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1. Introduction 
 

As an effective component for soil improvement and 

sealing of rock fissures, CaCO3 has been attracting much 

attentions (Zhao et al. 2016, Feoktistova et al. 2020, Saulat 

et al. 2020, Feng et al. 2021, Kumar et al. 2021, Yang et al. 

2022). It has been successfully used to repair concrete 

cracks(Qian et al. 2021b), to prepare precast concrete 

piles(Xiao et al. 2021), to prevent efflorescence of 

mortar(Chen et al. 2021), to commentate glass beads (Xiao 

et al. 2019), to improve soil (Gao et al. 2019, Xu et al. 

2021) and to preserve cultural relics (Xu et al. 2020). 

Bio-CaCO3 has a greater adhesion than CaCO3 from 

chemical technology (Qian et al. 2021a), indicating its 

better effect for soil improvement (Wen et al. 2020, Xiao et 

al. 2020, Liu et al. 2021). There are several pathways to 

prepare Bio-CaCO3, including biomineralization (He et  
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al. 2019), microbially induced CaCO3 precipitation (MICP) 

(Zhao et al. 2014), enzyme induced CaCO3 

precipitation(EICP) (Li et al. 2016), biomimetic synthesis 

(Liu et al. 2017), etc. It has been proved that MICP is more 

productive than chemical pathways (Qian et al. 2021a). 

EICP, which is presented in Eqs. (1) and (2), is an 

emerging method to produce Bio-CaCO3 (Carmona et al. 

2016, Choi et al. 2017, Chandra et al. 2021, Cui et al. 

2021). The CaCO3 from EICP can effectively enhance the 

strength of construction materials by filling pores and 

bonding particles (Cui et al. 2020). Soybeans, jack beans, 

watermelon seed, pumpkin seed and some other beans can 

be used as the plant source of urease (Javadi et al. 2018). 

Jack bean urease is fruitful for its high urea hydrolysis 

activity (Almajed et al. 2020a, Almajed et al. 2020b), while 

soybean urease is popular for its availability and 

economical efficiency (Gao et al. 2019, He et al. 2020, He 

et al. 2021). 

 
(1) 

 
(2) 

We noticed that the bio-CaCO3 prepared by soybean 

urease induced CaCO3 precipitation (SUICP) was different 

from that prepared by MICP in shape (Zhao et al. 2014, Wu 

et al. 2020). Thus, a series of experimental studies were 

arranged and conducted, aiming to discover the chemical 

characteristics, shape, size and productivity of SUICP. The 

results are presented in this paper, which will raise the 

awareness of SUICP and direct its engineering applications. 
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Abstract.  Bio-CaCO3 is a blowout environment-friendly materials for soil improvement and sealing of rock fissures. To 

evaluate the chemical characteristics, shape, size and productivity of soybean urease induced CaCO3 precipitates (SUICP), 

experimental studies were conducted via EDS, XRD, FT-IR, TGA, BET, and SEM. Also, the conversion rate of SUICP reaction 

at different time were determined and analyzed. The Bio-CaCO3 product obtained by SUICP is comprehensively judged as 

calcite based on the results of EDS, XRD and FT-IR. The SUICP calcite precipitates are detected as spherical or ellipsoidal 

particles 3-6 μm in diameter with nanoscale pores on their surface, and this morphology is novel. The median secondary particle 

size d50 is 39-88 μm, indicating the agglomeration of the primary calcite particles. The Bio-calcite decomposes at 650-780°C, 

representing a  medium thermal stability. The conversion rate of SUICP reaction can reach 80% in 24h, which is much more 

efficient than microbially induced CaCO3 precipitation. These results reveal the knowledges of SUICP, and further direct its 

engineering applications. Moreover, we show an economic channel to obtain porous spherical calcite. 
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Table 1Components of the cementation solutions 

Marker 
Deminized water 

(mL) 

CaCl2 

(g) 

Urea 

(g) 

Concentration 

(M) 

C1 1000 222 120 1 

C2 1000 444 240 2 

 
 
2. Materials and methods 

 
2.1 Preparation of soybean urease solutions (SUS) 
 
Ureases are a class of urea-hydrolyzing enzymes which 

can be extracted from bacteria or plants (Wu et al. 2019). 
The urease utilized in this work was extracted from 
soybeans. Dry soybeans were crushed with a grinder and 
sent through a 100-meshsieve. 100 g soybean power was 
put into 1000 mL deminized water and stirred for 6 h at 
4℃.SUS was the supernatant obtained by centrifuging the 
previous solution at 3000 r min-1for 15 min. 

