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Abstract:



This study evaluated the applicability of natural zeolite for the removal of the NH-forms in the enzyme-mediated calcite precipitation technique. The natural zeolite of mordenite was added to prepared grouting solutions composed of urea and urease and mixed thoroughly using a rotation table for the mixing times of 0.5, 1.0, and 2.0 h. Then, the concentrations of evolving NH-forms in the solutions were measured. The effects of the presence of zeolite on the amount and the mineralogical substance of the precipitated minerals were also evaluated by X-ray powder diffraction and scanning electron microscopy analyses. Sand samples were treated with the grouting solutions containing zeolite, and the improvement in strength was assessed. It was found that utilizing zeolite in grouting solutions can reduce the concentration of NH-forms. A significant reduction in the concentration of NH-forms was obtained. The addition of 10 g natural zeolite/L solution, combined with the 2-h mixing time, resulted in removal efficiencies of 75% and 45% in reagent concentrations of 0.5 and 1.0 mol/L, respectively. Mechanical test results showed that the grouting solutions also brought about a significant improvement in the soil strength. A precipitated material, comprising 9% of the sand mass, was produced by three pore volume (PV) injections of the grouting materials, which showed an unconfined compressive strength of 300 kPa.
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1. Introduction


Calcite precipitation techniques have been proposed as the alternative method for improving the engineering properties of soil [1,2,3,4]. Enzyme-mediated calcite precipitation (EMCP) may be one of the promising methods [4,5,6,7,8]. The unconfined compressive strength of treated sand ranging from 200 kPa to 1.6 MPa, depending upon the amount of precipitated calcite can be achieved, and the permeability of the improved samples can be reduced by more than one order of magnitude [4,5,9]. In this technique, an enzyme of urease is employed to dissociate the urea into ammonium and carbonate ions. The produced carbonate ions are precipitated as calcium carbonate crystals in the presence of calcium ions [10]. The reactions of the urea hydrolysis and the calcite formation are shown in Equations (1)–(5).
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The EMCP technique produces ammonia and ammonium as the byproduct of urea hydrolysis (see Equations (1) and (2)). The hydration of ammonia gas increases the pH, and hence, promotes the calcination process (see Equation (2)) [11,12]. However, ammoniums are poisonous at high concentrations, and their toxicity may contaminate the soil [13,14]. For example, in Japan, wastewater should not contain an ammonium concentration more than 100 g/L [15]. Hence, the removal of ammonia and ammonium without compromising the applicability of EMCP as a soil-improvement technique is a great challenge in terms of developing an environmentally friendly soil improvement method.



Several methods for ammonium removal, such as nitrification, ammonia stripping, chemical precipitation, and ion exchange, have been proposed as potential methods [16,17]. The ion exchange method uses an absorbent of natural zeolite and has been confirmed as a promising technique for ammonia removal [17,18,19,20,21,22]. The use of natural zeolite for ammonia removal is considered to be a competitive and effective method [23,24,25,26]. Natural zeolite has a unique structure, large internal cavities, and entry channels [17]. It is proved to have high cation exchange capacity, cation selectivity, higher void volume, and a great affinity for ammonium (NH4+) and other cations [18,27,28,29]. It is also low in cost and independent of temperature [18,19,22,27]. The general formula for natural zeolite is [image: there is no content]. M+ and M2+ are exchangeable cations (i.e., Na+, K+, Ca2+, Mg2+, and/or Ba2+). Al and Si are known as structural cations which develop the framework of the structure with O [22,30]. The ion-exchange behavior of natural zeolite depends on several factors: the framework structure, the ion size, the shape, the charge density of the anionic framework, the ionic charge, and the concentration of the external electrolyte solution [24]. The rate of the ion exchange process using zeolite can be increased by the intensity of the mixed solution and by the augmentation of the concentration and temperature of the solution [30].



In this study, the applicability of natural zeolite as an ammonia and ammonium removal method in the EMCP technique was evaluated. The natural zeolite of mordenite was used in the preparation of grouting materials. It was added and mixed thoroughly for several mixing times, and the evolution of the total ammonia and ammonium concentration was evaluated. The effects of the utilization of natural zeolite on the EMCP parameters (i.e., the precipitated amount, the pH, the mineralogy of the precipitated minerals, and the improved strength of the treated sand) were also investigated.




2. Materials and Methods


2.1. Zeolite


The natural zeolite of mordenite from Izumo, Shimane Prefecture, Japan, with grain sizes of 0.25–1.00 mm, was obtained from Sinkou Sunrise Co., Ltd. (Matsue, Japan). The mineral composition and the morphology of mordenite are shown in Table 1 and Figure 1, respectively.


