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Calcium carbonate precipitation and crystallization induced by urease enzyme to solidify soil is known as biocement technology. The uses of waste and cheap materials can make this technology more cost-effective and practical for applications. In this study, calcium ions were obtained by dissolving waste concretes in acidic liquid. Sand columns were treated by enzyme-induced carbonate precipitation (EICP) with either concrete-extracted calcium or reagent calcium for comparison. Compressive strengths, calcium carbonate contents, and microscopic analysis on the treated sand were carried out. It was found that the compressive strength of the former could reach 833 kPa in the dry state and 204 kPa in the wet state after 5 times of EICP treatment, both of which were higher than that of the latter. The calcium carbonate contents could reach 2–3% after 3–5 times of treatment. Based on the scanning electron microscope (SEM) and X-ray diffractometer (XRD) analyses, the crystal type of calcium carbonate produced in sand was calcite. The comparative results showed that the treatment effect using concrete-extracted calcium was similar or better than that using reagent calcium.
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1 INTRODUCTION
Calcium carbonate precipitation induced by the microbial ureolytic process can be utilized as an engineering tool for soil solidification [1–3]. The microbial ureolytic process can be catalyzed by either ureolytic bacteria or urease enzyme, which is named microbial-induced carbonate precipitation (MICP) and enzyme-induced carbonate precipitation (EICP) [4, 5]. MICP or EICP for soil cementation, or biocement technology, usually requires large amounts of calcium chloride as the calcium source. However, the cost of calcium chloride is relatively high [6]. Therefore, much research has been conducted in order to find alternative calcium sources [7, 8]. Some researchers have studied the feasibility of replacing calcium chloride with soluble calcium sources from domestic waste [9, 10]. Choi et al. [9] mixed eggshells and vinegar to obtain soluble calcium sources for sand treatment. The results showed that using eggshells as the calcium source for MICP treatment had roughly the same effects compared with that using reagent calcium chloride.
The annual production of urban construction waste in China has exceeded 2 billion tons in recent years. The main component is waste concrete blocks, accounting for 47% of construction wastes [11]. Most of these waste concretes are directly landfilled or randomly deposited [12]. These waste concretes not only occupy large amounts of land but also are difficult to degrade and easily cause secondary pollution. Therefore, it is crucial to find new treatment methods that combine waste resource utilizations with environmental protections. This study proposed a new method of using waste concrete to produce calcium ions for the biocement technology. This method allows for the secondary use of waste concrete and, at the same time, reduces the cost of the calcium source. Sand samples were treated by using the EICP method with either concrete-extracted calcium or reagent calcium chloride. The treatment effects were assessed by compressive strength tests, calcium carbonate content determinations, and microscopic analyses.
2 EXPERIMENTAL MATERIALS AND METHODS
2.1 Experimental Materials
2.1.1 Soybean Urease
The extraction of crude urease from soybean was carried out as follows [13]: Dry soybeans purchased from the market were ground into powder using a grinder. The soybean powder was dissolved in deionized water at a solid-to-liquid ratio of 1:25. The mixed solution was stirred evenly using a magnetic stirrer. The soybean powder solution was centrifuged at 4°C and 3,000 rpm for 15 min. The clean supernatant obtained in this way had relatively high urease activity and was used for soil treatment. The activity of soybean urease solution was 6.66 mM/min, and the initial pH value was 6.77 at room temperature.
2.1.2 Experimental Sand
The sand is China ISO standard sand. The particle size is divided into three levels such as coarse sand (1.0–2.0 mm), medium sand (0.50–1.0 mm), and fine sand (0.08–0.50 mm). The specific gravity is 2.65. The maximum void ratio is 0.704, and the void porosity ratio is 0.368.
