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Abstract

:

Commercial production of titanium involves chlorination using chlorine gas that can be converted to hydrochloric acid by atmospheric moisture and is hazardous to human health. In the titanium production process, self-propagating high-temperature synthesis is one of the process to directly reduce titanium dioxide. In this work, titanium powder was prepared by self-propagating high-temperature synthesis using titanium dioxide as the starting material and magnesium powder as a reducing agent. After the reaction, magnesium and magnesium oxide by-products were then removed by acid leaching under different leaching conditions, leaving behind pure Ti. During each leaching condition, the temperature of the leaching solution was carefully monitored. After leaching, the recovered titanium in the form of a powder was collected, washed with water and dried in a vacuum oven. Detailed compositional, structural, and morphological analyses were performed to determine the presence of residual reaction by-products. It was found that leaching in 0.4 M hydrochloric acid followed by second leaching in 7.5 M hydrochloric acid is the optimum leaching condition. Furthermore, it was also noticed that total volume of solution in 0.4 M hydrochloric acid leaching condition is advantageous to maintain uniform temperature during the process.
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1. Introduction


Titanium (Ti) is commonly used in the aerospace, chemical, petrochemical, maritime, and biomedical fields due to its outstanding properties, including low density, high corrosion resistance, high specific strength, and biocompatibility [1,2]. Commercially, titanium is produced using the Kroll process, which is based on the magnesiothermic reduction of titanium tetrachloride (TiCl4) [2,3]. While the Kroll process can produce high-quality titanium, it is a batch-type process and is therefore costly, has a low productivity, and presents an environmental hazard because of the release of chlorine gas [4]. For these reasons, researchers have been attempting to replace the Kroll process with new titanium production processes such as the Fray Farthing Chen (FFC) Cambridge process [5], Ono and Suzuki (OS) process [6], preform reduction process (PRP) [7], Armstrong process [8,9], and hydrogen-assisted magnesiothermic reduction (HAMR) process [10].



Titanium dioxide (TiO2) is used as a raw material in the FFC, OS, PRP, and HAMR processes, while TiCl4 is used in the Kroll and Armstrong processes. TiO2 is safer to handle and easier to transport than TiCl4, which is a highly toxic chemical. Therefore, when using TiO2, it is less important for the Ti metal production plant and raw material production plant to be in close proximity to each other [10]. In addition, in the 1990s, it was reported that TiCl4 is one of the most dangerous water-reactive substances because hydrogen chloride gas forms when liquid TiCl4 reacts with atmospheric moisture [11]. However, TiO2 is much more difficult to reduce than TiCl4 because the Ti‒O and Ti‒Ti bonding energies have a high chemical affinity for oxygen at 2.12 eV and 2.56 eV, respectively [10,12].



In the processes described above, magnesium (Mg) and calcium (Ca) are used as reducing agents. Oxides such as MgO and CaO, as well as residual Mg and Ca, are present as by-products and must be removed by leaching. For example, in the PRP process, Ca vapors are used as the reducing agent. In the leaching process, acetic acid (CH3COOH), and hydrochloric acid (HCl) are used as the leaching solution to remove the by-products [7]. Mg is used as a reducing agent in the HAMR process, and hydrochloric acid is used as a leaching solution to remove residual Mg and MgO [10].



In our previous work, we produced Ti powder directly from Ti dioxide by self-propagating high-temperature synthesis (SHS) using Mg as a reducing agent. After leaching, a spherical Ti powder was prepared by plasma treatment. X-ray Diffraction (XRD) images of the sample produced by the SHS process are shown in Figure 1. MgO and residual Mg were detected as reaction by-products in addition to Ti [13]. No intermediate phases such as Ti10O9, Ti3O5, or Ti2O3 were identified. If these intermediate phases were to be produced, it would be almost impossible to achieve reduction using Mg as a reducing agent [14].



