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Abstract

:

Recovering alkali from Bayer red mud is crucial for storage security, resource utilization and environmental protection. In this study, the addition of MgO and/or CaO was conducted to recover alkali from red mud with a hydrothermal method for the first time. A synergistic result with a residual Na2O/SiO2 weight ratio of 0.03 was obtained by adding the blend of CaO and MgO at an appropriate temperature. MgO was found to be more temperature-dependent than CaO when substituting Na2O from red mud due to their different hydration processes. The alkali recovery was controlled by a reaction at a temperature of <200 °C and by internal diffusion at a higher temperature for MgO, but controlled by internal diffusion for CaO in the whole temperature range studied. The formation of hydrotalcite-like compounds with a loose structure was verified with the help of XRD, FTIR, and SEM-EDS. It was proved that both the reaction kinetics and the characteristics of solid products have a significant influence on the recovery of alkali.
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1. Introduction


Red mud is the solid waste emitted from the aluminum industry. China produced 69.02 million tons of alumina in 2017, with more than 100 million tons of red mud generated [1]. The pH of red mud ranges from 9.2 to 13.0 with an average value of 11.3 ± 1.0, and the high alkalinity of red mud is the primary reason for its classification as a hazardous material [2,3,4,5]. Although most alumina producers dispose of this residue in tailing dams [6], this is in no way a long-term solution considering the associated security, environmental and utilization problems [7,8,9,10].



Several processes have been proposed to neutralize the alkali in red mud, such as acids and acid gases neutralization, seawater neutralization, microbial neutralization and revegetation [4,8,11,12,13,14,15], among which seawater neutralization has been highly valued for the abundance and low cost of seawater. In the seawater neutralization process, the Ca- and Mg-rich brines play an important role in the reduction of pH and in the precipitation of hydroxide, carbonate or hydroxycarbonate minerals [13,16,17]. However, this method is only suitable for coastal areas.



In addition, leaching and recovering alkali from red mud has also been widely investigated, such as the soda-lime roasting process, solvent extraction process, calcification-carbonation method, and water leaching and hydro-chemical process [8,18,19,20]. The addition of lime has been widely studied because of its excellent performance in replacing Na2O, as well as its abundance and cheapness. In fact, the insoluble sodium mainly lies in cancrinite, and the sodium can be leached out from it only if the structure is broken down, or the included Na+ can be removed through the opening of the cancrinite structure. Therefore, the leaching process is based on the ion exchange between Ca2+ and Na+ [4]. There are many studies about leaching alkali from red mud with lime, including the industrial use of lime to remove alkali, such as the “Lime Bayer” process and the Sagin process [4]. Yang et al. and Luo et al. investigated the recovery ratio of alkali with the addition of lime under different conditions, and obtained the best recovery ratio of 80% [21,22]. Li et al. conducted a thermodynamic analysis of the calcification reaction and studied the calcification mechanism under different conditions focusing on the calcification-carbonation processes [23].



To summarize, CaO or MgO plays an essential part in alkali recovery and pH reduction of red mud because of its high efficiency, low cost and absence of secondary pollution, unlike Ca- and Mg-rich brines. However, few examples from the literature have systematically reported the differences in using CaO and/or MgO as additions to recover alkali from red mud. Venancio et al. added CaO/MgO before the carbonation, but only reported the change of pH [24].



In this study, the hydrothermal reaction using a different molar ratio of CaO/MgO blend to recover alkali was conducted at different temperatures to determine the alkali recovery capacity, and the best recovery efficiency reached 89.3% with a residual Na2O/SiO2 weight ratio (N/S) of 0.03. The reaction kinetics was regressed to ascertain the rate controlling step. Moreover, the detection of phase composition, infrared spectroscopy analysis and micro-zone analysis were used to study the differences in CaO/MgO dealkalization. This study can provide reference for the reaction mechanism investigations of alkali recovery from red mud based on ion exchange.




