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Abstract

:

The effect of silica on the immobilization reaction of boron by magnesium oxide was investigated by laboratory experiments. In the absence of silica, due to dissolution of the magnesium oxide, boron was removed from solutions by the precipitation of multiple magnesium borates. In the presence of silica, magnesium silica hydrate (M-S-H) was formed as a secondary mineral, which takes up boron. Here 11B magic-angle spinning nuclear magnetic resonance (MAS-NMR) and Fourier transform infrared spectrometer (FT-IR) data show that a part of the boron would be incorporated into M-S-H structures by isomorphic substitution of silicon. Another experiment where magnesium oxide and amorphous silica were reacted beforehand and boron was added later showed that the shorter the reaction time of the preceding reaction, the higher the sorption ratio of boron. That is, boron was incorporated into the M-S-H mainly by coprecipitation. The experiments in the study here show that the sorption of boron in the presence of silica is mainly due to the incorporation of boron during the formation of the M-S-H structure, which suggests that boron would not readily leach out, and that stable immobilization of boron can be expected.
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1. Introduction


Immobilization technology is often used to control mobility and reduce toxicity in metal contaminated soils. The primary role of the compounds used in the immobilization is to change the speciation of the metals in the soils from dissolved species to more geochemically stable species via adsorption and precipitation processes. Immobilization is a widely proven useful method because of the speedy and simple applicability, relatively low cost, and small amount of waste generated compared with other methods such as sealing or excavation [1]. In addition, it offers a lower risk of dispersing polluting components as there is no need to move the originally contaminated soil. However, detailed immobilization mechanisms have not been established and confirmed for most candidates for immobilization compounds. Particularly, the reaction between soil and immobilized components has not been sufficiently studied, it is not clear how the compounds to be immobilized react with soil in the process of immobilizing hazardous substances [2]. There is a clear need for knowing details of how hazardous elements are immobilized in the precipitated phases when making assessments of risks and long-term evaluations.



Many types of Magnesium-based immobilization compounds are commercially available and have attracted attention in recent years as highly efficient compounds for applications to immobilization technology. The main component of Magnesium-based compounds is magnesium oxide, which has been reported to be effective against many harmful elements [3,4]. Harmful elements have been immobilized by magnesium oxide by ion exchange, surface complex formation, and coprecipitation in simple laboratory experiments, however the detailed reaction mechanisms in the soil at the contaminated sites has not been exhaustively detailed or understood.



Boron is an essential element in the human body, however, toxicity to male reproductive organs and toxicity to developing embryos by long-term exposure has been established [5]. As a result, boron is designated as a pollutant by the Ministry of the Environment of Japan by analogy with lead, arsenic, fluoride, and others. Boron is not frequently identified in contaminated soils, but it is known as an element that is only immobilized with difficulty in soils. Boron is commonly present in the form of B(OH)3(aq), which is an electrically neutral dissolved species and so difficult to adsorb electrostatically on minerals in soil [6]. It is also considered to be difficult to immobilize by precipitation of little soluble salts because of the high solubility of borate salts [2]. Therefore, compounds and methods that are effective in immobilizing boron have not been identified.



Boron removal has been extensively studied in the field of wastewater treatment, and several methods such as chemical precipitation [7], adsorption [8], extraction [9], biological method [10] are known. As immobilization mechanisms for boron by magnesium oxide, precipitation of magnesium borates [11] and formation of an inner-sphere complex on the surface of brucite [12] have been reported. However, these results have been obtained with simple experimental systems using magnesium oxide and aqueous solutions of boric acid, and do not adequately explain the processes and states of the immobilized boron in soil as soils are complex. Various minerals are present in soils, generating a range of dissolved species in the pore water. Among these, dissolved silica is frequently the dominant species when magnesium oxide is mixed with the soils, as the solubility of silica minerals increases with increasing pH due to the dissolution of magnesium oxide. This suggests that dissolved silica in pore water would commonly be present and available for immobilization processes using magnesium oxide. Furthermore, it has been suggested that boron in soil interacts with silicates. Jin et al. [13] carried out sequential extraction on 14 types of soil and reported that 2.4 to 79.2 % in total boron was separated into the residual fraction, and residual boron was considered to be in association with soil silicates. In this context, our main hypothesis is that silica in the reaction system involves in the immobilization of boron.



