shanghai Budding Technology Co., Ltd.

Egg white protein (970 g) Pasteurized egg white 98% Suzhou Orfu Egg Co., Ltd.

Sucrose (500 g) Analytic pure AR 99.9% Tianjin Heyday Xin Chemical Co., Ltd.

Bamboo leaf Fresh and alive 25 g/L Picking on campus
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Figure 1: Structure of the reaction device in the solution test.

Figure 2: Extraction of chlorophyll from bamboo leaves.
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3.3. MICP Solution Test under the Control of Organic Matrix

3.3.1. Test Methods. This study is a MICP aqueous solution
test under the action of the organic matrix. Five organic
matrices, including egg white protein, bovine serum albumin,
bamboo leaves, sucrose, bamboo leaves-magnesium chloride,
which have obvious regulatory effects on the crystal form and
crystal habit of calcium carbonate crystals, are selected. Six
experimental groups including the control group (without
adding any organic matrix) are set up. Under the conditions
of temperature of 30°C, initial pH of 7.3, initial OD600 of 2.0,
and stirring rate of 150 rpm, the grouting test was started.
Considering the actual size of the device and the amount of
sample liquid required for each detection item, the grouting
volume of each reaction liquid in the test was the following:
15mL of bacterial liquid, 200mL of culture medium,
100mL of calcium chloride solution, 100mL of urea solution,
and 100mL of organic matrix solution (the control group
was ultrapure water). After the solution in the device was
drained out every 24 hours, a new round of reaction slurry
was poured by a peristaltic pump. During the test reaction,
the change rule of each index (bacterial concentration, pH,
Zeta potential, dissolved oxygen, calcium ion concentration)
in the reaction solution within 1 d was measured, and the
monitoring time interval was 2 h. After the grouting period
reaches 14 days, the reaction liquid is discharged, the fixed
steel ring is opened, the upper and lower structures of the
separation device are disassembled, and the sample is put
into a drying box (60°C) for drying for 24 hours, and then,
the solidified sample is taken out and tested by SEM, XRD,
and other items, and the test results of the six experimental
groups are compared qualitatively and quantitatively.

3.3.2. Determination of Bacterial Quantity. The measurement
of the number of bacteria is realized by detecting the absor-
bance of the bacterial solution. The measuring equipment is
a protein nucleic acid analyzer (Eppendorf Company of Ger-
many, model number is BioPhotometer). In the experiment,
5mL of reaction supernatant is taken from the device every 2
hours to measure the OD600 value of the bacterial suspension.
The obtained value is substituted into the following formula
for conversion to obtain the actual number of bacteria in
the reaction solution [26]:

Y = 8:59 × 104Z1:3627: ð4Þ

In the formula, Z is OD600 value and Y is bacterial con-
centration (units/μL-1). This formula can only be used when
the value of OD600 is within the range of 0.2~0.8. If it is
beyond this range, it needs to be diluted before conversion.

3.3.3. pH Value. Every 2 hours, 100mL of the reaction solu-
tion is taken into a conical flask, and the change of the pH
value of the reaction solution within 1 day is observed by
using a diamagnetic precision desktop pH meter (HACH
Company of the United States, model HQ411D).

3.3.4. Monitoring of Dissolved Oxygen in Solution. Dissolved
oxygen in the reaction solution is very important to the life
activities of microorganisms. In this experiment, a 100mL

centrifuge tube is used to contain 80mL of reaction solution
in different reaction periods. The dissolved oxygen in the
solution in one day is monitored by a convenient dissolved
oxygen meter (China Guangzhou Jinhe Technology Testing
Co., Ltd., model 958787-1KTOK).

3.3.5. Zeta Potential. The stability of colloidal dispersion in
the reaction liquid system before and after the addition of
the organic matrix was judged by the variation of Zeta poten-
tial. The Zeta potential value in the solution was monitored
every 2 hours during the experiment. Monitoring equipment
was the Zeta potential measuring instrument (JS94HK,
China Beijing Zhongyi Kexin Technology Co., Ltd.). The
approximate relationship between Zeta potential and stabil-
ity of the solution system is shown in Table 2 [27].

3.3.6. Determination of Ca2+ Concentration. Regularly, the
discharged solution from the device was collected, made to
pass through a 0.22μm filter and dropped into a 20mL
centrifuge tube, and measured according to “EDTA Titration
of Calcium in Water Quality” GB 7476-87.