Figure 1. Morphology of natural zeolite of mordenite.
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Table 1. Mineral composition of natural zeolite of mordenite [31].







	
Chemical

	
Content (%)






	
SiO2

	
68.20




	
Al2O3

	
11.63




	
Fe2O3

	
1.25




	
MnO

	
0.01




	
CaO

	
1.15




	
MgO

	
0.49




	
Na2O

	
2.77




	
K2O

	
1.24




	
TiO4

	
0.22




	
Ignition loss *

	
13.20








* Test was conducted at 850 °C.








The addition of natural zeolite to the grouting solution is expected to cause the adsorption of the produced ammonium ions [32]. Exchangeable cations from the zeolite may also be released into the system and bound with the carbonate ions. The expected mechanism of the ion exchange process and the reaction are illustrated in Figure 2.


Figure 2. Expected mechanism of ion exchange process and the reaction in the presence of zeolite.
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2.2. Grouting Materials


The grouting materials adopted for the EMCP technique are composed of urea, CaCl2, and urease. In this study, the urea and CaCl2 were obtained from Kanto Chemical (Tokyo, Japan), while the enzyme urease (020-83242, Kishida Chemical, Osaka, Japan) with the urease activity of 2950 U/g, was purified from jack bean meal. The precipitated amount, corresponding to the different combinations of reagent and urease concentrations, were evaluated in our previous work [10,33]. Urease with concentrations of 1.0, 2.0, 3.0, 4.0, and 5.0 g/L were used to dissociate the 0.5 and 1.0 mol/L of urea in the mixed solution of the reagent composed of urea-CaCl2. The test tube results are shown as a precipitation ratio: the ratio of the actual mass of precipitated minerals to the theoretical mass of the maximum precipitation of CaCO3 in a solution of 30 mL, in Figure 3 [10,33]. The reagent concentration of 0.5 mol/L produced a higher precipitation ratio than that of 1.0 mol/L. A precipitation ratio of 70% was obtained with the urease concentration of 1.0 g/L. With the reagent concentration of 1.0 mol/L, the precipitated ratio increased when 2.0 g/L of urease were added. However, a further increase in urease concentration had no significant impact on the precipitation ratio. Hence, urease concentrations of 1.0 and 2.0 g/L were selected to dissociate the reagents with concentrations of 0.5 and 1.0 mol/L, respectively. The conditions of the selected grouting materials are shown in Table 2.


Figure 3. Precipitation ratio results for several concentrations of urease [10,33].
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Table 2. Selected grouting materials.







	
Parameter

	
Grouting Material




	
R 0.5

	
R 1.0






	
Conc. of reagent (mol/L)

	

	




	
 Urea

	
0.50

	
1.00




	
 CaCl2

	
0.50

	
1.00




	
Conc. of urease (g/L)

	
1.00

	
2.00




	
Precipitation amount

	

	




	
 Mass (g)

	
1.10

	
1.72




	
 Ratio (%)

	
73.45

	
57.15











2.3. Experimental Procedures


The sample preparation procedure, developed by Putra et al. [34], was adopted in this work. Urea was mixed thoroughly with distilled water. Urease, with concentrations of 1.0 and 2.0 g/L, were then mixed into the distilled water for 2 mins and filtered using filter paper (pore size of 11 μm) to remove the undissolved particles of urease. The purified urease solution was mixed thoroughly with the urea solution in a total solution of 75 mL. Various concentrations of natural zeolite were added to the prepared solutions composed of urea-urease and stirred together for the mixing times of 0.5, 1.0, and 2.0 h. In this work, the maximum mixing time was set to be 2 h because gel-like precipitation formed when the CaCl2 solution was added to the filtered solutions if the mixing time was greater than 2 h. After the mixing process (0.5, 1.0, and 2.0 h after stirring), the solution composed of urea, urease, and zeolite was filtered using filter paper (pore size of 11 μm) to remove the zeolite.



In the present study, the ammonia ion selective electrode (i.e., ammonium ion meter TiN9001K-SR, TOKO Chemical Laboratories Co., Ltd., Tokyo, Japan) was used to measure the total concentration of produced ammonia and ammonium ion in grouting solution. Ammonia selective electrodes are gas-sensing electrodes, which can evaluate the concentration of NH4+ based on measured NH3 and pH. Therefore, the grouting solution containing both of ammonia and ammonium, and all the ammonium were converted to ammonia by pH adjusting. “NH-forms” is used to express the total of ammonia (i.e., the existing NH3 and converted NH3 from NH4+) in the solution. The experimental procedure for the sample preparation and NH-forms measurement are shown in Figure 4 and Figure 5.