From these points of view, SHS could be regarded as an alternative means of producing Ti metal since the process time and overall energy consumption of the SHS process are dramatically lower than those of a typical metallothermic reduction under isothermal heating conditions, given that the only energy input is that required to ignite the mixture of raw materials. In the present study, our purpose is the leaching of the products of SHS. We optimized selective leaching to remove Mg and MgO, thus leaving pure Ti powder. We have addressed the synthesis of Ti by the SHS process in a previous study [13]. Figure 1 shows the as-synthesized SHS products consisting of Ti, Mg, and MgO without any other Ti oxides, such as Ti10O9, Ti3O5, or Ti2O3.




2. Materials and Methods


2.1. Materials


Raw materials used in this study included: Ti powder was prepared by SHS using Titanium dioxide powder (TiO2, 99.99 mass%, particle size 2 μm, Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan) and Mg powder (Mg, >98.5 mass%, particle size <74 μm, DaeJung Chemicals and Metals Co., Ltd., Siheung, Korea) as raw materials. Acid solutions used in leaching to remove the Mg and MgO by-products were hydrochloric acid (HCl, 35–37 mass%, Junsei Chemical Co., Ltd., Tokyo, Japan) and acetic acid (CH3COOH, 99.5 mass% min, OCI Co., Ltd., Seoul, Korea).




2.2. Methods


Leaching was performed using a hotplate with a k-type thermocouple installed to monitor the temperature of the solution during the leaching. The by-products, Mg and MgO, were removed with an acid solution, filtered, and then washed, as illustrated in Figure 2. The leaching experiments were classified into two groups, as shown in Table 1. Group 1 was subdivided into five experiments with different conditions; however, in each case, a single leaching process was used. The five experiments differed in the concentration of hydrochloric acid (HCl) used. Group 2 was subdivided into four experiments, all of which involved a two-step leaching process. Experiment 2–1 was first conducted using CH3COOH, followed by HCl. All the other experiments except 2–1 were first conducted using a less-concentrated hydrochloric acid, followed by a strong HCl.



Overall, 28 g of the SHS product was used, and the stirring speed was set as 150 rpm. After leaching, the sample was separated from the solution by filtration and then dried in a vacuum oven. After drying, the microstructure and crystallinity were determined by Field Emission-Scanning Electron Microscopy (FE-SEM, JEOL, JSM-7100F, Tokyo, Japan) and X-ray Diffraction (XRD, Bruker, D8 ADVANCE, Billerica, MA, USA with Cu-Kα radiation) analyses, while the oxygen content in the Ti powder was determined by Oxygen Nitrogen/Hydrogen analysis (ON/H, Eltra GmbH, ONH 2000, Haan, Germany).





3. Results and Discussion


Figure 3 shows the results of XRD analysis of the product at each experimental condition of group 1. In the XRD results, Ti was determined to be the main peak at the all experimental conditions of group 1. However, MgO was detected after leaching in all experimental condition, indicating that MgO was not completely removed. In addition, Mg(OH)2 phase was formed under a low concentration of HCl condition, as can be seen in Figure 3a,b.



To verify the presence of Mg(OH)2, a Pourbaix diagram was drawn using the HSC Chemistry software (Chemistry Software, Houston, TX, USA) based on the pH and electrochemical potential of the Mg-H2O system shown in Figure 4. The calculation conditions were set as 25, 50, 75, and 100 °C with a pH range of 0–14. The electrochemical potential range was set from −2 V to 2 V, relative to a standard hydrogen electrode (SHE) [15]. In the Pourbaix diagram obtained for Mg-H2O, the inner part indicated by the dotted blue lines represents the stable region of H2O. The area below the dotted blue lines is that in which the water is reduced and hydrogen is generated according to Equation (1). In the area above the dotted blue line, water is oxidized to generate oxygen, as defined by Equation (2).


2H+ + 4e− → H2(g)



(1)






2H2O → O2 (g) + 4H++ 4e



(2)







Figure 4 shows that, with an increase in the temperature from 25 °C to 100 °C, the stable region of Mg shrinks while that of the Mg(OH)2 expands. Ideally, Mg(OH)2 should not precipitate at pH < 8. However, as the temperature increases, Mg(OH)2 can precipitate at pH < 8 at 50 °C and at pH < 7 at 100 °C.



