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Microbial-induced calcium carbonate precipitation (MICP) is a promising technique for strengthening soil. The influences calcium sources (calcium chloride, calcium acetate, and calcium nitrate) and seawater/freshwater environment on the improvement of coral sand were studied. A microbial-induced calcium carbonate precipitation (MICP) aqueous solution experiment was carried out to explore the influence of the different calcium source and seawater/freshwater on the relationship between calcium carbonate precipitation and time. Coral sand column treatment tests were conducted to investigate the environmental impact on soil strengthening. The results show that the actual production of calcium carbonate is 20% lower than the theoretical value. Calcium chloride was found to be the optimal calcium source in terms of the seawater environment affect 2% of calcium carbonate production compared with the freshwater environment. The results of tests on three different calcium sources (calcium chloride, calcium acetate, and calcium nitrate) showed that seawater adversely affected the unconfined compression strength (UCS) and the tensile splitting strength (TSS) of strengthened specimens compared with freshwater. The UCS and TSS values in the freshwater environment were approximately 30–45% higher than those in the seawater environment. Nevertheless the strengthened specimens in the seawater environment exhibited high strength, and the MICP improvement effect can be guaranteed. Therefore, The MICP technology can be used to improve coral sand for construction work in seawater environments.
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1 INTRODUCTION
Biomineralization has been extensively studied over the recent decades [1–4]. The mechanism of microbial-induced calcium carbonate precipitation (MICP) involves bacterial hydrolysis of urea to metabolites, which react with ambient substances to produce a large quantity of precipitates. Thus, microorganisms are used to facilitate urea hydrolysis to produce carbonate and ammonium ions. In an alkaline environment, carbonate ions in solution react with calcium ions to form calcium carbonate [5, 6]. Studies have been performed to investigate the effects of microbial characteristics (including the type of bacteria), the cementation solution, temperature, salinity, and the pH on MICP-treated sand [7–13]. The environment and the calcium source are important factors in reactions. Bacterial growth is affected by freshwater and seawater [14]. Different types of crystals are induced by different calcium sources [15, 16]. MICP has been studied as a potential solution to environmental problems and soil stabilization in many engineering fields, such as the remediation of heavy-metal-contaminated soil [17, 18], the mitigation of soil liquefaction [19–21], reduction of permeability and improve the durability of concretes material [22], the sequestration of atmospheric CO2 [23], and the suppression of sand dust emissions [24].
Coral sand is mainly composed of calcium carbonate (almost 95%), It is a special kind of sand deposited and mixed by calcareous biological skeleton and other marine debris under temperature and pressure [25, 26]. As calcium carbonate has internal pores and a unique mineral composition, calcium carbonate particles are easily broken, and coral sand is considerably lower in strength than silica sand [27, 28]. The use of traditional ground improvement techniques, such as cementing, lime grouting, or other types of chemical pulp, in site construction can pollute the sea environment [29, 30]. In addition, applying these traditional methods to solidify coral sand involves numerous challenges, including the absence of engineering classification for coral sand, poor in situ drilling results and inadequate geophysical testing methods [31]. Therefore, microbial-induced calcium carbonate precipitation (MICP) has been introduced to improve coral sand. It has been reported that bacteria can form crystals in water, which explains the extensive deposits of CaCO3 in places such as Grand Bahama [32]. Using common microbial bacteria to solidify loose sand will increase the required ratio of urea to calcium sources. The initial shear stiffness and shear strength of the treated samples increased, and the failed samples exhibited the characteristics of strain-softened [33]. Sporosarcina pasteurii was used as a nucleation site to study the physical and biochemical properties of calcium carbonate precipitation [34]. Four bacterial strains—Thalassospira sp, Halomonas sp, Bacillus pumilus, and Pseudomonas qrimontii—were isolated from sediments and deep seawater, and the induced precipitates contained different percentages of magnesium calcite (including MgCO3 and CaCO3), aragonite and monohydrocalcite, thus a hypothesis was formulated that carbonate precipitation can enable the survival of bacteria populations in some habitats [35]. Wei et al [36]. sequentially investigated different precipitates induced by isolated marine bacteria. Previous studies have focused on enhancing the mechanical properties of coral sand in freshwater environments. In recent years, numerous studies have been conducted on the biological treatment of coral sand, especially in seawater environments.