2. Materials and Methods


2.1. Materials


Calcium oxide (CaO, AR) and magnesium oxide (MgO, AR) were purchased from Beijing Chemical Industry Co. Ltd. and were used as received. Deionized water was used in all experiments. Red mud was supplied by Coalmine Alumina Co., Henan Province, China, dried overnight at 105 °C on the ground, and finally put through a 200-mesh sieve. The standard reference red mud was from Zhengzhou Light Metals Research Institute of CHINALCO, Henan Province, China. The flux (Li2B4O7:LiBO2 = 12:22) was purchased from Luoyang Tenai Laboratory Equipment Co., Ltd., Henan Province, China.




2.2. Experimental Methods


The experiments were carried out in 150 mL steel bomb reactors which were placed in a homogeneous bath furnace. The reactors were made of nickel metal, and the furnace was filled with glycerin when the temperature was ≤160 °C, while filled with a molten salt of 53 wt. % of KNO3, 40 wt. % of NaNO2, and 7 wt. % of NaNO3 when the temperature was higher than 160 °C. The agitation of the reaction was driven by the rotation of the steel bombs at a speed of 30 rpm and strengthened by the addition of nickel beads. The temperature of the furnace was controlled within ±0.5 °C.



For each experiment, 15 g red mud and a blend with a specific molar ratio of CaO to MgO (100%:0%, 90%:10%, 70%:30%, 50%:50%, 30%:70%, 10%:90% and 0%:100%) was added in each steel bomb reactor. The liquid to solid (L/S) weight ratio was fixed at 4:1, which was the same as in the latest literature focusing on alkali recovery of red mud [23]. The total amount of CaO and MgO in each bomb reactor was 0.056 mol and remained constant, with the CaO and/or MgO:Na2O molar ratio remaining at 4:1 [23,25]. The steel bomb reactors were then put in the furnace. The furnace was heated to 20 °C below the scheduled temperature in advance, and the start of the reaction was recorded upon reaching the experimental temperature. The steel bombs were removed after reaction for 3 h, and then quickly cooled in water. The solid cake and the filtrate were obtained by filtration. The obtained solids were washed by deionized water and dried in a laboratory oven at 105 °C for subsequent analysis.




2.3. Analytical Methods


The content of water-soluble sodium in the red mud was obtained by the titration method of the Pingguo alumina factory, Guangxi, CHALCO. The analysis process is shown as follows:



(a) An amount of 5 g red mud and 200 mL sodium chloride solution (0.1000 mol/L) were added in a 500 mL conical flask, and then the suspension was agitated for 15 min by a magnetic stirrer at an agitation speed of 300 rpm, before being filtrated.



(b) An amount of 100 mL liquid filtrate obtained by filtration was moved into a 250 mL conical flask, and the liquid was concentrated to about 50 mL, and heated in an electric furnace.



(c) Between six and eight drops of bromothymol blue were added into the concentrated liquid and then the liquid was rapidly titrated with hydrochloric acid (0.1000 mol/L). We stopped adding hydrochloric acid when the color changed from blue to yellow and recorded the volume (V, mL) of the hydrochloric acid used.



The content of water-soluble sodium in the red mud could be calculated through Equation (1):


Na2O wt.% = 0.1×V1000×200100×622×1005 = 0.124×V



(1)







The chemical composition of the solids was determined by X-ray Fluorescence (XRF, ARL9800XP, Thermofisher, Waltham, MA, USA). The loss of sodium from the red mud could be obtained by the XRF measurement and calculation. The samples were pressed into disks before measurement: (1) the solid samples were finely ground and dried at 110 °C for 1 h; (2) 0.7000 g sample and 5.6000 g flux were mixed and melted into a disk with an automatic melting furnace (FLUXY10, Classise, Mississauga, Ontario, Canada). The disks were subsequently analyzed using the XRF instrument, operated at 30 kV and 80 mA. The elemental concentrations (Al2O3, Fe2O3, CaO, TiO2, SiO2, MgO, Na2O and K2O) were quantified based on the measurements of disks using the MVR software. Prior to the analysis of the samples, the XRF instrument was calibrated with standard reference red mud and the intensity–concentration working curve was made.



During the hydrothermal process, the silicon oxide would not be leached into the liquor, and the recovery ratio of alkali from the red mud could be calculated through Equation (2):


α =(1−NN0)×100%



(2)




where α was the recovery ratio of alkali, N was the N/S in the solid sample, and N0 was the N/S of the initial red mud.



