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Abstract
Microbial/Enzyme-induced carbonate precipitation uses bacteria/urease to drive the biogeochemical reactions to generate

CaCO3 precipitation. The goal of this study was to assess the impact of initial concentrations of urease and bacteria on

precipitation kinetics and crystal morphology (crystal shape and chemical composition) of calcium carbonate precipitation.

Experimental results showed that the CaCO3 precipitation kinetics were well-fitted by a modified exponential logistic

model with a confidence value of 95%, and higher concentrations of bacteria and urease could increase the precipitation

rate of CaCO3. The results of XRD, FTIR and SEM indicated that vaterite phase was the dominant form of CaCO3 crystals

in bacteria-induced system, and calcite phase was the primary form of the CaCO3 crystals in urease-induced system. The

results also showed that the effect of initial concentrations of bacteria and urease on the morphology of CaCO3 crystals was

insignificant.

Keywords Bacteria � CaCO3 precipitation � Crystal morphology � Enzyme-induced carbonate precipitation (EICP) �
Kinetics � Microbial-induced carbonate precipitation (MICP) � Urease

1 Introduction

Microbial/Enzyme-induced carbonate precipitation (MICP/

EICP) has recently gained much attention from geotech-

nical engineering researchers for soil improvement

[5, 7–9, 14, 30]. MICP utilizes microbes which can pro-

duce urease to induce carbonate precipitation, while EICP

uses urease directly. In both MICP/EICP processes, urea is

hydrolyzed to form ammonium and carbonate ions, and

then the Ca2? ions will react with carbonate ions to form

calcium carbonate precipitation [17, 18, 22]. The calcium

carbonate precipitation can bond the sand partials together

to improve the mechanical properties of MICP/EICP-trea-

ted soil [3, 6, 10, 19, 29].

There are six CaCO3 mineral polymorphs including

calcite, aragonite, vaterite, CaCO3 monohydrate, CaCO3

hexahydrate and amorphous CaCO3 [15, 21, 32]. Many

environmental factors including the concentration of Ca2?,

pH, temperature and curing time can affect the formation

and morphology of CaCO3 crystals [15, 16]. Li et al. [15]

studied the calcium carbonate precipitation and crystal

morphology induced by microbial carbonic anhydrase.

Their results showed that the dominant CaCO3 crystal

phase was calcite and the shape of CaCO3 crystal is mainly

cubic and polyhedral. Li et al. [16] reported the effect of

different initial Ca2? concentrations on the morphology of

calcium carbonate precipitation. Their results showed that

this biochemical processes produced a mixture of two

forms of calcium carbonate precipitation (calcite and

vaterite).

Three different morphology of CaCO3 crystals including

calcite, aragonite and vaterite has been reported in MICP/

EICP [1, 2, 4, 12, 28, 35, 36]. Studies have reported the

effects of temperature, bacterial concentration, CaCl2
concentration and Mg2? ions on the precipitation rate and

polymorph of MICP process [1, 12]. Wang et al. [28]

confirmed that the shape and size of the CaCO3 precipitates
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change during the MICP process. Al Qabany et al. [2]

investigated the effect of different chemical concentration

on CaCO3 crystal pattern in MICP process. They found that

the 0.25 M cementation media could result in a uniform

distribution of small size calcite, while 0.50 M cementation

media achieved more randomly distributed and larger size

crystals. Although no quantitative measurement of engi-

neering properties was conducted in their study, they

believed that the different crystal patterns could affect the

strength and stiffness of the sample. Almajed et al. [3]

employed powdered milk to EICP treatment and found that

the CaCO3 precipitation crystal (calcite) is larger and

mainly focus at inter-particle contents. This crystal pattern

significantly contributes to the strength improvement. Zhao

et al. [36] investigated the mechanical behaviors of MICP

and EICP-treated sand and found that the unconfined

compression strength (UCS) of MICP and EICP-treated

soil increased with cementation media concentration and

reaction time. They also observed that CaCO3 crystal was

mainly irregular bulk with around 100 lm in size, and the

process catalyzed by bacteria was much more effective

than that by urease in terms of engineering soil properties

improvement. However, the difference of CaCO3 crystal

morphology in MICP and EICP was not investigated in

their study. Cheng et al. [7] reported that the mechanical

behaviors of MICP-treated sand were influenced by dif-

ferent environmental conditions. They found that higher

urease activity of Bacillus sp. could result in higher CaCO3

content, but the lower urease activity could contribute to

obtaining an effective CaCO3 bonding for treated sand.