The main objective of this study is to investigate the influence of the environment and the calcium source on strengthening coral sand. Two control groups (freshwater and seawater) were used in this study. Preliminary experiments were conducted on aqueous solutions containing seawater. Then, experiments were conducted to obtain the stress-strain curve and failure modes of strengthened specimens. X-ray diffraction (XRD) analysis and scanning election microscopy (SEM) were conducted on the obtained calcium carbonate crystals. Different calcium carbonate samples exhibited quite different crystal forms and microstructures, showing that the influence of MICP technology on coral sand specimens requires further study. Experiments were performed using three common calcium sources (calcium chloride, calcium carbonate, and calcium nitrate) and two different environments (seawater and freshwater) to determine the effects of the calcium source and the environment on the quantity and structure of the crystals formed. The results of this study can serve as a reference for future coral sand column tests.
2 EXPERIMENTAL INVESTIGATION
2.1 Materials
2.1.1 Characteristics of Loose Coral Sand
Coral sand was obtained from the Sanya region of the South China Sea. The sand particles were full of intragranular pores, and the calcium carbonate content was more than 95%. The mechanical properties of the coral sand particles were as follows: specific gravity Gs = 2.7–2.8 g/mm³, porosity e = 0.94–1.01, dry density ρd = 1.38–1.41 g/cm³, average grain diameter D50 = 0.36, coefficient of uniformity Cu = 5.49, and coefficient of curvature Cc = 7.87.
2.1.2 Bacterial Suspension
Sporosarcina pasteurii (ATCC 11859) was used as the urease microorganism. The culture medium contained the following components per liter of deionized water: 20 g of yeast extract, 10 g of NH4Cl, 2.4 g of NiCl·6H2O, 1 g of MnSO4·H2O; the medium had a pH of 8.5-9 and was sterilized at 121°C for 30 min, followed by cooling to 25°C. The organisms were then incubated under aerobic conditions at 30°C at 121 r/min for approximately 24 h. A bacterial suspension was grown to a urease activity of 1.45 mM urea/min.
2.1.3 Cementation Solution
A total of 6 groups of different cementation solutions were prepared with freshwater (FW)/seawater (SW) and different calcium sources: CaCl2 with freshwater (CF), CaCl2 with seawater (CS), Ca(CH3COO)2 with freshwater (HW), Ca(CH3COO)2 with seawater (HS), Ca(NO3)2 with freshwater (NW), and Ca(NO3)2 with seawater (NS). Deionized water produced by laboratory water purification was used as freshwater, and the seawater was obtained from the Sanya region. Both the freshwater and seawater were disinfected with ultraviolet light before the experiments were conducted. Different calcium sources, corresponding to CaCl2, Ca(CH3COO)2, and Ca(NO3)2, were easily obtained and used to study the effects of different environments on MICP. The cementation solution was a mixture of urea and the calcium source. A 1:1 ratio of the calcium source and urea, both at a concentration of 0.5 M, was used. The cementation solution was not sterilized. The composition of the liquid medium used for each group of samples is shown in Table 1.
TABLE 1 | Composition of liquid medium for each group.
[image: Table 1]2.2 Methods
2.2.1 Preliminary Experiment
Tests on MICP aqueous solutions were conducted using six groups of specimens under different experimental conditions. Each solution consisted of 5 ml of the bacterial suspension and 250 ml of the cementation solution that were mixed in a conical flask. A preliminary investigation of the effects of seawater and the different calcium sources was conducted, ensuring sufficient contacting between the bacterial suspension and the cementation solution during the entire test process. The flasks containing the solutions were placed on a magnetic stirring apparatus. The same rotating speed was maintained for all the solution mixtures. A volume of 1 ml was extracted from each sample mixture and analysed to determine the Ca2+ consumption, pH and final production of calcium carbonate.
2.2.2 MICP Treatment for Strength Enhancement of Loose Coral Sand
The same bacterial suspension was used in sand column experiments to measure the Ca2+ consumption and the final production of calcium carbonate. The sand column moulds were fabricated from a stainless-steel wire sieve (diameter: 42 mm, height: 79 mm). The coral sand column was prepared by sand pourer. All the samples had an approximately 0.5 pore volume and were grouted with the bacteria solution. A volume of 800 ml of the cementation solution was used per beaker. The samples were soaked in a 0.5 M cementation solution in glass beakers, which were placed on a magnetic stirring apparatus. A seawater environment was simulated by maintaining rotors at the same speed in the glass beakers. The sand columns were left in the cementation solution for 10 days. A schematic of the experimental apparatus is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of reinforcement device.