3.3.7. Microstructure Test. In order to analyze the microstruc-
ture of the generated samples, the ground and dried calcium
carbonate cemented samples were analyzed by scanning
electron microscopy (FEI-F50 test field emission scanning
electron microscopy) to observe the morphological charac-
teristics of calcium carbonate samples generated under dif-
ferent organic substrates. Then, typical powdered samples
were selected for XRD detection (X-ray diffractometer model
SMARTLAB9) and FT-IR testing (FT-IR testing Fourier
infrared spectrometer model Nicolet), respectively, and then,
the crystal form and composition of calcium carbonate
samples were obtained.

4. Results and Discussion

This solution test mainly detects and analyzes the change rule
of bacterium quantity, pH value, Zeta potential, dissolved
oxygen, and calcium ion concentration in the reaction solu-
tion of each experimental group within 24 hours, and the
composition, crystal form, morphology, and particle size of
the carbonate gel were compared and analyzed. Figure 3
shows the effect of dismantling the device after the test.

4.1. Changes in the Number of Bacteria in Reaction Solution.
The change curve of bacterial number in Figure 4 shows that
the bacterial number in the reaction solution under the con-
trol of the five organic substrates shows an obvious upward
trend within one day. The bacterial growth basically con-
forms to the gong bozi-Richard model, and there is no obvi-
ous lag period. This may be due to the nutrient components
such as the carbon source, nitrogen source, and the like
required by microorganism’s life activities in the culture
medium of the reaction solution. The microorganism contin-
uously absorbs the nutrient substances in the surrounding
environment under the stirring action, so that the cells grow
and multiply rapidly, thus increasing the bacterial concentra-
tion in the reaction solution.
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Among them, the bacterial concentration of the reaction
solution under the control of sucrose and egg white increased
rapidly, reaching about 160,000/μL at 24 hours. Compared
with other organic substrates, it played a better role in pro-
moting bacterial growth, which was related to the organic
matter contained in egg white protein and sucrose itself and
could be better absorbed by bacterial cells. However, no
organic substrate was added in the blank control group,
and its bacterial activity was slightly lower than that of the
other four. Its cell concentration is only 101,000 cells/μL,
which indicates that egg white protein, sucrose, and other
organic substrates are rich in nutrients required by the life
activities of Bacillus pasteurianus, thus significantly enhanc-
ing its bacterial activity, promoting bacterial growth and divi-
sion, enabling it to grow faster in one day, with higher urease
activity, and always at the logarithmic growth stage of bacte-
rial growth, providing a better reaction basis for urea
hydrolysis.

4.2. pH Change. The change rule of pH in Figure 5 shows that
the pH value of the reaction solution in each experimental
group rises rapidly within 0-12 h, mainly due to the higher
urease activity of bacteria in this stage, which can effectively
hydrolyze urea in the solution and generate ammonium ions,
thus continuously increasing the pH value in the reaction
solution. However, when urea is completely hydrolyzed, the
pH value in the reaction solution will gradually stabilize,
and the change rule of pH value in each experimental group
shown in the figure is basically the same. The pH value of the
reaction solution in the other experimental groups was basi-
cally stable at 9.0 in the 20-24 h period except the pH value in
the bamboo leaf+magnesium chloride control group. This is
because magnesium chloride will ionize into Cl- and Mg2+

after hydrolysis and combine with H+ and OH- in water to
form HCl and Mg(OH)2, of which Mg(OH)2 is a weak base,
so the overall pH value is slightly acidic, resulting in a lower
pH value compared with the other five reaction liquid phases.

4.3. Change of Dissolved Oxygen in Reaction Solution. As can
be seen from Figure 6, the dissolved oxygen of the reaction
solution in the six groups of experiments decreased with
the increase of time, which indicates that the growth and
metabolism of microbial cells need to consume oxygen con-
tinuously. Except for egg white and bamboo leaf+magnesium
chloride groups, the dissolved oxygen of the solution in the
other four groups of experiments decreased slowly within
0~8 hours, at which time the bacterial growth was in the
lag phase, so the bacterial growth was slower. Within

8~18 h, the dissolved oxygen decreased rapidly due to the
logarithmic phase of bacterial growth. However, the micro-
bial activity was still relatively high within 22~24 hours, but
the oxygen content in the solution was seriously insufficient,
so it gradually stabilized.