Low urease activity could generate larger clusters of a size

of approximately 20–50 lm which was nearly ten times

bigger than that in high urease activity. The different cal-

cium carbonate crystal morphology could affect particle-

bond failure mechanism in the form of either a particle-

bond interface mode of failure or internal failure of the

carbonate crystal along a suture [11].

According to these studies, it has been indicated that the

calcium carbonate crystal morphology can be diverse and

the mechanical properties and failure mechanisms of

MICP/EICP-treated soil could be different at various

environmental factors. Very limited information is avail-

able on comparing the morphology of calcium carbonate

between MICP and EICP, and the morphology mechanisms

of the calcium carbonate are still sparse for both MICP and

EICP. The precipitation kinetics of CaCO3 crystals and the

change of CaCO3 morphology during the MICP/EICP

treatment are still unknown. The objective of this paper

was to investigate the mechanisms of CaCO3 crystal

morphology during MICP/EICP processes at different

bacteria and urease concentrations.

2 Materials and methods

2.1 Bacteria and urease

The bacterium used in this study was Sporosarcina pas-

teurii (ATCC 11859). The bacteria is the most popular used

in MICP, and the urease enzymes can hydrolyze the urea

and produce ammonium, bicarbonate and an increase in the

proximal pH, which induces calcium and carbonate to

precipitate [10]. Bacterial cell concentration was controlled

by measuring absorbance (optical density) of the suspen-

sion using a spectrophotometer at 600 nm wavelength, and

the measured value is OD600. An Ammonium-Yeast

Extract media (ATCC 1376) was used to grow the bacteria

cultures to the desired population density. The growth

media contained the following per liter of deionized water:

0.13 M Tris buffer (pH = 9.0), 10 g (NH4)2SO4 and 20 g

yeast extract. Individual components were autoclaved

separately and mixed together post-sterilization. The mix-

ture is then autoclaved to prevent contamination. The

bacteria were cultivated in culture medium for 40 h at

30 �C. The bacteria solution was centrifuged at 4000 rpm

for 20 min, and the supernatant was removed and replaced

by fresh culture media. The bacteria solutions were stored

in the centrifuge tubes in a refrigerator under the temper-

ature of 4 �C.
The enzyme used in EICP was urease manufactured by

ACROS Organics. According to target concentration, cer-

tain amount of urease powder was weighted and mixed

with deionized water. The solution was mixed for 30 min.

This urease solution was used immediately after it was

mixed. The use of urease can skip bacteria culture step and

reduce the impact of external environmental conditions on

bacteria division or growth [14, 33, 36].

2.2 Cementation media

Cementation media was used to provide chemicals to

induce calcium carbonate precipitation during the treat-

ment. The cementation medium used in this research was

0.25 M Ca2? which included urea (15 g/L, 0.25 M),

CaCl2�2H2O (36.8 g/L, 0.25 M), NH4Cl (10 g/L, 0.19 M),

NaHCO3 (2.12 g/L, 0.025 M) and nutrient broth (3 g/L).

2.3 Precipitation experiments

Four different bacteria concentrations (OD600 = 0.1, 0.3,

0.6 and 1.0) and initial urease concentrations (1.0, 2.5, 5.0

and 8.0 g/L) were set up in this experiment. The four

urease concentrations were selected, because the urease

activity and electronic conductivity (EC) are similar to

those different bacteria concentrations [36]. The
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experimental group list used in this study is summarized in

Table 1. The precipitation experiments were carried out at

25 �C in beakers, and no soil was involved in this experi-

ment. The bacteria or urease solution (5 mL) was extracted

by pipette and mixed with cementation media (100 mL).

Four glass slices were placed at the bottom of each beaker

to collect the precipitations during the MICP/EICP process.

A set of time-series experiments was conducted for each

mixed solution. The mixed solutions were monitored at 12,

24, 72 and 168 h, and one piece of glass slices was then

collected at each time for further SEM analysis.

Another group of experiments was conducted in beaker

only. The bacteria or urease solution (5 mL) was extracted

by pipette and mixed with cementation media (100 mL).

At sampling periods of 12, 24, 48, 72, 96 and 168 h, a

10 mL solution was sampled and filtered. The filtered

solution was analyzed for Ca2? concentration. The calcium

carbonate precipitation deposited on the bottom of each

beaker at different periods was collected for further XRD

and FTIR analysis.