X-ray diffraction patterns of the solids were identified from powder diffraction patterns (XRD, X’pert MPD Pro, PanAnalytical, Almelo, The Netherlands) recorded with Cu Kα (λ = 0.15408 nm) radiation. The structural investigation of solids was carried out by Fourier transform infrared spectroscopy (FTIR, T27-Hyperion-Vector22, Bruker, Bremen, Germany). The surface morphology of samples was detected by scanning electron microscopy (SEM, JSM-7001F, JEOL, Tokyo, Japan) with energy dispersive X-ray spectroscopy (EDS, Inca X-MAX, Oxford, UK).





3. Results and Discussion


3.1. Characterization of Bayer Red Mud


From the X-ray diffraction patterns in Figure 1, Bayer red mud mainly consists of cancrinite (Na8(Si6Al6O24)(H0.88(CO3)1.44)(H2O)2), katoite (Ca2.93Al1.97Si0.64O2.56(OH)9.44), hematite (Fe2O3), perovskite (CaTiO3) and calcite (CaCO3). The main chemical composition of red mud is shown in Table 1 and Na2O accounts for 5.97 wt. % in the red mud. The content of water-soluble sodium in the red mud was obtained with the titration method as shown in Section 2.3, and the result showed that V equaled 0.95 mL, so the water-soluble sodium and water-insoluble sodium were calculated for 2.0 wt. % and 98.0 wt. % of the total sodium in the red mud, respectively. Besides, the X-ray diffraction pattern in Figure 1 shows no detectable changes after the removal of water-soluble sodium. It is thus inferred that most water-insoluble alkaline lies in the cancrinite. In Figure 2, it can be seen that the particles of the red mud show irregular appearance and the distribution of sodium atoms focuses on some specific particles, which is consistent with the previous assertion that most of the alkali lies in cancrinite.




3.2. Recovery of Na2O Using CaO/MgO


The influence of temperature on alkali recovery efficiency was investigated. The results are illustrated in Figure 3 with pure CaO or MgO as an addition, and it is found that the recovery ratio of Na2O positively correlates with temperature. The recovery ratio increased smoothly from 72.5% to 80.9% in the temperature range of 90–210 °C with CaO as an addition, but more sharply from 13.4% to 78.9% when MgO was added from 90 °C to 200 °C, and then only improved to 79.9% when the temperature further increased to 210 °C. Although the recovery efficiencies of Na2O with CaO as an addition were always higher than those with MgO, the relative efficiency (MgO:CaO) increased from 18.5% to 98.8% when temperature increased from 90 °C to 210 °C. Moreover, the recovery efficiency was similar for both CaO and MgO at temperatures ≥200 °C.



Nevertheless, the recovery of sodium oxide shows a totally different rule with the blend of CaO and MgO as an addition, as shown in Figure 4. For instance, the recovery efficiency decreased with the increasing proportion of MgO when the temperature was lower than 200 °C. However, the recovery ratios of Na2O with 10% to 50% (molar ratio) MgO addition were higher than those of the single use of CaO or MgO when the temperature was higher than 200 °C, and the maximum was obtained at 50% MgO addition. The best recovery of Na2O was 89.3% in the experimental range, with N/S of 0.03 and only 0.64 wt. % Na2O left in the residue.




3.3. Phase Differences of CaO/MgO Substituting Na2O


As shown in Figure 5a, the dealkalization product bearing Ca is attributed to katoite with CaO as an addition [23]. However, as shown in Figure 5b,c, most residues bearing Mg are MgO and Mg(OH)2 with MgO as an addition at a temperature lower than 200 °C, indicating the incomplete hydration of MgO and the difficulty in leaching Na2O. In fact, temperature has been proven to play an important role in the hydration process of MgO [26,27]. As the alkali recovery was based on the ion exchange between Ca2+/Mg2+ and Na+ [23], the hydration of MgO and CaO to dissociate the ion was of great importance to the alkali recovery. The reaction kinetics will be discussed in Section 3.4. The XRD patterns in Figure 5 and Table 2 also show the appearance of (Mg4.5Al1.5)(Si2.5Al1.5)O10(OH)8 which is a kind of hydrotalcite-like compound and contributed to the sodium removal. The related reactions can be simplified as follows:


Na8(Si6Al6O24)(H0.88(CO3)1.44)(H2O)2 + CaO + H2O → Ca2.93Al1.97Si0.64O2.56(OH)9.44 + CaCO3 + Na+ + OH−



(3)






Na8(Si6Al6O24)(H0.88(CO3)1.44)(H2O)2 + MgO + H2O → (Mg4.5Al1.5)(Si2.5Al1.5)O10(OH)8 + CO32− + Na+ + OH−



(4)







When the temperature increases to 200 °C, the changes in XRD patterns are shown in Figure 6 and Table 3. New hydrotalcite-like compounds of Ca10Mg2Al4(SiO4)5(Si2O7)2(OH)4 and Mg3Si2O5(OH)4 appear when MgO is added. The relating reactions can be simplified as follows:


Na8(Si6Al6O24)(H0.88(CO3)1.44)(H2O)2 + MgO + H2O → Mg3Si2O5(OH)4 +Al(OH)4+ + CO32− + Na+ + OH−



(5)






Na8(Si6Al6O24)(H0.88(CO3)1.44)(H2O)2+MgO+CaO+H2O → Ca10Mg2Al4(SiO4)5(Si2O7)2(OH)4 + Na+ + CO32− + OH−



(6)








3.4. Reaction Kinetics of Alkali Recovery


The reaction kinetics has been implemented to express the alkali recovery process with CaO or MgO as an addition. According to the shrinking core model (SCM) [28,29], the kinetic equation of the heterogeneous reaction can be expressed as Equation (7) if the process is controlled by internal diffusion or as Equation (8) if controlled by chemical reaction:


kat = 1− 23α − (1 − α)2/3



(7)






kbt = 1 − (1 − α)1/3



(8)




where t represents the reaction time (min), α is the recovery ratio of Na2O (%), ka is the rate constant for the process of internal diffusion, and kb is the rate constant for the chemical reaction. The external diffusion was not considered because the reaction system was fully stirred.



As shown in Figure 7, a period of time of 30 min was used because the reaction was relatively fast. The alkali recovery process is controlled by internal diffusion with CaO as an addition and the activation energy is calculated to be 12.67 kJ/mol. In contrast, the recovery process with MgO as an addition is controlled by chemical reaction with an apparent activation energy of 40.99 kJ/mol when the temperature is lower than 200 °C, while this process is controlled by internal diffusion with an apparent activation energy of 18.04 kJ/mol when the temperature is higher than 200 °C. The supporting information showed the recovery ratio of alkali versus time (Supplementary Materials Tables S1 and S2) and the calculation of the CaO/MgO leaching reaction with the other SCM model (Figure S1) to show the differences.



The alkali recovery process can be principally divided into the following five steps: (1) the hydration of CaO/MgO; (2) the dissociation of Ca(OH)2/Mg(OH)2; (3) the diffusion of Ca2+/Mg2+ from the bulk solution to the Na+ detached site of cancrinite; (4) the ion exchange between Ca2+/Mg2+ and Na+; (5) the diffusion of Na+ to the bulk solution [28]. It can be speculated that the alkali recovery process with CaO as an addition may be controlled by the third step or the fifth step in this study based on a consideration of the hydration process, the obtained rate equation and the activation energy. In contrast, the process with MgO as an addition may be mostly controlled by the first step at low temperatures, and the rate equation together with the activation energy is consistent with the results of MgO hydration under similar conditions [27]. Therefore, as the MgO hydration rate increases with increasing temperature, the recovery ratio of Na2O with pure MgO as an addition also increases significantly.