 
2.2Cementationsolution (CS) 
 

The CS for SUICP were mixed solutions of analytical 

grade urea(CH4N2O purity≥99%) and anhydrous calcium 

chloride(CaCl2)at two concentrations(1 M, 2 M) according 

to Table 1. 

 

2.3 Preparation of SUICP specimens 
 

Equal amounts of SUS and CS were mixed and stirrer in 

a beaker. The beaker was put in a refrigerator to keep a 4°C 

environment, and SUICP was ongoing. After 24h, the 

precipitates were filtered and then abstersived to remove 

dissolvedCaCl2 and urea. They were then oven-dried at 

101°C for 24h (Pan et al. 2020) to obtain SUICP specimens. 

The specimen made from cementation media C1 was 

marked as P1, and similarly the other specimen made from 

cementation media C2 was marked as P2. 

 

 

2.4 Characterization of SUICP 
 
EDS tests were conducted to determine the chemical 

compositions of the SUICP samples with qualitative and 
quantitative analysis of the obtained characteristic spectral 
lines. To determine the mineral composition of SUICP, high-
resolution XRD tests were performed on a dandong DX-
2700 diffractometer with a scan step of 2θ 0.02°and a scan 
speed of 10° min-1 in the 2θ range from 10° to 90°. Working 
voltage and current were 40 kV and 250 mA, respectively. 
The infrared spectrum was recorded on a 470FT-IR 
instrument using KBr pellets. The thermal stability of 
SUICP was studied via TGA under air condition in the 
temperature range from 100°C to 1000°C at a heating rate 
of 20°Cmin−1. To investigate the crystal shape, surface 
morphologies were characterized with field-emission 
SEM(TM-1000) at 20.00 kV. The magnification was 
1,000×–30,000×. Specific surface area was analyzed by 
Brunauer-Emmett-Tellert(BET) technique with N2 as an 
absorbed gas. Particle size distributions were analyzed by a 
laser scattering particle size analyzer with water as 
dispersing agent at a pump speed of 2680r/min. 

 
 
3. Results and discussions 

 
3.1 Chemical characteristics of SUICP 
 

The EDS spectrum of SUICP is shown in Fig. 1. The 

featured peaks are correspondent to the following elements: 

Ca, C, O, Cl, and Pt. Cl element is from the ammonium 

chloride byproduct in Eq. (2), while Pt is the sputter coating 

for sample preparation. Further, the quantitative results are 

listed in Table 2. The main elements Ca, O and C account 

for the highest amounts, which are 48.18%, 35.82%, and 

10.56%, respectively. The correspongding Carbon-to-

Oxygen ratio is about 1 to 3, and the Calcium-to-Carbon 

ratio is about 1 to 1, which are the appropriate ratios for  

 

Fig. 1 The EDS spectrum of SUICP 
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Table 2 The quantitative compositions of SUICP 

Elements 
Mass 

(%) 

Number 

(%) 

Abs. Error 

(%) 

O 35.82 49.98 3.37 

Ca 48.18 26.84 1.20 

C 10.56 19.63 1.11 

Cl 4.80 3.02 0.15 

Al 0.63 0.52 0.05 

Pt 0.00 0.00 0.00 

Sum 100.00 100.00 / 

 

 

calcium carbonate. Thus, the precipitates maybe calcium 

carbonate based on the EDS results (Zhao et al. 2019). 

The applications of CaCO3 are closely related to phase 

composition and particle shape. There are three polymorphs 

of CaCO3 to exist, which are calcite, aragonite and vaterite 

(Zhuravlev and Atuchin 2020). Calcite is commonly 

rhomboid cube-shaped. It is widespread used in cement and 

other construction materials for its best thermodynamically 

stablility and superior mechanical strength (Liu et al. 2017). 

Aragonite is usually needle-shaped and it is thermostable 

(Kanoje et al. 2018). Vaterite has spherical particles and 

shows great potential for biomedical applications. Fig. 2 

demonstrates the XRD patterns of SUICP crystals. Their 

diffraction angles are 23.1°, 29.4°, 35.9°, 39.5°, 43.1°, 

47.3°, and 48.5°, exactly corresponding to the characteristic 

peaks of calcite (012) (104), (110), (11-3), (202), (018), and 

(116), respectively. There are no characteristic peaks of 

other calcium carbonate crystal forms (vaterite or aragonite, 

PDF: 47–1743). Therefore, the main component of SUICP 

is calcite, which is the same as that of MICP (Zhao et al. 

2014). The most intense peak in the SUICP is related to 

C(104), which is similar to EICP obtained from ACROS 

organics (Wen et al. 2020). By contrast, the diffraction 

peaks of P2 are stronger than that of P1, indicating that 

superior solution concentration of CS favors SUICP 

reaction. 