The calcium carbonate precipitations on sand particles

were also investigated in this study. Ottawa silica sand

(99.7% quartz) was used, and the soil sample was prepared

by full contact flexible mold, which was developed by

Zhao et al. [36]. The sand is uniformly graded with a

median particle size of 0.46 mm, and no fines were

included. It was classified as poorly graded sand based on

the Unified Soil Classification System. The 140 ± 5 g sand

was uniformly mixed with 45 mL bacteria or urease solu-

tion and then air-pluviated into the mold to reach a median

dense condition (dry density of sand ranged from 1.58 to

1.64 g/cm3). Then, the soil specimens were immerged into

the cementation media (Sect. 2.2) and treated for 168 h.

The batch reactor is shown in Fig. 1. The soil samples are

1.5 in. (38.1 mm) in diameter and 3.0 in. (76.2 mm) in

height. After the reaction, the samples were removed for

SEM analysis. All samples were conducted at least in

triplicate.

2.4 Analytical procedures

The Ca2? concentration was measured by inductively

coupled plasma-optical emission spectrometer (ICP-OES,

SHIMADZU). The detect limitation of ICP-OES is one

part per billion (ppb). The crystal morphologies of calcium

carbonate were determined by Fourier-transform infrared

spectroscopy (FTIR, Spectrum Two, PerkinElmer), X-ray

diffraction (XRD, MiniFlex 600, Rigaku) and scanning

electron microscopy (SEM, Lyra 3, TESCAN Inc). The

FTIR spectra were obtained for 50 scans at a resolution of

4 cm-1. The XRD spectra were performed using a Cu

target, and the scan was obtained at the exploration range

2h = 20�–70� and a scanning velocity of 0.15 s/step. The

precipitations were mounted on the stubs with adhesive

carbon conductive tabs for SEM observation. The prepared

SEM samples were imaged by secondary electron

detection.

Air
pump

Air
pump

Plastic
box

Cementation media

sample

Air Stone Strip

Fig. 1 Batch reactor and setup for immersing treatment

Table 1 Summarized groups list in precipitation experiments

Group ID Components

Group 1 OD600 = 0.1 and urease = 1.0 g/L

Group 2 OD600 = 0.3 and urease = 2.5 g/L

Group 3 OD600 = 0.6 and urease = 5.0 g/L

Group 4 OD600 = 1.0 and urease = 8.0 g/L
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3 Results

3.1 Effects of bacteria and urease concentration
on the kinetics of CaCO3 precipitation

Calcium carbonate precipitation can be affected by many

external environmental factors, among them the bacteria/

urease concentration may be one of the most important

factors [2, 23, 36]. The time-dependent behaviors of Ca2?

concentration in the mixed solution at different initial

concentrations of bacteria and urease are shown in Fig. 2.

In the case of group 1 and 2, the Ca2? concentration

decreased faster in the urease-induced system in the first

72 h than that in the bacteria-induced system. The Ca2?

concentration remained approximately 110 and 100 mmol/

L at the end of 72 h in group 1 and 2, respectively, indi-

cating an incomplete reaction in the two groups. The faster

decrease in Ca2? concentration in the urease-induced sys-

tem became more apparent in group 3 and 4. The Ca2?

concentration had been completely precipitated in the

urease-induced system (8 g/L) of group 4, which was

approximately 72 h earlier than that in the bacteria-induced

system (OD600 = 1.0). It was also clearly seen that the

higher initial concentrations of bacteria and urease could

yield the faster decreases in Ca2? concentration, which

indicated that more CaCO3 precipitations could be gener-

ated. However, the high concentration of bacteria and

urease concentration does not represent the high urease

activity. This conclusion is only correct for this study under

the given experimental conditions. Meanwhile, the con-

centration of Ca2? remained constant or decreased mar-

ginally in urease solution after 72 h, which suggested that

urease used could be degraded by the surrounding chemi-

cals. In contrast, the Ca2? concentration decreased gradu-

ally along with time in the bacteria-induced system. This

conclusion is only correct for the cases with lower urease/

bacteria concentrations.