4.4. Zeta Potential. The curve change in Figure 7 shows that
the Zeta potential of the reaction solution in each experimen-
tal group is always negative, so negative particles dominate
the reaction process of the solution within 24 hours. Most
of its potentials rose from -15mV to -0.5mV, which shows
that the dispersed particles in the solution are unstable at
the beginning of the reaction stage due to the continuous
combination of Ca2+ and CO3

2-. As time increases, the
metabolism of microorganisms accelerates, which increases
urease activity. Urease accelerates the hydrolysis of urea
and continuously generates CO3

2-. The dispersed particles
in the solution tend to agglomerate, the attraction force is
greater than the repulsive force, and the accumulated amount
of calcium carbonate cementation increases due to the
destruction of dispersion. The Zeta potential of the solution
under the regulation of egg white and sucrose approaches
zero at the 16th hour, which is related to the number of bac-
teria in the solution and the conversion rate of calcium ions.
When it reaches 24 h, the potential values of all experimental
groups approach zero, at which time the calcium ions in the
solution are basically converted.

4.5. Ca2+ Concentration. From the change data in Figure 8, it
can be seen that the calcium ion concentration in the sample
solution in each experimental group shows a downward
trend within 0~20 h, and the conversion basically ends at
20 h. The decrease gradient of calcium ion concentration in
the egg white protein group is the largest. Compared with
the blank control group, the conversion rate of calcium ion
in the egg white protein group is increased by about 2.5 times
at the same time, mainly due to the rapid increase of bacte-
rium number and the increase of urea hydrolysis rate by ure-
ase, which greatly improves the binding rate of calcium ion
with carbonate and bicarbonate ions and increases the
precipitation rate of calcium carbonate.

4.6. Microstructure. Figure 9 is a scanning electron micro-
scope view of calcium carbonate gel induced by microorgan-
isms under the control of different organic substrates,
wherein Figure 9(a) is an enlarged view of deposited calcium
carbonate crystals under the condition of the blank control
group, i.e., without adding any organic substrates. From the
figure, it can be seen that the main form of calcium carbonate
is a mixture of calcite and vaterite, and the induced particle
size distribution is uneven, with the particle size ranging
from 1.3μm to 25.49μm. Figure 9(b) is a microscopic parti-
cle diagram of calcium carbonate under the control of bovine
serum albumin. The crystal particles are relatively uniform,
mainly vaterite, and the particle size is basically about
5.30μmm. Figure 9(c) is an SEM image of the calcium car-
bonate crystal product under the control of sucrose, which
is mainly composed of spherical and square crystal particles,
showing a layered structure, and the particle size range of the

Table 2: Relationship between Zeta potential and solution system
stability.

Zeta potential Colloidal stability

0~±5 Rapid condensation or condensation

±10~±5 Began to be unstable

±30~±40 General stability

±40~±60 Better stability

>±61 Excellent stability
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particles can reach 1.8μm to 4.67μm. Figure 9(d) shows the
crystal morphology under the control of bamboo leaves.
Most of them are regular and uniform rhombus crystal struc-
tures. When MgCl2 with a concentration of 2mol/L is added,
the crystal structure changes to multiangular crystal and
gradually evolves into an oval state (Figure 9(e)). Figure 9(f)
is a microscopic view of calcium carbonate gel crystals under
the control of egg white protein. Compared with induced
crystals in other experimental groups, calcium carbonate
crystals in this group are more closely linked. The main form
of calcium carbonate shown in the figure is calcite crystals
with a particle size of 2.0μm~10μm, which are mostly firmly
bonded to each other through fiber substances of egg white.
Since the pore sizes of tailings are mostly distributed between

0 and 40μm under the dry-wet cycle state, the cementation
form between tailing particles is mainly the accumulation
connection between calcium carbonate crystals under the
control state of the above experimental group.