As shown above, the alkali recovery process with MgO as an addition was controlled by internal diffusion, rather than by reaction at higher temperatures. Besides, for 30 minutes the extraction of alkali using MgO (Figure 7e) was much lower than when using CaO (as compared to Figure 7a), and it was because the hydration of MgO was relatively slow compared with CaO, so there was an induction period when using MgO. Moreover, as the solubility of calcium hydroxide is higher than that of magnesium hydroxide, the hydrolysis rate of magnesium hydroxide may be slower than that of calcium hydroxide. Theoretically, the cancrinite is hexagonal with the space group of P63 [23], and Mg2+ was easier to obtain through the openings as the radius of Mg2+ is smaller than that of Ca2+. However, the experimental results show that the recovery ratio does not increase monotonously with the increasing MgO proportion, as shown in Figure 4. It can be explained by the fact that the cancrinite transformed to hydrotalcite-like compounds bearing Mg, of which the lamellar structure as well as the loosened surface was conducive to the further substitution of Na+ [13,30]. However, the hydration of MgO was speculated to be much faster than the substitution reaction, together with the lesser usage of Me to exchange Na at high temperatures, leading to the increasing existence of Mg(OH)2 (or Ca(OH)2) on the surface of solid products upon further addition. This may in turn have prevented the diffusion of Na+ from the cancrinite to the bulk solution. As a result, the recovery efficiency decreased rather than increased when the addition proportion of MgO was higher than 50%.




3.5. FTIR Spectra Analysis


To explore the frameworks and the valence-bond structures, the FTIR spectra of the red mud and all leached solid samples were collected in the range of 4000–400 cm−1 at room temperature. The results are shown in Figure 8.



The peaks around 3700–3500 cm−1 can be attributed to the vibration of CaO–H and AlO–H bonds in the solids [31], and the peak intensity shows a sudden increase with the addition of CaO, which is consistent with the phase changes. The broad absorption bands around 3500–3400 cm−1 can be attributed to the -OH stretching vibration of hydroxyl groups in layer structures [32]. Owing to the overlapping of Mg–OH and Al–OH bonds related with newly formed hydrotalcite-like structures, the bands in this region became stronger and broader with the increasing proportion of MgO. The peaks between 1500 and 1400 cm−1 are attributed to the overtone of Mg–O and Al–O lattice vibrations [33]. The absorption bands around 1000 cm−1 are generally assigned to the metal–oxygen skeletal stretching and bending vibration of hydrotalcite, and the peaks around 463 cm−1 can be attributed to Mg–O vibrations in the mixed Mg–Al oxide. The increasing intensity of these two peaks shows strong evidence of the production of hydrotalcite-like structures [34,35]. To sum up, the formation of hydrotalcite-like structures is proved by the significant changes in FTIR spectra.




3.6. Solid Morphology


There are two types of appearance of solids after dealkalization at 200 °C, as shown in Figure 9. The polyhedral particles with a dense structure are verified to be Ca2.93Al1.97Si0.64O2.56(OH)9.44 by EDS analysis in Figure 9a’, and the dense structure further supports the speculation that the reaction is controlled by internal diffusion with CaO as an addition. Moreover, a small amount of Na was still detected. However, the solid products containing Mg show a lamellar appearance with a loose structure. For example, 30% MgO addition caused sporadical slakes distributed on the dense particles of calcium garnet, and more MgO addition led to the generation of more slakes and their aggregates. The lamellar and loose structures are consistent with the morphology of hydrotalcite-like structures which have been reported by other researchers [35].





4. Conclusions


Recovery of alkali from Bayer red mud was investigated systematically with CaO and/or MgO as additions for the first time. It was found that the blend of CaO and MgO had a better capacity to substitute alkali from the red mud when the temperature was no less than 200 °C. The highest Na2O recovery of 89.3% with N/S of 0.03 was obtained at 50% MgO addition at 200 °C. Moreover, MgO substitution to Na2O was found to be more temperature-dependent than that of CaO through different reaction mechanisms. The Na2O recovery process with MgO as an addition was controlled by reaction when the temperature was lower than 200 °C, but it was controlled by internal diffusion at a higher temperature. However, the process was always controlled by internal diffusion in the whole temperature range studied when CaO was used as an addition.