2.1.3 Cementation Solution
Two kinds of cementation solution were used in the experiment: one was a mixture of equimolar concrete-extracted calcium and urea, and the other was a mixture of equimolar reagent calcium chloride and urea of the same concentration. Waste concrete was dissolved in hydrochloric acid to obtain calcium ions. Hydrochloric acid was of industrial grade and contained 31.0% HCl. In addition to the industrial acid used in this study, the biological method can be considered to produce acid in the future [14]. Although it is not within the scope of this study, this scheme can be tried in the future to further save costs. Waste concrete was concrete blocks of different sizes obtained from the demolition of engineering construction. The concrete was crushed using a grinder and sieved with a standard geotechnical sieve of 1 mm. According to XRF (AXIOS X-ray fluorescence spectrometer in Panakow, the Netherlands), the oxide composition of concrete was determined, and the main components were SiO2 and CaO. The concrete blocks obtained from the demolition of the project were exposed to air for a long time, and most of them turned into calcium carbonate gradually. Therefore, the process of obtaining calcium ions from waste concretes using HCl can be expressed as Eq. 1:
[image: image]
In order to obtain the optimal concentration of calcium ion solution, concrete was mixed with 2 M hydrochloric acid. The solid-to-liquid ratio was taken as a variable (1:2, 1:4, 1:6, 1:8), and other factors were kept unchanged. After the reaction, the main component was SiO2, which could be used as roadbed filler. The calcium ion concentration was measured using the EDTA titration method [15]. The results showed that the mixed solution of 1:2 solid-to-liquid ratio produced the highest concentration of calcium ion, which was 0.805 M. The pH of the calcium ion solution was adjusted to 6.5–7.0 with 1 M sodium hydroxide, and the calcium ion solution was centrifuged at 3,000 rpm for 15 min. The supernatant liquid after centrifugation was concrete-extracted calcium, with a concentration of 0.48 M. The subsequent experiments were based on the concrete-extracted calcium.
2.2 Sand Treatment
Sand columns (100 mm in height and 50 mm in diameter) with around 40% relative density were prepared for the treatment tests. The sand columns were prepared in plexiglass pipes as molds. The pore volume of a sand sample was about 70 ml. A geotextile was placed at each end of the sand column as a filter. A peristaltic pump was used to drip soybean urease solution and cementation solution into the sand columns.
The sand treatment procedure was as follows: 1) Dripping the sand specimen with 70 ml of soybean urease solution using a peristaltic pump and leaving for 3 h. 2) Dripping the sand specimen with 70 ml of cementation solution using a peristaltic pump and leaving for 20 h. 3) Repeating steps 1) and 2) for 3–5 times. The entire treatment time took around 24 h. The pumping rate was controlled at 2 ml/min during the treatment.
2.3 Experimental Design
In order to investigate the feasibility of using concrete-extracted calcium for biocement technology, sand columns were treated 3–5 times by using the EICP method with either concrete-extracted calcium or reagent calcium chloride for comparison. The test arrangement and the parameters are shown in Table 1. Compressive strength tests, calcium carbonate content determinations, and microscopic analyses on the treated sand were carried out.
TABLE 1 | Sand sample parameters of different influencing factors.
[image: Table 1]2.4 Measurement Methods
2.4.1 Compressive Strength Tests
The compressive strengths of the treated sand specimens at both the dry and wet states were measured by the unconfined compressive strength test [6]. The unconfined compressive strength test was carried out with the TKA-FWS-1 automatic multi-functional unconfined compressive strength test system (Nanjing Teco Technology Co., LTD.). The sand specimens were rinsed with deionized water for several times to remove the remaining soluble salt. For the test of dry strength, the sand specimens were dried in a 60°C oven for 48 h and cooled naturally to room temperature. For the test of wet strength, the sand specimens were immersed in deionized water at room temperature for 24 h. Before loading, both ends of the specimens were flattened and lubricated. The loading rate of axial displacement in the test was controlled at 1 mm/min. All the data were automatically recorded using a computer system.
2.4.2 CaCO3 Content Determinations
All the sand samples were dried after the compressive strength test. A small amount of sand (around 2 g each) was taken from the top, middle, and bottom of each sand samples. The small amount sand was separated into two portions and was dissolved in 50 ml of 2 M hydrochloric acid standard solution and deionized water, respectively. After the calcium carbonate reaction was sufficient and no more bubbles were produced, the content of calcium carbonate was determined by using the EDTA titration method [15]. The percentage content of calcium carbonate was calculated according to Eq. 2:
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where ω is the percentage content of calcium carbonate; ca and cw are the calcium carbonate content of sample dissolved in acid and water, respectively, mg/L; Va and Vw are the volume of acid and water, respectively, ml; and m is the sample mass, g.
2.4.3 Microscopic Analysis
After the compressive strength tests, material pieces were collected for microscopic analysis. The microstructure was observed by using a scanning electron microscope (SEM), and the crystal types were analyzed using an X-ray diffractometer (XRD). The SEM test was carried out with an FEI Quanta 25 field emission scanning electron microscope. The XRD test was carried out with a Bruker D8 advance, instrument with a scanning angle of 5–90° at a rate of 5° per minute.
3 TEST RESULTS
3.1 Compressive Strength
The stress–strain curves of the sand specimens in the dry and wet states are shown in Figure 1. It can be seen that stresses of all specimens decrease rapidly after reaching the peak values. With the increase in treatment times, the peak value of the axial stress in each specimen increased.