Through further analysis of the elemental state of calcium
carbonate gel in each experimental group (point-scanning
energy spectrum, Figure 10), it is found that in the elemental
analysis shown in Figure 10(a), Ca and O have larger peaks,
while the peaks of Cl, N, C, and other elements are lower,
which indicates that the main elements of calcium carbonate
gel in the blank experimental group are Ca, O, Cl, N, and C,
which are the basic constituent elements in the reaction
liquid, and the specific proportions of each element are
35.06%, 42.35%, 7.95%, 8.64%, and 6.00%. Compared with
Figure 10(b), Sr element is missing, which is related to the
main components in BSA. The counting rate of other over-
lapping elements is obviously lower, which indicates that
the detected Ca, O, and other signals in Figure 10(b) are
stronger and more reliable, and the proportions of Ca, O,
Cl, N, C, and Sr elements are 55.42%, 33.26%, 3.12%,
3.86%, 4.14%, and 0.21%, respectively. On the basis of
Figure 10(a), Figure 10(c) contains trace elements such as
Mg, Na, Al, Si, Cu, and Ni. Similarly, the counting rate of
Ca, O, and other elements in the cements of this group is
higher than that of the blank group, with the total proportion
of Ca and O elements reaching 81.12%. The element distribu-
tion (Figure 10(d)) of calcium carbonate gel under the con-
trol of bamboo leaves shows that the elements P, Na, Cu,
Zn, and the like contained in bamboo leaves are combined
with calcium carbonate crystals, and the content of Ca in
the cement is as high as 47.6%. In the synergistic regulation
of MgCl2, the content of Mg element in gel is 6.90%, and
the content of Ca element is increased by 8.66%. In
Figure 10(f), the calcium carbonate cement under the action
of egg white has the highest content of Ca, up to 66.24%.

(a) Calcium carbonate on the support plate (b) Calcium carbonate gel on the inner wall of the device

(c) Calcium carbonate products at the bottom of the device after being regulated by different organic templates

Figure 3: Calcium carbonate sample after device removal.
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Meanwhile, the S, Al, Mg, Ca, O, N, and other elements rich
in egg white coordinate with each other to form calcium
carbonate gel.

4.7. Crystal Form and Composition Analysis of Calcium
Carbonate. XRD tests were carried out on calcium carbonate
mineralized samples under the control of different organic
substrates, and the results are shown in Figure 11. By com-
paring the relevant data of the PDF standard card, it can be
found that the calcium carbonate sample in the control group
is a mixture composed of calcite and vaterite. The diffraction
angle positions of calcite crystal are 2 = 23:0, 29.4, 35.9, 39.5,
43.1, 47.5, 48.5, and 57.4, respectively, corresponding to
(012), (104), (110), (113), (202), (018), (116), and (122) crys-
tal planes. However, the diffraction angle of vaterite crystal is
around 2 = 24:8, 26.9, 32.7, and 43.8, corresponding to (110),
(112), (114), and (300) crystal planes, respectively. Most of
the samples under BSA regulation are mainly vaterite crystal
form ((110) crystal plane) but are still doped with a little cal-
cite ((104) crystal plane). XRD patterns detected in three
groups of experimental samples of sucrose, bamboo leaves,
and egg white protein show that calcium carbonate induced
is calcite type ((104) crystal plane). The calcium carbonate
sample produced by adding MgCl2 to bamboo leaves is still
a mixture of calcite and vaterite.

In order to further quantify the molar ratio of calcite and
vaterite contained in the product, the data of the above three
groups of experimental samples were calculated according to
the following formula:

I104c
I110v

= 7:619 × Xc
Xv

: ð5Þ

In the formula, the ratio of the diffraction peak integral
intensity of calcite and vaterite in the mixture is expressed;
7.619 is the proportional constant; and Xc/Xv is the ratio of
the amount of calcite to vaterite in the mixture.

Calculations show that the molar ratios of calcite to vater-
ite in the blank group, BSA group, and bamboo leaf+MgCl2
experimental group are 2.736, 0.894, and 0.615, respectively.
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Figure 5: pH change diagram of reaction solution.
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Therefore, the above-mentioned preliminarily screened
organic matrix has obvious regulation effect on the crystal
form of induced calcium carbonate crystal.

According to the infrared spectrum shown in Figure 12,
calcium carbonate samples in the blank group have charac-
teristic absorption peaks at 3419.79 cm-1, 2509.39 cm-1,
1406.83 cm-1, 1076.28 cm-1, 878.68 cm-1, and 711.73 cm-1.
Among them, the absorption peaks of 2509.39 cm-1 and
3419.79 cm-1 are mainly caused by symmetric stretching
vibration and asymmetric stretching vibration of O-H bond,
which are mainly due to the existence of hydroxyl groups and

adsorbed water of calcium carbonate particles, while
711.73 cm-1 and 878.68 cm-1, respectively, correspond to the
characteristic absorption peaks of calcite crystal at V4 and
V2; the peak at V2 is strong and sharp; and 1076.28 cm-1 cor-
responds to the absorption peak at V4 of vaterite crystal, so
the detection results are consistent with XRD, and the cal-
cium carbonate crystals in the blank group are aragonite
and calcite crystal. When BSA was added, the out-of-plane
bending vibration peak (878.68 cm-1) of calcium carbonate
shifted to the low wave number direction (873.75 cm-1),
which indicated that the interaction between BSA and