Figure 4. Procedure for sample preparation for NH-forms measurement and precipitation tests.
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Figure 5. Experimental procedure and setup for NH-forms measurement [35].
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In this work, three-point calibration was conducted with the standard solutions containing the fixed amount of ammonium ions mixed within distilled water, namely, C1 (1 mg/L), C2 (10 mg/L), and C3 (100 mg/L). In the measurement stage, all the grouting solutions were diluted 10–100 times to make the concentrations measurable by the ammonium ion meter. Prior to the measurements, the pH of each grouting solution was adjusted to 11 or more by adding the pH adjusting solution (i.e., 10 mol/L NaOH). Hence, ammonium ions (NH4+) in the solution are converted to the ammonia gas (NH3), as shown in the Equation (2) [35]. When the electrode is immersed in the solution, ammonia gas passes through the hydrophobic diaphragm and the internal solution. The equilibrium of the reaction is expressed in Equation (6).
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(6)







When the concentration of ammonium ions in the internal solution is assumed to remain constant, Equation (6) can be change to Equation (7).
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Equation (7) shows the proportional correlation between the concentration of ammonia gas and hydroxide ion (pH). By using this correlation, ammonia electrode in the device measure the concentration of ammonium ions indirectly by adopting the pH electrode as the internal electrode [35].



The pH measurements were also performed to observe the evolution of the pH during the precipitation process. The evolving pH was measured using a pH meter (LAQUAact D-73, Horiba Scientific, Ltd., Kyoto, Japan). NH-forms and pH measurements were also performed for grouting solutions without zeolite. Precipitation tests were conducted to evaluate the effect of the presence of the zeolite during the sample preparation on the amount of precipitated minerals. Calcium chloride was mixed with distilled water and added to the filtered grouting solution. Two identical tests were conducted for each condition to check the reproducibility. The experimental conditions for the NH-forms measurements and the precipitation tests are shown in Table 3. X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses were also conducted evaluate the effect of the utilization of natural zeolite on the mineralogy of the precipitated materials.



Table 3. Experimental conditions for NH-forms measurement and precipitation tests.







	
Sample (-)

	
Reagent, R (mol/L)

	
Urease, Us (g/L)

	
Zeolite (g/L Solution)

	
Mixing time for Zeolite, t (h)




	
Urea, Ur

	
CaCl2, Ca *






	
U1-Z0

	
0.5

	
0.5

	
1.0

	
-

	
-




	
U2-Z0

	
1.0

	
1.0

	
2.0

	
-

	
-




	
U1-Z1.1

	

	

	

	
1.0

	
0.5




	
U1-Z1.2

	
0.5

	
0.5

	
1.0

	
1.0

	
1.0




	
U1-Z1.3

	

	

	

	
1.0

	
2.0




	
U1-Z2.1

	

	

	

	
5.0

	
0.5




	
U1-Z2.2

	
0.5

	
0.5

	
1.0

	
5.0

	
1.0




	
U1-Z2.3

	

	

	

	
5.0

	
2.0




	
U1-Z3.1

	

	

	

	
10.0

	
0.5




	
U1-Z3.2

	
0.5

	
0.5

	
1.0

	
10.0

	
1.0




	
U1-Z3.3

	

	

	

	
10.0

	
2.0




	
U2-Z1.1

	

	

	

	
1.0

	
0.5




	
U2-Z1.2

	
1.0

	
1.0

	
2.0

	
1.0

	
1.0




	
U2-Z1.3

	

	

	

	
1.0

	
2.0




	
U2-Z2.1

	

	

	

	
5.0

	
0.5




	
U2-Z2.2

	
1.0

	
1.0

	
2.0

	
5.0

	
1.0




	
U2-Z2.3

	

	

	

	
5.0

	
2.0




	
U2-Z3.1

	

	

	

	
10.0

	
0.5




	
U2-Z3.2

	
1.0

	
1.0

	
2.0

	
10.0

	
1.0




	
U2-Z3.3

	

	

	

	
10.0

	
2.0








* only for precipitation tests.