[image: Figure 1]FIGURE 1 | Stress–strain curve for sand column under compressive strength. (A) Dry sand treated by the EICP; (B) Wet sand treated by the EICP. E represents enzyme-induced carbonate precipitation (EICP), C represents calcium ion solution extracted from concrete, R represents calcium chloride solution and the numbers represent the number of treatment.
Figure 2 shows the compressive strength and average calcium carbonate content of sand column treated with the EICP process for different times with different calcium sources. Overall, both dry and wet strengths increased with the increase in treatment times. The dry strength of sand treated 5 times was 3- to 4-fold higher than that treated 3 times. The wet strength of sand treated 5 times was twice higher than that treated 3 times. Between the sand specimens treated with concrete-extracted calcium and reagent calcium, there was no significant difference in dry strengths after three and four treatments, and the dry strength of the former was greater than that of the latter at 5 times of treatments. The wet strength of both types of specimens was relatively low compared with the dry state. The dry strength of the former could reach 833 kPa, and the wet strength could reach 204 kPa after 5 times of treatments. In general, sand specimens treated with concrete-extracted calcium and reagent calcium had no significant difference in strength at both the dry and wet states.
[image: Figure 2]FIGURE 2 | Compressive strength and calcium carbonate content of sand column with different treatment methods and times.
3.2 CaCO3 Content
As can be seen in Figure 2, the calcium carbonate contents were in the range of 2–3% and increased roughly with more treatment times. There was no significant difference in calcium carbonate contents between the specimens treated with concrete-extracted calcium and reagent calcium. The relationship between the treatment times and calcium carbonate contents implied that the treatment efficiency (i.e., calcium carbonate produced in each treatment) reduced with more treatment times. It could be due to the decreasing permeability with more treatment times. It could also be found that the compressive strength of the specimen was positively correlated with the amount of calcium carbonate generated.
3.3 Microscopic Analysis
Figure 3 is the XRD and SEM images of untreated sand and sand treated with different calcium sources. As can be seen from the XRD image (Figure 3A), the untreated sand was purely quartz, and treated specimens were quartz and calcite. However, minerals formed by elements such as Al and Mg in concrete are not shown in the figure due to their low content. There are several crystal forms of calcium carbonate such as calcite, vaterite, and aragonite [16]. Calcite is the most stable form of calcium carbonate and is found to be the dominating form when produced in the MICP process. The results in this study also proved that when using the concrete extract as the calcium source in the EICP process, the produced calcium carbonate was also calcite. The calcium carbonate produced from concrete-extracted calcium (Figure 3B) was mostly spherical aggregates formed by spherical or triangular pyramidal aggregates, and a small part was small individual spheres. The calcium carbonate produced from reagent calcium chloride (Figure 3C) was mostly clumped aggregates formed by irregular polyhedral blocks, and a small part was small individual blocks.
[image: Figure 3]FIGURE 3 | XRD and SEM images of sand treated with different calcium sources. (A) XRD patterns of sand with different treatment methods; (B) SEM image of EC-5; (C) SEM image of ER-5. E represents enzyme-induced carbonate precipitation (EICP), C represents calcium ion solution extracted from concrete, R represents calcium chloride solution and 5 represents the number of treatment.
3.4 Cost Analysis
According to the current market price, the material cost of treating 1 m³ sand with concrete-extracted calcium is around 255 CNY. The material cost of treating 1 m³ sand with reagent calcium chloride is around 340 CNY. However, the costs mentioned here are based on the market prices in 2021 in China and may vary over time and regions.
4 CONCLUSION
In this study, a new method of using waste concrete for EICP sand treatment is proposed. The concrete-extracted calcium and reagent chloride solution are used to treat sand columns, respectively. The treated sand specimens are assessed by compressive strength tests, calcium carbonate content determinations, and microstructure analyses. The main conclusions are as follows:
(1) The compressive strength of the sand column treated by concrete-extracted calcium and reagent calcium chloride has no significant difference in both dry and wet states, indicating the effectiveness of using waste concrete for calcium extraction and the EICP treatment.
(2) The calcium carbonate contents treated by using the EICP method with concrete extracted calcium after 3–5 times are in the range of 2–3%. There is no significant difference in the calcium carbonate contents between the specimens treated with concrete-extracted calcium and calcium chloride.
(3) The calcium carbonate crystal produced from concrete-extracted calcium in the sand treatment process is calcite, which is the most stable form of calcium carbonate.
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