(a) (b)

(c) (d)

(e) (f)

Figure 9: SEM images of cements of each experimental group (magnification: 4000), reaction concentration: blank group (a); (b) BSA with
mass fraction of 0.3%; (c) sucrose with a mass fraction of 5%; (d) bamboo leaves with a mass concentration of 25 g/L; (e) the mass fraction of
bamboo leaves is 25 g/L + 2mol/L MgCl2; (f) 20% egg white protein by volume.
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calcium carbonate changed the form of O-C-O. The absorp-
tion peaks at 873.75 cm-1, 711.73 cm-1, and 1076.28 cm-1 still
indicated that the calcium carbonate in the sample was calcite
type and vaterite type. The infrared spectra of the samples in
the bamboo leaf+magnesium chloride experimental group
show absorption peaks at 874.19 cm-1 and 712.15 cm-1, so
the calcium carbonate samples obtained are also the mixture
of calcite and vaterite. From the infrared spectra of sucrose,

bamboo leaves, and egg white, it can be seen that there are
absorption peaks at 878 cm-1 and 710 cm-1, which indicates
that the experimental sample is calcite type, and the egg white
group moves 20 cm-1 and 10 cm-1 towards high wave
displacement at 3419.79 cm-1 and 1406.83 cm-1, respectively,
on the basis of the blank group, indicating that there is a
strong interaction between egg white protein and calcium
carbonate.
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Figure 10: Energy spectrum analysis of cement. The energy spectrum analysis chart of the calcium carbonate cement deposited in each
experimental group: (a) blank group; (b) BSA; (c) sucrose; (d) bamboo leaves; (e) bamboo leaves+MgCl2; (f) egg white protein.
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5. Conclusion

In this paper, the number of bacteria, pH value, dissolved
oxygen, Zeta potential value, and Ca2+ concentration in the
reaction solution were detected and analyzed through MICP
aqueous solution tests under the control of five different
organic substrates. The microstructure characteristics of cal-
cium carbonate cements generated by the control of various
organic substrates were compared and studied, and the fol-
lowing main conclusions were obtained:

(1) The five organic substrates, egg white, bamboo leaves,
sucrose, and bovine serum albumin, can significantly
enhance the urease activity of Bacillus Pasteurella.
Among them, egg white and sucrose have the highest
contribution to the growth and reproduction of
Bacillus Pasteurella cells. The change of dissolved
oxygen in the reaction solution is directly propor-
tional to the concentration of bacteria. The dissolved
oxygen decreases fastest in 8~18h and tends to be
stable in 22~24 h. With the continuous progress of
the reaction, except for the effect of bamboo leaves
and magnesium chloride, the pH value of the reac-
tion solution in each experimental group will gradu-
ally stabilize at 9.0 in the period of 20~24 hours

(2) Negative particles in the reaction solution in each
experimental group are dominant. With the increase
of time, Ca2+ and CO3

2- in the solution tend to coag-
ulate continuously, and the coagulation rate under
the regulation of egg white and sucrose is the fastest.
When reaching 24h, the potential value of each
experimental group is close to 0. The calcium ion
concentration showed the same change trend, and
the calcium ion conversion rate of the egg white pro-
tein group was the highest, which was about 2.5 times
higher than that of the control group

(3) The above-mentioned five organic substrates have
significant regulation effect on the crystal form, crys-
tal appearance, and particle size characteristics of
calcium carbonate crystals induced by MICP tech-
nology. Under the action of 5% sucrose, 25 g/L bam-
boo leaves, and 20% egg white protein, the above-
mentioned five organic substrates are easy to be all
calcite calcium carbonate, and the calcium carbonate
cement under the action of egg white has the highest
Ca content, which can reach 66.24%. In addition, the
changes in the structural characteristics of calcium
carbonate crystals are mainly due to the strong inter-
action between the organic matrix and calcium car-
bonate crystals
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