In this study, the authors carried out an immobilization experiment for boron with magnesium oxide in the presence of silica and investigated the influence of silica on the immobilization of boron.




2. Materials and Methods


2.1. Sorption Experiments for Boron Using Magnesium Oxide


In this study, B(OH)3 solutions of 0.46 and 9.25 mmol/L were prepared by dissolving B(OH)3 (special grade; Kanto Chemical Co., Inc., Chuo-ku, Japan) into deionized water bubbled with N2 to remove CO2 from the solutions. With 80 mg of magnesium oxide (special grade; Kanto Chemical) added to 80 mL of the B(OH)3 solution in 100 mL polyethylene bottles, the suspensions were shaken with a horizontal shaker (120 rpm) in a water bath at 25 °C for one, 2, 5, 17, or 28 days. After these reaction times, the suspensions were filtered through a 0.45 μm membrane filter (cellulose nitrate ester). The solids remaining on the filter were rinsed with deionized water and freeze-dried for two days. The sorption ratios of boron were calculated from the differences between the initial boron concentrations and the equilibrium concentrations of the solutions.




2.2. Sorption Experiment for Boron Using Magnesium Oxide with Soluble Silica


To investigate how the presence of silica affects the sorption reaction, boron sorption experiments with silica in solutions were also conducted. Here, 80 mg of amorphous silica (special grade; Kanto Chemical) and 80 mg of magnesium oxide were added to the 80 mL of the B(OH)3 solution in 100 mL polyethylene bottles and the suspensions were shaken under the conditions detailed above.




2.3. Sorption Experiment for Boron Using Precipitates Reacting with Magnesium Oxide and Amorphous Silica


Further, other experiments were conducted to investigate the reactions when boron was reacted with the precipitates obtained by reacting magnesium oxide with amorphous silica. Here, 80 mg of amorphous silica and 80 mg of magnesium oxide were added to the 80 mL of the deionized water in the 100 mL polyethylene bottle under N2 bubbling. These samples were shaken like those of the sorption experiments and the suspensions were collected after 1, 5, and 28 days. Following this, 20 mg of precipitate was added to 20 mL of the 0.46 mmol/L B(OH)3 solution in 50 mL centrifuge tubes. These suspensions were shaken with a horizontal shaker (120 rpm) at room temperature for 7 days. After the reaction, the liquids and solids of the suspensions were separated by centrifugation (3000 rpm, 40 min.) and freeze-dried for two days.




2.4. Analysis of the Solutions


The concentrations of dissolved species in the solutions obtained in the above experiments were determined. Acidified samples were diluted 10–100 times and analyzed for B and Mg by inductively-coupled plasma atomic emission spectrometry (ICP-AES) using a SHIMADZU ICPE-9000 (Shimadzu Corp., Kyoto, Japan). Non-acidified samples were diluted 10–100 times and analyzed for dissolved silica by spectrophotometry using a JASCO V-550 (JASCO Corp., Hachioji, Japan) based on the formation of blue molybdosilicic acid.




2.5. Analysis of the Solid Phases


The solid samples were ground and analyzed for powder X-ray diffraction (XRD, Rigaku Corp., Akishima, Japan) to establish the mineral compositions using a Rigaku RINT2100 diffractometer operating at 30 kV and 20 mA, equipped with a Cu target. Diffraction profiles were collected from 10 to 70° 2θ.



The Fourier transform infrared spectrometer (FT-IR) spectra were obtained from 400 to 4000 cm−1 on a JASCO FTIR-4100 spectrometer (JASCO Corp., Hachioji, Japan) with 1.0 cm−1 spectral resolution. Pellets were prepared by mixing the samples with KBr at a 2.0 mg sample to 400 mg KBr ratio. The KBr was heated at 110 °C for 2 h prior to use to remove the contained water.