The modified exponential logistic model was used to fit

the data of precipitated Ca2? concentration according to

Stocks-Fischer et al. [25], which expressed as the following

regression equation:

yt ¼
C

1þ e�k t�t0ð Þ ð1Þ

where yt is the amount of precipitated CaCO3, C is the

range of yt (precipitated CaCO3) variation, k is reaction rate
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Fig. 2 Temporal Ca2? concentration in the mixed solution at different groups. a group 1, b group 2, c group 3 and d group 4
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constant, t is the reaction time, and t0 is the time at the

maximum (dc/dt). The consumption of Ca2? in MICP/

EICP is caused by CaCO3 precipitation. The precipitated

Ca2? concentration was calculated by initial Ca2? con-

centration 250 mmol/L minus Ca2? concentration in the

solution. Figure 3 shows the fitting curves at different

initial concentrations of bacteria and urease. The model

was well-fitted with a confidence value of 95%. Each

experiment data point on this graph was the average of at

least triplicate samples. Table 2 summarizes equation

parameters including C, k, t, t0. In general, higher initial

concentrations of bacteria and urease had a greater rate

constant, indicating a faster reaction rate. Moreover, the

precipitated Ca2? concentration had only slightly increased

or remained constant in urease solution after 72 h. This

result is consistent with the finding of the remaining Ca2?

concentration in Fig. 2. Stocks-Fischer et al. [25] found

that the kinetics of bacteria (sporosarcina pasteurii)-in-

duced CaCO3 precipitations at different initial Ca2? con-

centration was well-fitted by this model.

3.2 Effects of bacteria and urease concentration
on the morphology of CaCO3 crystals

Figure 4 shows the XRD patterns of CaCO3 crystals at the

end of each precipitation experiments (168 h). Calcite

phase was found in all XRD results, and the leading crystal

face of calcite was C(104). An apparent vaterite phase was
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Fig. 4 XRD patterns of CaCO3 crystals at different initial a bacteria

concentrations and b urease concentrations at 168 h

Table 2 Regression parameters of precipitated Ca2? concentration at different initial bacteria and urease concentrations

Bacteria concentration C (mmol/L) k (h-1) t0 (h) R2 Urease concentration (g/L) C (mmol/L) k (h-1) t0 (h) R2

OD600 = 0.1 157.55 0.027 43.09 0.99 1.0 141.60 0.037 6.83 0.99

OD600 = 0.3 179.95 0.031 41.56 0.98 2.5 159.56 0.045 7.06 0.99

OD600 = 0.6 246.45 0.036 39.38 0.99 5.0 240.53 0.052 15.63 0.97

OD600 = 1.0 247.46 0.048 29.56 0.96 8.0 248.36 0.053 19.46 0.98
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observed simultaneously in CaCO3 crystals induced by

different bacteria concentrations. The diffraction peaks

happened at the diffraction angle of 24.9� and 27.1�,
respectively, correspond to vaterite face V(110) and

V(112). It suggested that urease-induced CaCO3 crystals

favored the calcite phase, and bacteria-induced CaCO3

crystals favored the formation of vaterite. The concentra-

tion of bacteria or urease did not have an apparent effect on

the morphology of CaCO3 crystals.

In order to better understand the formation processes of

CaCO3 crystals in the precipitation experiment, the CaCO3

crystals obtained at different precipitation periods were

used to conduct FTIR and SEM analysis. The FTIR spectra

of CaCO3 crystals at different times in bacteria and urease

system are shown in Figs. 5 and 6, respectively. There

were no hydrated phases in all systems identified by FTIR

absorption bands, because of the absence of absorption

bands at 866 and 1074 cm-1 [11, 16, 32]. The presence of

vaterite and calcite was confirmed by the observation of

absorption bands at 747 and 1085 cm-1 for vaterite and

711 cm-1 for calcite. These similar absorption bands of

vaterite (747 and 1085/1084 cm-1) and calcite (708/

712 cm-1) were also reported by Loste et al. [20] and Li

et al. [16]. There was only vaterite phase existed before

72 h in all bacteria concentration systems. The character-

istic absorption band at 711 cm-1 was first observed at

120 h as OD600 = 0.1 and 1.0, indicating that the calcite

phase began to form in the bacteria solution. The calcite

phase was formed in all bacteria concentrations at 168 h.