XRD analysis, FTIR analysis and SEM-EDS confirmed the hydrotalcite-like structure of solid products bearing Mg. To sum up, the recovery efficiency was the result of the reaction kinetics and the characteristics of solid products. This study can provide reference for the reaction mechanism investigation of alkali recovery from red mud based on ion exchange. It also provides a new idea for the treatment of red mud.
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Figure 1. X-ray diffraction analysis of Bayer red mud (1—Na8Si6Al6O24(H0.88(CO3)1.44)(H2O)2; 2—Ca2.93Al1.97Si0.64O2.56(OH)9.44; 3—CaCO3; 4—Fe2O3; 5—CaTiO3). 
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Figure 2. Morphology of the red mud (the green parts represent Na). 
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Figure 3. Influence of temperature on the recovery ratio of Na2O using pure CaO/MgO (t = 3 h). 
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Figure 4. Influence of blending MgO and CaO on the recovery ratio of Na2O (t = 3 h, % means the mole fraction of MgO addition). 
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Figure 5. XRD patterns of solid products at temperatures <200 °C: (a) 0% MgO addition; (b) 50% MgO addition; (c) 100% MgO addition (1—Na8Si6Al6O24(H0.88(CO3)1.44)(H2O)2; 2—Ca2.93Al1.97Si0.64O2.56(OH)9.44; 3—CaCO3; 4—Fe2O3; 5—CaTiO3; 6—MgO; 7—Mg(OH)2; 8— (Mg4.5Al1.5)(Si2.5Al1.5)O10(OH)8); % means the mole fraction of MgO addition; only new phases are marked out while the same XRD pattern for the red mud is presented without labels in each figure for clarity). 
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Figure 6. XRD patterns of the solid products at 200 °C: (a) Bayer red mud; (b) 0% MgO addition; (c) 10% MgO addition; (d) 30% MgO addition; (e) 50% MgO addition; (f) 70% MgO addition; (g) 90% MgO addition and (h) 100% MgO addition (1—Na8Si6Al6O24(H0.88(CO3)1.44)(H2O)2; 2—Ca2.93Al1.97Si0.64O2.56(OH)9.44; 3—CaCO3; 4—Fe2O3; 5—CaTiO3; 6—Ca10Mg2Al4(SiO4)5(Si2O7)2(OH)4; 7—Mg3Si2O5(OH)4; 8—(Mg4.5Al1.5)(Si2.5Al1.5)O10(OH)8); % means the mole fraction of MgO addition; only new phases are marked out while the same XRD pattern for the red mud is presented without labels in each figure for clarity). 
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Figure 7. Kinetic fitting of (a) the plots of [1 − 23α (1 − α)2/3] versus time for CaO, (b) ln(Ka) versus temperature for CaO, (c) the plots of [1 − (1 −α)1/3] versus time for MgO lower than 200 °C, (d) ln(Ka) versus temperature for MgO lower than 200 °C, (e) the plots of [1 − 23α −  (1  − α)2/3] versus time for MgO higher than 200 °C and (f) ln(Ka) versus temperature for MgO higher than 200 °C. 
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Figure 8. FTIR spectra of solid samples at 200 °C. 
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Figure 9. Morphologies of the solid products at 200 °C: (a-a’) 0% MgO addition; (b-b’) 30% MgO addition; (c-c’) 70% MgO addition and (d-d’) 100% MgO addition. 
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Table 1. Main chemical composition of Bayer red mud measured by X-ray fluorescence.
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	Chemicals
	Al2O3
	SiO2
	CaO
	Fe2O3
	Na2O
	TiO2
	K2O
	MgO
	N/S





	Content (wt. %)
	24.42
	21.12
	18.47
	8.14
	5.97
	4.56
	1.53
	0.75
	0.28
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Table 2. XRD patterns of solid products at temperatures <200 °C.
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MgO%

	
Temperature/℃

	
MgO

	
Mg(OH)2

	
(Mg4.5Al1.5)(Si2.5Al1.5)O10(OH)8






	
0

	
90

	
x

	
x

	
x




	
140

	
x

	
x

	
x




	
190

	
x

	
x

	
x




	
50

	
90

	
√

	
√

	
x




	
140

	
√

	
√

	
x




	
190

	
√

	
√

	
√




	
100

	
90

	
√

	
√

	
x




	
140

	
√

	
√

	
√




	
190

	
√

	
√

	
√








% means the mole fraction of MgO addition; only new phases in each sample are listed out; √: existence; x: nonexistence.
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