Solid-state 11B magic-angle spinning nuclear magnetic resonance (MAS-NMR) spectra were acquired on a JEOL ECA600II (JEOL Ltd., Akishima, Japan) using 3.2 mm probes and a single pulse method. The resonance frequency for 11B was 192.5 MHz at a field strength of 14.1 T. Typical acquisition parameters were spinning speed 12.5 kHz, relaxation delay 3 s, and 2048–12,000 scans depending on the boron concentration in the solid samples. The 11B chemical shift was referenced to a saturated H3BO3 solution at 19.6 ppm.





3. Results


3.1. Sorption Experiments Using Magnesium Oxide


3.1.1. Sorption Experiments with Boron and Magnesium Oxide Both Added Together


In the first series of sorption experiments where boron was added to magnesium oxide, the boron sorption ratios were different with or without amorphous silica (Figure 1). The boron sorption ratios reached the maximum values after 5 days when no silica was added to the solutions (Figure 1a). The maximum sorption ratios were 45 and 37% when the initial boron concentrations ([B]ini) were 0.46 and 9.25 mmol/L, respectively. In the case of [B]ini = 9.25 mmol/L, the boron sorption ratio gradually decreased after 5 days while it remained constant at 44 % in the [B]ini = 0.46 mmol/L addition experiments. The pH of the experimental solutions decreased from 10.7 to 10.3 after 2 days for [B]ini = 0.46 mmol/L and remained constant at pH 10.7 throughout the 28 days with [B]ini = 9.25 mmol/L (Figure 2a). The dissolved magnesium concentration steadily decreased until 17 days from 0.39 mmol/L to 0.31 mmol/L and 4.02 mmol/L to 2.73 mmol/L for [B]ini = 0.46 and 9.25 mmol/L, respectively (Figure 3a), then in the period between after 17 and 28 days, it increased to 3.00 mmol/L only for [B]ini = 9.25 mmol/L.



The pH of the experimental solutions decreased from 10.7 to 10.3 after two days for [B]ini = 5 mg/L and remained constant at pH 10.7 throughout the 28 days with [B]ini = 100 mg/L (Figure 2a). The dissolved magnesium concentration steadily decreased until 17 days from 9.5 mg/L to 7.6 mg/L and 97.7 mg/L to 66.5 mg/L for [B]ini = 5 and 100 mg/L, respectively (Figure 3a), then in the period between after 17 and 28 days, it increased to 73.0 mg/L only for [B]ini = 100 mg/L.



These changes in the solution chemistry were very different when amorphous silica was added. For the boron sorption ratio, it took ~17 days to reach a steady state with high adsorption ratios, reaching maximum values of 95.8% and 56.6% for [B]ini = 0.46 and 9.25 mmol/L, respectively (Figure 1b). After a slight pH increase until 5 days both with [B]ini = 0.46 and 9.25 mmol/L, pH kept decreasing to 10.0 and 9.4 for [B]ini = 0.46 and 9.25 mmol/L, respectively (Figure 2b). Dissolved magnesium concentrations kept decreasing for 28 days to 0.23 mmol/L and 1.38 mmol/L for [B]ini = 0.46 and 9.25 mmol/L, respectively (Figure 3b). The dissolved silica concentrations increased to 0.85 mmol/L and 0.82 mmol/L for [B]ini = 0.46 and 9.25 mmol/L, respectively, after decreasing until five days (Figure 3c).




3.1.2. Characterization of the Precipitates


For the solids of the silica free samples with an initial concentration of 0.46 mmol/L, brucite was formed as a secondary mineral (Figure 4a) with the shapes of the peaks broader than those of hydrated magnesium oxide. For the solids with an initial concentration of 9.25 mmol/L, admontite (MgB6O7(OH)6) was formed after 1 day (Figure 4b) and Mg7B4O13∙7H2O after 2 days (Figure 4c,d). After 17 days, a different magnesium borate, mcallisterite (Mg2(B6O7(OH)6)2), had started to form. The peaks of admontite had disappeared after 28 days. For samples obtained in the presence of silica, the peaks of magnesium oxide and signal of amorphous silica disappeared gradually (Figure 5a,b,d,e) and the peak intensity of the magnesium silicate hydrates (M-S-H) increased (Figure 5b,c,e,f). In the [B]ini = 0.46 mmol/L condition, brucite formed as the reaction period lengthened (Figure 5a,c).