The literature states that, at a lower pH, the ionizing strength of Mg2+ is stronger than the precipitating trace of Mg(OH)2. On the other hand, at relatively higher temperatures, the amount of Mg(OH)2 in the solution should gradually decrease [16]. The pH at which Mg(OH)2 precipitates can be thermodynamically explained by Equations (3)–(5). The specific calculation procedure can be modified to calculate the pH using the Gibbs free energy Equation (3) and the equilibrium constant Equation (4). Using Equations (3) and (4), the pH of the solution was determined, as described in Equation (5). From Equation (5), the pH at which Mg(OH)2 precipitates can be deduced from the concentration of Mg ions and the temperature of the solution system [17].


∆G0 = −2.303RT log10KT



(3)




where R is the ideal gas constant (8.314 J·K−1·mol−1), and T is the temperature as a function of the thermodynamic equilibrium quotient, KT.


KT = CproductsCproducts0γproducts / CreactantsCreactants0γreactants



(4)




where γ is the activity coefficient, C is the concentration (mol·L−1), and C0 is the standard concentration of 1 mol·L−1.


pH=(−ΔG02.303RT− log10γMg2+[Mg2+])/2 



(5)







The detection of Mg(OH)2 in experiments 1–1 and 1–2 can be explained by the occurrence of an exothermic reaction during acid leaching, caused by the contact between Mg, MgO, and HCl. It is also believed that Mg(OH)2 precipitates as the pH increases due to ionization upon dissolution. Mg(OH)2 precipitated only in experiments 1–1 and 1–2, and did not precipitate when a highly concentrated leaching solution was used.



The above phenomenon occurred because the pH of the leaching solution used to remove MgO and Mg was lower than that used for experiments 1–1 and 1–2. The pH can be expected to be lower than that at which Mg(OH)2 precipitates, even when the pH increases during the leaching process. XRD analysis also confirmed the presence of TiH2, which was expected to be produced by the contact between hydrogen ions in the solution and Ti. The reaction formula is given by Equation (6). The TiH2 dehydrogenation behavior of the product was studied by several researchers who found that it is relatively easily removed by vacuum heat treatment at 700 °C [18].


Ti + 2H+ + 2e− → TiH2, ΔG050°C = −101.769 kJ/mole



(6)







The formation of the TiH2 phase during leaching is disadvantageous to the processing, as additional steps will be required for its removal, thus incurring extra time and cost. On the other hand, the presence of TiH2 is advantageous because it is insoluble in water and resistant to acidic solutions. Pure Ti metal can be easily produced through the heat treatment of TiH2 [19].



The results of XRD analysis confirm that the MgO phase remains, regardless of the concentration of the acid. The remaining MgO is presumed to be produced by the decomposition of Mg(OH)2.



For this, we confirmed the reaction occurrence from the HSC chemistry software and found that the reaction occurs at 600 °C or higher [20]. The reaction formula is given by Equation (7). This result agrees with a former report by Haoliang Dong et al., which MgO was obtained by Mg(OH)2 calcined at different temperatures (500–700 °C) and durations (2–48 h) [21].


Mg(OH)2 → MgO + H2O(l), ΔG0600°C = −5.269 kJ/mole



(7)







To quantitatively measure the amount of MgO in Group 1, Rietveld refinement was applied to the TOPAS software (structure analysis software, Bruker, Billerica, MA, USA), which revealed that the concentration of MgO decreases from 1–1 to 1–4, being 19%, 15.8%, 14.22%, and 12.2%, respectively [22]. The fraction of MgO decreases as the concentration of HCl increases. It is thought that the amount of HCl used as the leaching solution was insufficient to remove Mg and MgO produced in the combustion synthesis process. A previous study removed the by-products by leaching with acetic acid, followed by rinsing with HCl [7]. We used a sufficient amount of weak acid to remove any by-products, including Mg and MgO. A second leaching step was performed using a strong acid to remove any residual impurities.



The enthalpy and Gibbs free energy of HCl and acetic acid were calculated, and the results are listed in Table 2 [20]. The calculated results show that the temperature is the same as when acetic acid is used, while the enthalpy and Gibbs free energy are higher than those obtained when HCl is used, respectively. We deduced that using acetic acid increases the driving force of the reaction. Hence, we used acetic acid for Group 2. The XRD profiles of the Group 2 reaction products are shown in Figure 5.