Crystal types of SUICP can be distinguished by internal 

vibration mode of CO32− radical(ν1,symmetric stretching  

 

 

vibration, 1530–1320 cm−1; ν2, out-of-plane bending 

vibration, 1100–1040 cm−1; ν3, asymmetric stretching 

vibration, 890–800 cm−1, and ν4, in-plane bending 

vibration, 745–670 cm−1) (Ren et al. 2015). The vibration 

modes ν2 and ν4 are used to distinguish CaCO3 crystal with 

the assistance of FT-IR spectrum. As seen in Fig. 3, ν2 

peaks and ν4 peaks of the both specimens P1 and P2 occur 

at 837-712 cm−1, being correspondent to the characteristic 

absorption peaks of calcite (Islam et al. 2013). The 

absorption band at 2513 cm−1 indicates the existence of 

carbonate asymmetrical vibration. The absorption bands at 

866 cm−1 and 1074 cm−1 indicates that there is no 

hydrated phase existed (Dyer et al. 2016). Additionally, the 

peak at 711 cm−1 is corresponding to ν4 of O-CO- in 

calcite (Wang et al. 2018). In conclusion, the crystal type of 

SUICP is verified as calcite, which is consistent with the 

judgment by XRD results. 

There are three phases in the thermogravimetric (TG) 

curve of Bio-CaCO3 obtained from SUICP (Fig. 4). In 

Phase 1, an initial weight loss of 17% occurs between 

100℃ and 656℃, which is associated with the dissipation 

of hygroscopic water. The second phase is corresponding to 

the second weight loss, which is much sharper than phase 1. 

It occurs in the temperature range of 656℃–780℃ with a 

weight loss of 32.63%, which is due to the decomposition 

of calcite crystal (Lee et al. 2016), as presented in Eq. (3). 

There should be a weight loss of 44% based on Eq. (3), and 

the experimental weight loss in this stage reaches 40%, 

indicating as much as 90% Bio-CaCO3 decomposed in this 

stage. When the temperature is higher than 780℃, there is 

no more chemical change, and the TG curve accordingly 

turns into stable phase. Bushuev et al.(2015) reported that 

CaCO3 decomposed in the temperature range of 300°C–

850°C. The decomposition of Bio-CaCO3 from SUICP 

began at 656°C, being consistent with his findings. 

Morandeau et al. (2014) reported that well-crystallized 

calcite decomposed in the range of 750°C–900°C. The TGA 

results indicate that Bio-CaCO3 obtained from SUICP is 

medium-crystallized calcite with a correspondent moderate 

thermal stability. 

 

Fig. 2 XRD patterns of SUICP specimens 
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SUICP calcites            CaO+CO2↑ (3) 

 

3.2 Shape and size of SUICP calcite 
 

The microscopic morphologies of SUICP detected via 

SEM are showed in Fig. 5. The calcite crystals are spherical 

or ellipsoidal with a diameter of 3-6 μm (Fig. 5(c)). It also 

reveals that the calcite exists primarily as aggregates (Fig. 

5(a) and 5(b)). By comparison, those calcite particles 

induced by urease from watermelon seed were observed as 

rhombic with a particle size of 2-4 um (Javadi et al. 2018), 

as showed in Fig. 6(a). The calcites induced by 

Sporosarcina pasteuriibacteria were observed as rhombic 

with a particle size of 10-80 um (Zhao et al.  2014, Li et al. 

2016), as showed in Figs. 6(b) and 6(c). The calcites 

induced by urease from jack beans (Canavalia ensiformis) 

was observed as cuboid (Nam et al. 2015), as showed in 

Fig. 6(d).  

Spherical calcium carbonate has unique advantages in 

several industries due to its outstanding characteristics of 

good fluidity, dispersity, smoothness, large specific surface 

area, and small density (Kim et al. 2010, Tao et al. 2015, 

Aliotta et al. 2019). Spherical calcium carbonate can be  

 

 

 

prepared through carbonization reaction involving various 

amino acids as organic additives (Lai et al. 2015). 

Moreover, multiple organic additives (e.g., fatty acids, 

octadecyl dihydrogen phosphate) with specific functional 

groups were successfully used as crystal morphology 

regulators of CaCO3 (Hait et al. 2013, Chen et al. 2018, 

Yang et al. 2022). So a possible reason for the spherical or 

ellipsoidal shape of the produced calcite in current study is 

the existence of other soluble proteins in soybeans except 

for urease, especially the presence of carboxyl (-COO-) and 

-NH-CO- groups in the protein molecules. Ca2+ ions 

become enriched on these groups, and then attract CO3
2− 

ions, which causes the oversaturation of local CaCO3 near 

the organic matrix, leading to the heterogeneous nucleation 

of CaCO3 (Chen et al. 2010). 