The FT-IR spectra of solid samples were assigned referring to the literature [11,14,15,16,17]. Silica free samples exhibit four absorption bands at 1490–1460, 1340, 1270 and 976 cm−1. All of these bands are assigned as asymmetric vibrations of BO3 units, symmetric vibration of BO3 units, in-plane bending of B–O–H linkage, and asymmetric vibration of BO4 units (Figure 6a). For the samples with silica, there are bands at 1460, 1270, 1000–1180, 960, 880 and 800 cm−1. In addition to the B–O bands noted above, other bands are assigned as asymmetric stretching of Si–O–Si (1000–1180 cm−1), asymmetric vibration of B–O–Si (880 cm−1) and symmetric stretching of Si–O–Si (800 cm−1) (Figure 6b).



The 11B MAS-NMR spectra of both the silica free sample and the samples with silica are shown in Figure 7. In the sample without silica, resonance from tri-coordinated boron was observed at 19.6 ppm. For the samples containing silica, the spectra contain two types of 11B resonance, a broad peak between 5 and 20 ppm due to tri-coordinated boron and a relatively narrow resonance near 0 ppm from tetrahedral boron. The peak position of tri-coordinated boron of the sample with an initial concentration of 0.46 mmol/L was 17.0 ppm and of 9.25 mmol/L was 18.2 ppm.





3.2. Sorption Experiments with Boron Added after Reaction of Magnesium Oxide and Amorphous Silica


In the sorption experiments where boron was added after the reaction of magnesium oxide and amorphous silica, shorter precipitate synthesis times show higher sorption ratios of boron, with sorption ratios of 63.2, 46.9, and 26.0% for the precipitates synthesized for 1, 5, and 28 days, respectively (Figure 8).



Before the sorption, there was amorphous silica and magnesium oxide in the precipitate synthesized for one day, and with five days of synthesis there was also brucite and M-S-H in the precipitate (Figure 9a–c). Brucite and M-S-H were also identified in the precipitate synthesized for 28 days. After the sorption, magnesium oxide and amorphous silica was absent in the precipitate synthesized for one day and there were spectra for brucite and M-S-H (Figure 9a–c). Peaks of magnesium oxide and signal of amorphous silica were absent in the precipitate synthesized for five days (Figure 9a,b). The mineral phases were also present in the precipitate synthesized for 28 days, with decreased intensity of all peaks (Figure 9a).



The Fourier transform infrared spectrometer (FT-IR) spectra showed that the band at 1100 cm−1 was strong in the precipitates synthesized for one and five days before the sorption, and that this band shifted to ~1050 cm−1 after the sorption (Figure 10). In the precipitates synthesized for 28 days the band was present at ~1050 cm−¹ before the sorption experiment, and there was no significant change after the sorption.





4. Discussion


4.1. Influence of Silica on Boron Sorption Reactions


Sorption experiments of boron using magnesium oxide in the absence and presence of silica were conducted. The change of components in the liquid phase and compositions of precipitates were investigated over time. The results obtained here showed differences in terms of the initial concentration of boron and the presence or absence of silica. Significant differences were observed both in solutions and solids in the [B]ini = 0.46 and 9.25 mmol/L experiments, also in the absence of silica. At [B]ini = 0.46 mmol/L, magnesium oxide and brucite were the only minerals identified by XRD in the solids after 28 days (Figure 4a). With [B]ini = 9.25 mmol/L, magnesium borate minerals, such as admontite and Mg7B4O13∙7H2O were present after 1 day (Figure 4b). However, maximum boron sorption ratios were similar, 45% and 37% at [B]ini = 0.46 and 9.25 mmol/L (Figure 1a), indicating that some boron was removed from the solutions under both conditions. In the case of [B]ini = 9.25 mmol/L, it was clear that boron was removed from the solutions as magnesium borates due to the high boron concentrations. The boron sorption ratio decreased slightly after 5 days, likely due to transformation of magnesium borate mineral into a more stable phase. The magnesium concentration increased slightly during the transformation and was likely controlled by the solubility of magnesium borates. In the case of [B]ini = 0.46 mmol/L, boron was likely removed together with the brucite which was formed during the experiments. This is supported by the broadened peaks for brucite in the XRD spectra (Figure 4a). Sasaki et al. [11] reported that peak shapes of borate-incorporating brucite are broad except for the (hk0) plane because boric acid interferes with the c-axis stacking of brucite by coordinating Mg atoms in parallel to the layer plane. The magnesium concentrations were controlled by the solubility of brucite [18].