This finding was consistent with the results of XRD pattern

in the bacteria-induced system. In contrast, the calcite

phase was observed in the urease-induced system from the

beginning 12 h. There was no obvious absorption band at

747 and 1085 cm-1 observed at the end of experiments,

indicating a limited vaterite phase produced in the urease-

induced system with urease concentration between 1 and

5 g/L. This finding also corresponded to the previous XRD

results. The study by Li et al. [16] on the calcium carbonate

induced by carbonic anhydrase also revealed that the cal-

cite phase was the primary formation after 24 h. Figure 5d

presents that the vaterite phase was formed at 12 h in 8 g/L

urease concentration. The fast precipitation rate caused by

higher urease concentration might lead to the unstable re-

action process which could yield the formation of vaterite.

The initial precipitation of vaterite phase at very high

urease activities was also reported by Van Paassen [27] and

Al Qabany et al. [2].

Figures 7 and 8 show the SEM images of bacteria and

urease-induced system at different precipitation times,

respectively, corresponding to those of FTIR spectra. In the

bacteria-induced system, the spherulitic crystals were

observed at the beginning of the bacteria-induced system in

all bacteria concentration, while the size of the spherulitic

crystals tended to grow at 24 h. When OD600 = 0.1, the
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rhombohedral crystal started to be formed at 72 h, and the

precipitates were flowerlike crystals at 168 h. The flower-

like crystals were also observed at 72 h as OD600 is higher

than 0.3, and then the large prismatic crystals with wrin-

kled surface were formed at 168 h, suggesting that the

crystals consisted of vaterite and calcite phase.

Overall, the comprehensive results of XRD, FTIR and

SEM indicated that the vaterite phase formed at the

beginning and partly transformed to calcite phase in the

bacteria-induced system. Sondi and Salopek-Sondi [24]

reported that sporosarcina pasteurii could produce a large

amount of acidic amino acids, e.g., aspartic acid and glu-

tamic acid, at the surface of the sporosarcina pasteurii

urease. The presence of aspartic acid in solution tended to

control the formation of vaterite, and higher concentrations

of aspartic acid would favor the formation of vaterite [26].

The amino acids of aspartic and glutamic acid were more

like a nucleus during the formation of vaterite. That is why

the vaterite phase was the preferential formation in the

sporosarcina pasteurii-induced system.

In the case of urease-induced system, the small pris-

matic crystals with wrinkled surface were observed at 12 h

as urease concentration is lower than 5 g/L. There were

some spherulitic crystals found in the surface of crystals at

12 h in 8 g/L urease concentration, indicating a vaterite

phase formed in the beginning. This finding corresponded

to FTIR results. The crystal phase did not show remarkable

differences along with time in 1.0 g/L urease concentra-

tion. Some large polyhedron shape was observed along

with time as urease concentration was higher than 2.5 g/L,

and the spherulitic crystals disappeared with longer reac-

tion time in 8 g/L urease concentration. Overall, the inte-

grated results of XRD, FTIR and SEM suggest that in the

urease-induced system, calcite phase was the major for-

mation of the CaCO3 crystals.

The formation of CaCO3 crystals on sand particles was

also studied for comparing with crystals on glass slices.

The SEM images of CaCO3 crystals on sand after 168 h at

OD600 = 0.6 and 0.25 M Ca cementation media are shown

in Fig. 8a. Both spherulitic and rhombohedral sharp crystal

was found in the bacteria-induced system on sand surface

after 168 h. Meanwhile, the flowerlike crystals were

observed on sand particles as arrow indicated in Fig. 8a,

which is consistent with the CaCO3 crystal precipitated on

glass slices. For the urease-induced system (Fig. 8b), the

CaCO3 crystals precipitated on sand particles were major

formed in a small prismatic shape, which is similar to that

on the glass slices.
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4 Discussion

Bacteria-induced CaCO3 crystals were sparse in 12 h as

OD600 of 0.1, but the size of individual particles at OD600

of 0.1 was larger than that at urease concentration of 1.0 g/

L. More crystals precipitated and united together in both

scale and density along with the time. The shape of CaCO3

crystals was spherulitic within the first 72 h, which may be

caused by the acidic amino acids produced by bacteria.