Unconfined compressive strength (UCS) tests were performed to evaluate the applicability of the grouting materials for improving the soil strength. The experimental procedures developed by Putra et al. [10] were followed in this work. Sand specimens of silica sand with emax, emin, coefficient of uniformity (CU), and specific gravities (Gs) of 0.899, 0.549, 1.550, and 2.653, respectively, were used in this study. The PVC cylinders with 5 cm in diameter and 10 cm in height were prepared, and 300 g of sand was poured into the cylinders to obtain a relative density, RD of 50%. The fixed volume of the solution composed of calcium chloride and filtered solution (urea-urease after the addition of zeolite) were injected into the prepared sand samples. The procedure of PVC cylinder test is shown in Figure 6 [10]. The injected volume was controlled by the number of pore volumes (PVs), the amount of one PV being ~75 mL. The sand samples were treated with one to three PVs for a three-day curing time. The acid leaching method was used to evaluate the amount of precipitated calcite within the sand samples [4,5,34,36]. Finally, by comparing the relation between the precipitated amount and the UCS obtained in this study, with those obtained from the literature, the effects of the utilization of zeolite during the sample preparation in the EMCP technique were evaluated.


Figure 6. Procedure of PVC cylinder tests [10].
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3. Results and Discussion


The applicability of natural zeolite for reducing the concentration of NH-forms in the EMCP technique was evaluated. The measurements were conducted after the concentration NH-forms became stable (i.e., when the maximum values were obtained), which were 24 and 48 h after the mixing process for the urea concentration of 0.5 and 1.0 mol/L, respectively. Figure 7 shows the final concentration and the removal efficiency of NH-forms for several concentrations of zeolite and several mixing times.


Figure 7. Results of NH-forms measurements; (a) Urea 0.5 mol/L; urease 1.0 g/L; (b) Urea 1.0 mol/L; urease 2.0 g/L.
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As is apparent, the utilization of zeolite significantly reduced the NH-forms. In case U1-Z (Figure 7a), with reagent and urease concentrations of 0.5 mol/L and 1.0 g/L, respectively, a removal efficiency of 75% of the maximum theoretical concentration was obtained by mixing 10 g zeolite/L solution for 2.0 h. The concentration of zeolite and the mixing time were found to significantly affect the decrease in NH-forms. In case U2-Z (Figure 7b), which produced more NH-forms, the application of zeolite brought about the NH-forms removal of 45% of the maximum theoretical concentration. In this case, the mixing time had no significant effect on the removal efficacy of the zeolite. The relation between the removal efficiency and the concentration of zeolite indicated that the effectivity of the natural zeolite to remove NH-forms could be increased by increasing the amount of zeolite, notably in the lower concentration of urea-urease.



The measurements of pH were conducted for the grouting solutions that were treated by the zeolite 10 g/L solution with a mixing time 2.0 h. The evolving pH of the grouting solution without the zeolite treatment was also conducted to evaluate the effect of zeolite on the pH change. The evolving pH was measured 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 12.0 h after the grouting solution was prepared. The results of the pH measurement are shown in Figure 8.


Figure 8. Evolution of pH with time.
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As is apparent, the pH increased rapidly after 0.5 hr. The presence of zeolite during the mixing process resulted in a higher pH of the solution. The increase in pH may be attributed to the effects of both the production of ammonium occurring after the urea hydrolysis and the releasing of OH− ions from the zeolite structure. The existence of alkali and alkaline metal (K, Na, Ca, and Mg) in zeolite form hydroxide ions when dissolved in water [37]. In contrast, the pH decreased during the period of 0.5–2.0 h, which may be attributed to the convolved phenomena of ion exchange and secondary mineral precipitation. After the mixing process was finished and the zeolite was taken out, the measured pH again increased and approached the steady state. In comparison to the measured pH of the grouting solution without zeolite, the pH increased gradually with time from the beginning. The increase in pH is attributed likely to the production of the ammonium and OH− ions (see Equation (2)).



Test tube experiments were also conducted to evaluate the effect of the presence of zeolite during the mixing process on the amount and the mineralogy of the precipitated minerals. Figure 9 shows the relation between the precipitated amounts and the amount of zeolite with the different mixing times. In case U1 (Figure 9a), with the reagent and urease concentrations of 0.5 mol/L and 1.0 g/L, respectively, a higher precipitation amount than that without zeolite (dashed line) was obtained. A precipitated ratio of 80% was achieved by the addition of zeolite of 5 and 10 g/L solution. The increase in the precipitated amount might have been caused by the ion exchange process. The free calcium and magnesium ions from the zeolite might have been bound to the carbonate ions obtained from the urea hydrolysis; hence, the precipitated amount further increased (see Figure 2). In case U2 (Figure 9b), the addition of zeolite with the mixing times of 0.5 and 1.0 h decreased the precipitation amount. However, when the mixing time was increased to 2.0 h, the similar precipitated amounts with that without zeolite were obtained. The longer mixing time might have allowed the ion exchange process and have promoted reactions between potentially exchangeable cations released from zeolite (i.e., Ca2+ and Mg2+) and the carbonate ions.