When silica was introduced to the experimental solutions, boron was removed more efficiently both in the [B]ini = 0.46 and 9.25 mmol/L solutions, but it took longer to reach the steady states than in the absence of silica (Figure 1b). In both cases, no borates were detected in the solids by XRD, the peaks and signals in the XRD spectra were in agreement with those for M-S-H [19,20,21] and brucite (Figure 5a,d). Therefore, the higher boron sorption ratios in the solutions with silica were the result of formation of M-S-H. Recent investigations [22,23,24] have suggested that M-S-H, formed at the interface between cement with natural rock, can be expressed as (MgO)x-(SiO2)y-(H2O)z with variable stoichiometric ratios of Mg:Si:H. The magnesium concentrations were controlled by the solubility of brucite [18] for the case of [B]ini = 0.46 mmol/L. In the case of [B]ini = 9.25 mmol/L, the liquid phase did not reach the equilibrium in 28 days therefore the magnesium concentrations were higher than reported value of M-S-H [20]. The IR spectra of the solid samples from the solutions with silica after 17 days (Figure 6b) are consistent with those of synthesized M-S-H phases [19,20,21,25,26,27] though there is a band at 665 cm−1, corresponding to Si–O–Si bending vibrations [20,28], which was not observed in our samples. This is likely due to the fact that the reaction times in the experiments here were shorter (only up to 28 days) than those of the previous studies (3 months–2 years), causing the Si–O–Si units to be too little developed to be detected by FT-IR. The IR spectra of the solid samples in the solutions with silica after 1, 2, and 5 days (Figure 6b) show a large broad band at ~1100 cm−1, suggesting the presence of amorphous silica as the band at ~1100 cm−1 was assigned to the Si–O stretching of Q4 units [17]. After 17 days, the band weakened and shifted to ~1050 cm−1, corresponding to Q3 units with one non-binding oxygen (Si–O–NBO) [17], indicating the transformation of amorphous silica into layer structured M-S-H. This means that the formation of M-S-H would have completed between 5 and 17 days, and this is the reason it took ~17 days for the boron sorption ratio to reach the steady state.




4.2. Chemical Form of Boron in the Precipitates


The presence of silica also affected the chemical form of boron in the precipitates. The peak position and the peak shape of the tri-coordinated boron observed at 5–20 ppm were different, and the samples containing silica showed a peak of tetra-coordinated boron at 0.0 ppm (Figure 7). The IR spectra of the silica free samples (Figure 6a) were in agreement with the study of Sasaki et al. as the sample containing silica formed M-S-H and was involved in boron sorption, specifically in the tetra-coordinated boron substitute with tetra-coordinated silicon. In general, the chemical shift for the tetra-coordinated boron resonance reflects the distribution of the second-nearest neighbor cation (B or Si). Negative chemical shifts occur only for B(4)–O–Si linkage, and positive chemical shifts indicate predominantly B(4)–O–B linkages. The peak positions of tetra-coordinated boron of Inderite (MgB3O3(OH)5∙5H2O) [29], borosilicate glass [30] and tourmaline [31] have been reported as 1.29, 0.0, and −0.1 ppm, respectively. Angeli et al. [30] and Lin-Shu et al. [32] have been reported that tetra-coordinated boron in borosilicate glass has a chemical shift near 0 ppm and a structure of BO–B*–(OSi)3. The peaks at 0.0 ppm in silica containing sample in this study, possibly showing that the tetra-coordinated boron in the precipitates has the same structure as that of boron in borosilicate and that it is isomorphically substituted in the silica lattice of M-S-H. As silicates containing boron in the tetrahedral position, sillimanite in which tetra-coordinated silicon is substituted with boron has been reported [33]. Stubican et al. [34] reported that the lattice of saponite, muscovite and phlogopite synthesized under hydrothermal synthesis conditions were substituted with tetra-coordinated boron. Therefore, tetra-coordinate silicon in the silicate lattice can be replaced by boron. Tri-coordinated boron is more common than the boron incorporated in the solid phase, but details remain unclear.