After that, the shape started to change, and the rhombo-

hedral crystals began to form. The results from FTIR also

verified that the calcite phase appeared after 72 h. The

results in Fig. 1 reveal that the activities of bacteria

reduced after 72 h. Also, bacteria with negative surface

charge could attract the Ca2? ions and then wrapped by

CaCO3 crystals [10]. Therefore, less acidic amino acids

may be produced in solution. Sondi and Salopek-Sondi

[24] reported that the vaterite phase favored a high

A (12h) A (24h) A (72h) A (168h)

B (72h)B (12h) B (168h)

C (168h)

D (168h)

C (72h)

D (72h)

C (12h)

B (24h)

C (24h)

D (24h)D (12h)

100 µm

100 µm

100 µm 100 µm

Fig. 7 SEM image of CaCO3 crystal at different bacteria concentrations. a OD600 = 0.1, b OD600 = 0.3, c OD600 = 0.6, d OD600 = 1.0

24 Acta Geotechnica (2020) 15:17–27

123



concentration of acidic amino acids. The possible reducing

concentration of acidic amino acids also explained that

there were only small spherulitic crystals attached on the

surface at 72 h; however, the acidic amino acids contrac-

tion test did not conducted in this paper. Meanwhile, there

were no apparent spherulitic crystals on the surface at

168 h, and most of crystals were found in cubic shape. The

XRD results found both vaterite and calcite at 168 h, which

may indicate that the vaterite crystals undergo dissolution

and recrystallization process, thus transform to calcite

crystals. Li et al. [16] used bacterial carbonic anhydrase to

induce CaCO3 in NH4HCO3 and CaCl2 solution. They also

found that the vaterite was gradually formed in the initial

stage (* 24 h), and then no vaterite appeared at 72 h. In

contrast, the crystals were smaller but more uniformly in

the urease-induced system than those in the bacteria-

A’ (12h) A’(168h)

B’(12h) B’(168h)

C’(12h)

D’(12h)

C’(72h) C’(168h)

D’(168h)

A’ (24h)

C’(24h)

D’ (24h)

A’(72h)

B’(24h) B’(72h)

D’(72h)

100 µm

100 µm 100 µm

100 µm

Fig. 8 SEM image of CaCO3 crystal at different urease concentrations. a’ urease = 1.0 g/L, b’ urease = 2.5 g/L, c’ urease = 5.0 g/L, d’
urease = 8.0 g/L
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induced system. However, the shape and size of crystals

did not have obvious changes until the urease concentration

exceeded 5.0 g/L. The CaCO3 crystals produced by the

urease were almost in calcite phase which was confirmed

by results reported by Yasuhara et al. [34].

Many researches had reported that both MICP and EICP

processes can achieve a certain amount of CaCO3 precip-

itations [7–9, 13, 22, 31, 36]. Among them, Zhao et al. [36]

compared the mechanical properties of MICP-treated sand

and EICP-treated sand. They found that MICP-treated

samples (OD600 = 0.6) achieved unconfined compression

strength of 1.48 MPa which was approximately four times

than EICP-treated samples (5.0 g/L). From this study, the

different morphologies of CaCO3 crystals were found from

MICP and EICP treatment, and it may explain the differ-

ences in mechanical behavior between MICP and EICP-

treated samples. The bacteria-induced CaCO3 tended to

achieve larger crystals and may provide better bonding for

larger soil particles like sand and gravel. However, the

microbial growth needed aerobic environment may limit

deeper applications [18]. For EICP, the CaCO3 crystals

were smaller and more uniform which may suit for fine

particles. However, the treatment of fine particles through

EICP may not go deep because the reaction time of EICP is

short and the precipitated crystals will fill up the gap

between particles and block the channel for further

precipitation.

5 Conclusions

In this study, a series of experiments were conducted to

investigate the effect of bacteria and urease concentration

on the kinetics of Ca2? concentration, and the morphology

of CaCO3 crystals obtained from MICP/EICP processes

was analyzed by XRD, FTIR and SEM. The results showed

that higher bacteria and urease concentration could yield

the faster decrease in Ca2? concentration, and the reaction

ceased after 72 h in EICP processes. Meanwhile, the OD600

of 0.6 or urease concentrations of 5 g/L can achieve the

complete reaction in MICP or EICP processes in 0.25 M

cementation media. The comprehensive results of XRD,

FTIR and SEM indicated that the vaterite phase was the

major form of CaCO3 crystals within 72 h and calcite

phase was partly observed along with time in the bacteria-

induced system. The vaterite phase favored the bacteria-

induced solution. The integrated results of XRD, FTIR and

SEM suggested that in the urease-induced system, calcite

phase was the major form of the CaCO3 crystals. The

crystals were smaller but more uniformly in the urease-

induced system than those in the bacteria-induced system.
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