Figure 9. Precipitation test results; (a) Reagent 0.5 mol/L; urease 1.0 g/L; (b) Reagent 1.0 mol/L; urease 2.0 g/L.
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XRD and SEM analyses were performed to evaluate the effect of the utilization of zeolite in the preparation of the grouting solution on the resulting minerals and the shapes of the precipitated materials. Figure 10 shows the XRD pattern and the SEM image for the precipitated materials.


Figure 10. Results of mineralogy and morphology analyses of precipitated minerals. (a)Treated solution; (b)EMCP crystal/non-treated solution [34].
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As is apparent, the use of zeolite has no significant effect on the mineralogical substance. Similar XRD patterns were obtained in both cases (a) and (b). Moreover, the presence of zeolite in the grouting solution was found to modify the shape of the precipitated materials. The agglomeration form was obtained in addition to the rhombohedral crystal. The utilization of zeolite also reduced the crystal size of the precipitated materials. The release of exchangeable cations of zeolite (e.g., Mg2+) might have contributed to the evolution of the crystal form. As reported by Putra et al. [34], the substitution of magnesium promoted the agglomeration formation and significantly reduced the crystal size of the precipitated minerals [34].



The improvement in strength of the treated sand was also evaluated through UCS tests. The selected zeolite concentration of 10 g/L was added to the grouting solution and mixed for a mixing time of 2.0 h. The experimental conditions for the UCS tests are shown in Table 4.



Table 4. Experimental conditions for unconfined compressive strength (UCS) tests.







	
Sample (-)

	
Reagent, R (mol/L)

	
Urease, Us (g/L)

	
Zeolite, Z (g/L solution)

	
Mixing Time, t (h)

	
Number of Injections (PV)






	
U1-Z

	
0.5

	
1.0

	
10

	
2.0

	
2 and 3




	
U2-Z

	
1.0

	
2.0

	
10

	
2.0

	
1, 2, and 3










The results of the UCS tests are shown in Figure 11. The precipitated amounts, ranging from 2.2–8.8% of the soil mass and corresponding to the strength of 24–305 kPa, were obtained by one to three PV injections. In comparison to the previous studies, in which the EMCP technique was conducted without zeolite [10,34], the precipitated amount and the strength obtained in this work were relatively similar. With a low concentration of reagents (R = 0.5 mol/L), the strength derived from Putra et al. [34] was slightly higher than that obtained in this study. Moreover, in the reagent concentration of 1.0 mol/L, the strength gained in this study was slightly greater than that obtained in Putra et al. [10]. The results confirmed that the utilization of zeolite during the preparation of grouting materials in the EMCP technique has no significant impact on the strength of treated soil.


Figure 11. Evolution of strength with precipitated amount.
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4. Conclusions


The applicability of the ion exchange method using natural zeolite to remove the NH-forms in the EMCP technique has been evaluated. The natural zeolite of mordenite was added to grouting solutions composed of urea-urease and mixed thoroughly for different mixing times. The effects of the utilization of natural zeolite in the preparation of grouting materials on the EMCP parameters, such as the precipitated amount, the pH, the mineralogy, and the improvement in the strength of the treated soil were also evaluated.



The utilization of natural zeolite in the preparation of grouting materials brought about a significant effect on the NH-forms concentration. The NH-forms measurements showed that the use of 10 g zeolite/L solution with a 2-h mixing time could reduce the concentration of NH-forms by 75% and 45% of the maximum theoretical concentration in urea concentrations of 0.5 and 1.0 mol/L, respectively. XRD analysis indicated that the presence of zeolite had no significant impact on the mineralogy of the precipitated minerals. However, the utilization of zeolite in the EMCP technique promoted the agglomeration form of the precipitated materials. Mechanical test results showed that the grouting solutions brought about a significant improvement in the soil strength. A precipitated material of 9% of the sand mass was produced by three PV injections of grouting materials, which showed the unconfined compressive strength of 300 kPa. The results of this study have indicated that the application of natural zeolite of mordenite in the EMCP technique may be viable as an environmentally friendly soil improvement method.
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