Compared to the peak of tri-coordinated boron in magnesium borate, the peak positions of the silica containing samples showed at the higher magnetic field side (Figure 7). This would be the result of a shielding effect of silica [35], however the peak would be expected to shift more if the second nearest atom is silicon. According to Hwang et al. [36], the chemical shifts of non-framework tri-coordinated boron (B–(OB)3), main boron (B–(OSi)3) and other boron (HO–B–(OSi)2) in borosilicate zeolites were observed at 18.0, 10.1, and 14.6 ppm respectively. The chemical shift of boron in the samples here is 17.0 ppm for the [B]ini = 0.46 mmol/L. Compared to the boron in borosilicate zeolites, the chemical shift of the sample here is close to that of B–(OB)3, and it is unlikely that boron is in the silicate framework. Since M-S-H has a layered structure [20,21,37], there is a possibility that in-plane boron such as in boric acid or boroxol rings are present in the layer because the IR spectra showed absorption bands of in-plane bending of B(3)–O at 1270 cm−1 (Figure 6b). Tourmaline also has a layered structure where in-plane BO3 units are present in the layer [38]. The three boron atoms are each surrounded by three oxygen atoms in plane triangular coordination. The chemical shift of tri-coordinated boron in tourmaline has been reported at 18.1 ppm [31]. There is also the possibility that undetected silica glass was formed, and that boron was incorporated here. The chemical shift of tri-coordinated boron in borosilicate glass is reported to be 17.0–17.8 ppm [30,32,39], which is close to that of the samples here.




4.3. The Mechanism of Boron Incorporation in Precipitates


The sorption ratio of boron showed different values depending on the duration of the synthesis of the precipitates (Figure 8). For the precipitates before sorption, there was a broad peak at 20–25° in the XRD spectra (Figure 9b) and a band at ~1100 cm−1 in the IR spectra (Figure 10) for the precipitates synthesized for 1 and 5 days, which indicated the presence of amorphous silica. However, in the precipitate synthesized for 28 days no amorphous silica was detected by XRD. The band at 1100 cm−1 specific to amorphous silica was not appeared also by FT-IR and the development of the Q3 unit had already occurred (Figure 10). The precipitates synthesized for 1 and 5 days may be seen to be in the process of M-S-H formation, and the precipitate synthesized for 28 days was the precipitate in which M-S-H formation was complete, because in the first series of sorption experiments (Chapter 3.1) in which boron and magnesium oxide were both added, the formation of M-S-H was completed between 5 and 17 days (Figure 1b and Figure 6b). After the sorption, peaks of brucite and signals of M-S-H were detected by XRD in all solids (Figure 9b,c), and the IR spectra of the precipitates synthesized for 1 and 5 days showed a band of the Q3 unit indicating the layered structure (Figure 10). This suggests that M-S-H was formed during the experiment. There were no significant changes observed in the IR spectra of the precipitate synthesized for up to 28 days. As the time for synthesis of the precipitates was shorter, the boron sorption ratios were higher, suggesting that the sorption of boron was mainly based on the formation of M-S-H.




4.4. Implications for Immobilization of Boron in Contaminated Soils


In this study, high boron sorption ratios were observed in boron sorption experiments. The boron concentration decreased to 0.25 mmol/L at [B]ini = 0.46 mmol/L in the experiments with no silica present, with coexisting silica it decreased to 0.02 mmol/L in 28 days, satisfying the standard for drinking water mandated by the World Health Organization (WHO) [5].