2.2.3 Mechanical Tests
The unconfined compression strength (UCS) and tensile splitting strength (TSS) are important indexes used to measure the effect of reinforcements in a sample. Cylindrical specimens of coral sand with a 44-mm diameter and a 79-mm height reinforced by MICP were tested. Before the experiment each of specimen was dried to dry state. The UCS and TSS of the coral sand column specimens were tested using an Instron-3367 electronic universal testing machine. The UCS test was conducted under strain-controlled conditions at a uniform loading rate of 1 mm/min. In a Brazilian test, two pads are placed on the top and bottom of a cylindrical sample. Opposing linear loads are applied simultaneously until splitting failure occurs along the sample diameter. The splitting strength of the sample is thus obtained. The Brazilian test was conducted under strain-controlled conditions at a uniform loading rate of 0.25 mm/min in this study.
2.2.4 Microscale Analysis
Six samples of calcium carbonate precipitates were ground to powders. The sample mineralogy was determined by subjecting the powders to XRD analysis (using a Bruker D8 advance powder X-ray diffraction slow scanning device). The accelerating voltage was set to 40 kV, and an electric current of 35 mA was used. Scans were run from 10° to 80° 2θ at 10°/min. After completion of the test, the sample components were comparatively analysed using Jade 6.5 software. The sample morphology was determined by SEM (using a Nano Nava S230 field emission electron scanning microscope produced by FEI). A Cressington 208HR sputter-coater was used to prepare the samples for SEM analysis.
3 RESULTS
The results of several coral sand column experiments were used to determine the effect of a seawater environment on samples treated with MICP using different calcium sources (calcium chloride, calcium acetate, and calcium nitrate).
3.1 pH
During the preliminary test (Figure 2), the pH values of six samples in group A were measured to study the differences between freshwater and seawater environments. The carbon dioxide produced by bacterial respiration reduced the pH of the solution [37]. As all the final products were acidic, the pH values of all the specimens were less than 7. Ammonium chloride was the most acidic substance, followed by ammonium nitrate, and ammonium acetate was neutral.
[image: Figure 2]FIGURE 2 | pH in Group A of freshwater and seawater environment. (A) Group A CaCl2, (B) Group A Ca(CH3COO)2; (C) Group A Ca(NO3)2.
3.2 Ca2+ Consumption
Figure 3 shows the calcium ion consumption with time for group A in different environments. The calcium ion consumption for the calcium chloride group increased over the first 150 h, whereas that of the calcium acetate group increased during the first 100 h, and that of the calcium nitrate group increased during the first 12 h. The average calcium ion consumption in the SW environment was lower than that in FW. The highest and lowest quantity of calcium ions were consumed by the calcium chloride and calcium nitrate groups, respectively, in both FW and SW.
[image: Figure 3]FIGURE 3 | Ca2+ consumption in Group A of freshwater and seawater environment. (A) Group A CaCl2; (B) Group A Ca(CH3COO)2; (C) Group A Ca(NO3)2.
3.3 CaCO3 Final Product
The differences between the theoretical and actual CaCO3 content are shown in Tables 2, 3 and in which Table 2 is correspond to the preliminary experiment and Table 3 is correspond to sand column experiment. The theoretical CaCO3 content was estimated from Ca2+ consumption determined using the EDTA method, and actual content was determined from a dry precipitation experiment. In the preliminary experiment, the actual CaCO3 content was lower than the theoretical CaCO3 content, and the actual reduction rate was approximately 20%. The same trend was observed in the sand column experiments as in the preliminary experiment, and the actual reduction rate was approximately 20–50%. Comparing Tables 2, 3 shows that the final production of calcium carbonate in the seawater environment was slightly lower than in freshwater. Thus, the seawater environment had little influence on the calcium chloride group.
TABLE 2 | Relationships between theoretical mass value of calcium carbonate product and actual mass value of aqueous solution experiment.
[image: Table 2]TABLE 3 | Relationships between theoretical mass value of calcium carbonate product and actual mass value of cementation solution experiment.
[image: Table 3]3.4 UCS and TSS Values
In Figure 4, the UCS of the samples is higher in the freshwater environment than in the seawater environment. In Figure 4A (CaCl2 group), the UCS is approximately 7.3 MPa for sample B1 is 39.7% higher than that of sample B2. In Figure 4B (Ca(CH3COO)2 group), the UCS of approximately 5.5 MPa for sample B3 is 30.9% higher than that of sample B4. In Figure 4C (Ca(NO3)2 group), the UCS of approximately 5 MPa for sample B5 is 39.7% higher than that of sample B6.