The latest reports indicated a trend of preparing 

nanoscale spherical CaCO3 for promising intracellular 

delivery application (Trushina et al. 2016, Palmqvist et al. 

2017, Wang et al. 2019, Feoktistova et al. 2020). The most 

common pathways include biomineralization biomimetic 

synthesis, carbonation, double decomposition, and 

microemulsion (Lei et al. 2015, Elsharkawy et al. 2018).  

From Fig. 2(d), the morphology at 30,000×, lots of 

nano-size pores can be recognized on the surface of the  

 

Fig. 3 FT-IR spectrums of SUICP specimens 

 

Fig. 4 TG curve of SUICP 
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(a) 1000 pixel (b) 3000 pixel 

  
(c) 10000 pixel (d) 30000 pixel 

Fig. 5 SEM morphologies of SUICP under four different pixels 

 

 

  

  

Fig. 6 SEM morphologies of related calcite crystals (a) Javadi et al. (2019), (b) Li et al. (2016), (c) Zhao et al. (2014) and 

(d) Nam et al. (2015) 

(b) 

(c) (d) 
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SUICP calcite. Similar porous CaCO3 microsphere 

exhibited good delivery properties for doxorubicinare (Li et 

al. 2020). As a result, the calcite with nano-scale pores, as 

prepared in this work has the potential function of pollutant 

treatment and drug delivery. 

The specific surface areas of SUICP specimens P1 and 

P2 were determined as 138.5 m2kg−1and 185.6 m2kg−1, 

respectively. Based on the report by Yang and Shih (2010), 

the primary particle size of SUICP can be calculated by Eq. 

(4), which are 16 μm and 12 μm, respectively. 

d=6/(sgρg) (4) 

where sg is the specific surface area, and ρg is the gravity of 

calcium carbonate, which can be assumed as equal to 2.71 

g/cm3. 

Fig. 7 shows the particle size distribution (secondary 

particle size distribution) curves of P1 and P2. The median 

secondary particle size d50 of P1 and P2 are 88.49 and 38.77 

μm, respectively. It can be seen that the secondary particles 

of SUICP are much coarser than the primary particles, 

which indicates the agglomeration of the primary particles 

because of their large specific surface area (Bang et al. 

2012). As for the smaller median secondary particle size of 

P2 than that of P1, the possible reason is that the superior 

dissolved CaCl2 in CS reduced the adsorption forces among 

the primary calcite particles. 

 
3.3 Rate of generation 

 

 
 
After the mixing of SUS and CS, the precipitates were 

collected at different time, equal to 3, 6, 12, 18, and 24h, 
respectively. The mass of the collected precipitates was 
determined as mc, and the correspondent generation rates of 
calcite were calculated by Eq. (5). 

×100% 

(5) 

where: mwc is the molecular weight of calcite, which can be 

assumed as 100 g mol-1.  

vcm is the volume of CS. 

ccm is the concentration of CS. 
As shown in Fig. 8, the calcite generation rates increase 

with time within 24h, reaching 81.8% and 80.8% for P1 and 
P2, respectively. The results manifest high calcite 
generation efficiency of SUICP and high urea hydrolysis 
capacity of SUS. Being compared with the results by Wen 
et al. (2020) and Li et al. (2018) , SUICP provide a higher 
calcite generation efficiency than MICP or EICP by 
ACROS organics enzyme 

 

3.4 Summaries on comparison of Bio-CaCO3s 
induced by different Urease source 

 

As a summary, the characteristics of Bio-CaCO3 obtained 

from SUICP are compared with results of references, as 

listed in Table 3. 

 

Fig. 7 Particle size distribution curves of SUICP 

 

Fig. 8 Generation rate of SUICP 
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4. Conclusions 

 

Based on the results of EDS, XRD and FT-IR, the Bio-

CaCO3 from SUICP is comprehensively judged as calcite. 

The SUICP calcite crystal shapes are detected as spherical 

or ellipsoidal of 3-6 μm in diameter with nanoscale pores on 

its surface, which are novel. The median secondary particle 

size d50 of SUICP specimens P1 and P2 are 88 and 39 μm, 

respectively, which are much coarser than the primary 

particle size, indicating the agglomeration of the primary 

particles. The SUICP calcites decompose at the temperature 

of 650-780°C, representing a calcite from of medium 

thermal stability. The generation rate of SUICP can reach 

80% in 24h, demonstrating an extremely high productivity. 

This study provides the knowledge of SUICP, and further 

directs its engineering applications. Moreover, we show an 

economical channel to obtain porous spherical calcite. 
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