There are several reports about immobilization of boron using magnesium oxide. Garcia-Soto et al. [12] proposed a mechanism of the boron adsorption process into magnesium oxide: First, the hydration reaction of magnesium oxide yielded brucite gel, with the pH of the solution increasing followed by a stereospecific chemical reaction between borate ions and active sites on the brucite surface. Sasaki et al. [11] indicated that molecular B(OH)3 preferentially reacts with the surface of magnesium oxide to form surface complexes. The surface complexes dissociate into [MgB(OH)4]+ and precipitate as magnesium borate and brucite. However, it is difficult to apply these proposed mechanisms to reactions in soil in general, because brucite and magnesium borates can rarely be expected to be present in soil when dissolved silica is contained in the pore water. Magnesium reacts with silica to form M-S-H and boron is immobilized in there.



Although the immobilization reactions have been discussed mainly in a simple system, soil is complicated. Therefore, as shown in this study, it is important to investigate immobilization in the presence of silica, which can be thought closer to the soil environment. It will lead us a more appropriate evaluation of immobilization.





5. Conclusions


Depending on the presence or absence of silica, the sorption reaction of boron with magnesium oxide determined here showed significant differences in both the sorption ratios and the sorption mechanism of boron. Boron was removed from the reaction solution by co-precipitation with brucite and the formation of multiple magnesium borates in solutions without silica. Despite low initial concentrations of boron, as low as as 0.46 mmol/L, it decreased only to 0.25 mmol/L. In the solutions with coexisting silica, M-S-H was formed, and some boron was incorporated into this structure, resulting in the boron concentration decreasing to 0.02 mmol/L. The results of the 11B NMR and FT-IR determinations showed that tetra-coordinated boron incorporated into the silica lattice of M-S-H and that tri-coordinated boron is present in some form. Stable immobilization can be expected for boron in such a structure, though it is necessary to pay attention to the elution behavior of the tri-coordinated boron that is not substituted in the lattice.



It is also important to consider the composition of the soil water where these processes take place, as there may be changes in the soil pH by the addition of different components and other factors when considering the immobilization reactions in the soils. If the supposed phases where hazardous substances are immobilized become different as a result of the immobilization reactions, it may not be possible to assess the risks of elution correctly.
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Figure 1. Changes of boron sorption ratios with time for the sorption of 0.46 and 9.25 mmol/L boron on MgO (a) without amorphous silica and (b) with amorphous silica. Data with error bars indicate the standard error of three samples. 
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Figure 2. Changes in pH during sorption for (a) without amorphous silica and (b) with amorphous silica. Data with error bars indicate the standard error of three samples. 
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Figure 3. Changes of concentration of dissolved species; (a) Mg without amorphous silica, (b) Mg and (c) SiO2 with amorphous silica. Data with error bars indicate the standard error of three samples. 
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Figure 4. X-ray diffractometry (XRD) spectra of samples without amorphous silica; (a) [B]ini = 0.46 mmol/L and (b) [B]ini = 9.25 mmol/L with magnified (b) spectra for (c) 35–40° and (d) 45–65° in 2θ. 
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Figure 5. XRD spectra of samples with amorphous silica; (a) [B]ini = 0.46 mmol/L and (d) [B]ini = 9.25 mmol/L with magnified spectra of (a) and (d) for (b and e) 35–40° and (c and f) 45–65° in 2θ. 
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Figure 6. Fourier transform infrared spectrometer (FT-IR) spectra of samples (a) without amorphous silica and (b) with amorphous silica. 






Figure 6. Fourier transform infrared spectrometer (FT-IR) spectra of samples (a) without amorphous silica and (b) with amorphous silica.



[image: Minerals 08 00076 g006]







[image: Minerals 08 00076 g007 550] 





Figure 7. 11B magic-angle spinning nuclear magnetic resonance (MAS-NMR) spectra of 28-day aged samples with [B]ini = 0.46 mmol/L and silica (bottom spectrum), and with [B]ini = 9.25 mmol/L with (mid) and without silica (top) all aged for 28 days. 
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Figure 8. Differences in boron sorption ratios with aging of precipitates. 
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Figure 9. XRD spectra of precipitates (a) before and after sorption with magnified spectra shown in (a) for (b) 20–40° and (c) 58–62° in 2θ. 
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Figure 10. FT-IR spectra of precipitates before and after boron sorption. 
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