[image: Figure 4]FIGURE 4 | Unconfined compression strength (UCS) in Group B of freshwater and seawater environment. (A) Group B CaCl2; (B) Group B Ca(CH3COO)2; (C) Group B Ca(NO3)2.
The trends in the TSS and UCS values are consistent. Therefore, the TSS of the samples is higher in the FW environment than in SW. In Figure 5, the TSS of approximately 3.03 MPa for sample C1 is 34.6% higher than that of sample C2. The TSS of approximately 2.2 MPa for sample C3 is 43.2% higher than that of sample C4. The TSS of approximately 1.85 MPa for sample C5 is 29.7% higher than that of sample C6. Seawater has the strongest effect on Ca(CH3COO)2, followed by CaCl2, and Ca(NO3)2.
[image: Figure 5]FIGURE 5 | Tensile splitting strength (TSS) in Group C of freshwater and seawater environment. (A) Group C CaCl2; (B) Ca(CH3COO)2; (C) Ca(NO3)2.
3.5 Relationship Between UCS and TSS
The relationship between the uniaxial compressive strength and the tensile splitting strength is plotted in Figure 6.
[image: Figure 6]FIGURE 6 | Relationships between UCS and TSS.
The ratio of the TSS value to the UCS value (the tensile-compressive ratio) is approximately 1:2.4, that is, the tensile strength is approximately 40% of the compressive strength. The approximate linearity of this ratio shows that the tension-compression ratio has little relation to the calcium source and the reinforcement environment.
3.6 XRD
Salinity is an important index for distinguishing seawater from freshwater. The average salinity of the seawater was 34.15‰, and the trace elements in seawater affected the calcium carbonate crystals. In Figure 7A (CaCl2 group), the calcium carbonate crystal in A1 (FW) is calcite, whereas the A2 (SW) crystal is a mixture of calcite and aragonite. In seawater, partial calcite induced by microorganisms was transformed into aragonite. In Figure 7B (Ca(CH3COO)2 group), the A3 (FW) crystal is a mixture of calcite and vaterite, whereas the A4(SW) crystal is a mixture of aragonite and vaterite. In Figure 7C (Ca(NO3)2 group), the A5 (FW) is calcite, whereas the A6 (SW) crystal is aragonite. Thus, the calcite crystals were completely transformed into aragonite in seawater.
[image: Figure 7]FIGURE 7 | X-ray diffraction (XRD) images of calcium carbonate crystals from different samples: (A) CaCl2; (B) Ca(CH3COO)2; (C) Ca(NO3)2.
3.7 SEM
Figure 8 shows the morphology of calcium carbonate obtained in the preliminary experiment (Group A). The following morphologies can be observed in the figure: Figure 8A: blocky and flaky calcite are combined into aggregates; Figure 8B: blocky calcite and columnar aragonite are closely agglomerated; Figure 8C: hexagonal vaterite and a small quantity of columnar aragonite are slightly clustered; Figure 8D: acicular (columnar) aragonite is scattered along with a small quantity of spherical vaterite; Figure 8E: agglomerates of blocky calcite and Figure 8F: scattered local clusters of long columnar and acicular aragonite.
[image: Figure 8]FIGURE 8 | Scanning electron microscopy (SEM) images of carbonate precipitation from group A. (A) CaCl2 (FW); (B) CaCl2 (SW); (C) Ca(CH3COO)2 (FW); (D) Ca(CH3COO)2 (SW); (E) Ca(NO3)2 (FW); (F) Ca(NO3)2 (SW).
Figure 9 shows the morphology of calcium carbonate obtained in the column experiments (Group B). The crystals in group B were mainly calcite and aragonite, with a small quantity of vaterite. The morphologies were as follows: Figure 9A: calcite; Figure 9B: aragonite and a small quantity of calcite; Figure 9C: aragonite and calcite; Figure 9D: aragonite and a small quantity of vaterite; Figure 9E: calcite and Figure 9F: aragonite.
[image: Figure 9]FIGURE 9 | Scanning electron microscopy (SEM) images of carbonate precipitation connected with coral sand from group B. (A) CaCl2 (FW); (B) CaCl2 (SW); (C) Ca(CH3COO)2 (FW); (D) Ca(CH3COO)2 (SW); (E) Ca(NO3)2 (FW); (F) Ca(NO3)2 (SW).
4 DISCUSSION
During the biochemical reaction, urea was hydrolyzed to ammonia and carbon dioxide that were converted to ammonium and carbonate ions in the alkaline environment. Ca2+ in aqueous solution combined with CO32− and was adsorbed on the surface of sand particles to function as an intergranular cement [38].
4.1 Analysis of CaCO3 Precipitates
The formation of aragonite was promoted by the magnesium ions in SW by two main mechanisms. First, as the magnesium ions had a smaller particle size and a higher hydration ability than the calcium ions [39], the magnesium ions could be considered as impurities that inhibited the growth of the calcite crystal [40]. Second, at a high magnesium ion content in SW, magnesium ions entered the inner calcite lattice and existed as magnesium-containing calcium carbonate. However, magnesium ions could not enter the inner lattice of aragonite [41].
As amorphous calcium carbonate (ACC) was transformed into calcite under the continuous action of magnesium ions, ACC crystals gradually dissolved and self-assembled into linear ordered nanoparticles. The number of spherical particles decreased with time and gradually turned into acicular aragonite [40]. These particles eventually formed a substance at steady state. The aragonite content increased with the magnesium ion concentration, and the crystal transformed from columnar to acicular. The formation of a calcite crystal was strongly inhibited by the presence of magnesium ions, especially at magnesium ion concentrations above 0.5 mol/L [42]. In addition, acicular aragonite was induced by trace sulfate ions.
It was confirmed that when Ca(CH3COO)2 was the calcium source, calcium carbonate was mainly produced as acicular aragonite. When CaCl2 and Ca(NO3)2 were the calcium sources, calcium carbonate was mainly produced as massive calcite.
4.2 Analysis of Bacterial Metabolic Process
It is mainly considered in seawater environment that the effects of ions (sodium, magnesium, calcium, chloride, sulfate, bromide, and carbonate ions) on bacterial metabolism. In 1957, Danish scientists first discovered that ATPase was the only active when coexisting with magnesium, sodium and potassium ions. ATP was hydrolyzed into ADP and phosphoric acid (Pi), and energy was released autonomously and efficiently transport K+ into the cell and Na+ outside of the cell. The same calcium source and urea were used in the two trials (FW and SW) performed in this study. Thus, the same carbonate ions were obtained from bacterial hydrolysis of urea. The carbon dioxide produced by microbial respiration dissolved in water to form carbonate ions. In the presence of Na+ and other ions in SW, bacterial respiration weakens to maintain vital characteristics and cell electrolyte balance [43]. Therefore, a relatively small quantity of energy was used in the bacterial metabolism to produce CO2 in SW and a small quantity of calcium carbonate was precipitated compared with FW.
5 CONCLUSION
The objective of this paper was to study the influence of a seawater environment and different calcium sources on strengthening coral sand. The following conclusions are drawn.
The results showed that the actual production of calcium carbonate is 20% lower than the theoretical value. Calcium carbonate production was lower in the seawater environment than in the freshwater environment. The theoretical calcium carbonate production in the calcium chloride group was 2% less in seawater than in freshwater. The corresponding decrease for the calcium acetate and calcium nitrate groups was 7 and 20%, respectively. It can be concluded that the seawater environment had a slight influence on the calcium chloride group. Thus, calcium chloride is an optimal calcium source for reinforcement.
The results of tests on three different calcium sources (calcium chloride, calcium acetate, and calcium nitrate) showed that the seawater environment adversely affected the UCS and TSS of enhanced coral sand columns compared with a freshwater environment. The results of MICP experiments on aqueous solutions showed that the pH and calcium ion consumption were lower in SW than in FW for the same calcium source. The UCS and TSS were higher in the freshwater environment than in the seawater environment. The UCS and TSS values were approximately 30–45% higher in the freshwater environment than in seawater. Nevertheless, the enhanced coral sand column exhibited high strength in a seawater environment. Therefore, MICP technology can be used to solidify coral sand foundations in seawater environments.
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CaCO; precipitation B1(CF) B2(CS) B3(HF) B4(HS) B5(NF) B6(NS)

Theoretical (mol) 0.45 0.38 0.49 0.29 0.28 027
Actual (mol) 0.31 0.23 0.27 019 0.13 021
Actual reduction rate (%) 31.1% 39.6% 20.5% 31.0% 53.6% 22.2%
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Theoretical (mol) 0.49 0.48 0.43 0.40 0.29 023
Actual (mol) 0.35 0.35 0.30 0.32 0.25 017
Actual reduction rate (%) 286% 27.1% 30.2% 20.0% 13.7% 26.1%
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