As mentioned above, in experiment 2–1, the by-products were first removed by using 8.75 M acetic acid, while the remaining by-products were removed using 6.5 M HCl. In experiment 2–2, the by-products were first removed using 0.6 M HCl, followed by another removal using 6.5 M HCL. The XRD analysis of the reaction products were measured and the results were compared. Under both the conditions, the MgO and Mg by-products were successfully removed; however, the Ti oxide and Ti hydride phases remained. To remove these, we replaced acetic acid with HCl.



Experiment 2–3 was essentially the same as experiment 2–2, with the first leaching process performed using 0.6 M HCl. In the second step, the concentration of HCl was slightly higher than that used in experiment 2–2 (i.e., 7.5 M). The resulting product was subjected to XRD analysis (Figure 5). Similar to experiments 2–1 and 2–2, in experiment 2–3, the Mg and MgO peaks were not detected, while the Ti oxide and Ti hydride phases were still present.



In all the three experiments, we detected Ti oxide, which was not detected after the combustion synthesis. As shown in Figure 6a–c, when acetic acid and HCl were used, the temperature increased sharply during the acid-leaching process. This was caused by an exothermic reaction that occurred when MgO and Mg surrounding the Ti exothermically reacted with each other. MgO melted and the heat was transferred to the Ti surface, which reacted with the oxygen ions present in the solution to form an oxide film on the Ti powder surface. This is presumed to be the reason for the detection of Ti oxide. Figure 7 is a schematic illustration of Ti oxide formation.



To confirm the formation of Ti oxide under all the three conditions and to control the exothermic reaction, the concentration of acid used in the first leaching step was decreased from 0.6 M to 0.4 M. Similarly, to control the temperature, distilled water was used. In the second leaching step, 7.5 M HCl was used in the same way as in experiment 2–3. The XRD profile of the product (Figure 5d) show that Ti oxide was not formed because an exothermic reaction did not occur during the reaction, while MgO and Mg were completely removed. Here, a single Ti phase was detected.



To identify the morphology of the reaction product and its purity, a sample produced in experiment 2–4 was subjected to FE-SEM and EDS analyses. The results of the analysis are shown in Figure 8. The prepared Ti powder exhibited an irregular shape, and the EDS results revealed that the Ti powder contained no impurities at all.



The oxygen contents of the Ti powders prepared according to Groups 1 and 2 leaching experimental conditions were measured using an NO/H analyzer. The results are shown in Figure 9. The concentration of MgO under each condition was about 10–19%, as mentioned above, for the first experiment. The second group of experiments also led to the formation of Ti oxides through an exothermic reaction between the reaction by-products and the acid solution in experiments 2–1 to 2–3, resulting in a remarkably high oxygen value. However, Ti oxide was not formed once the exothermic reaction was controlled by increasing the amount of distilled water used in experiment 2–4, and all the by-products were removed, leaving only the Ti single phase with an oxygen content of about 1.0 wt%.



However, during acid leaching, where it is necessary to prepare the Ti powder when Ti oxide is formed, the reduction to Ti metal was very difficult in experiments 2–1 to 2–3. For example, Ti oxides such as TiO2 have been reported to be more difficult to reduce because the Gibbs free energy required for reduction to Ti metal is 0.83 times less than that required for TiO2 [14]. Nersisyan et al. reported that the oxygen content of Ti powder after SHS and leaching with nitric acid was 1.5 wt%. To further decrease the oxygen content, they performed deoxygenation with Ca. After deoxygenation, they found that the oxygen content had decreased to about 0.2–0.3 wt% [2]. Similarly, Okabe et al. reported that the oxygen content was 0.28 wt% for the Ti powder prepared using the PRP process [7]. For comparison, the Ti powder prepared in the present study had an oxygen content of about 1 wt% immediately after acid leaching and without any further steps.




4. Conclusions


Removal of by-products including Mg and MgO was studied using the magnesiothermic reduction of Ti powders in an SHS process. Ti oxide was used as the raw material and Mg was used as the reducing agent. To remove any unnecessary by-products such as Mg and MgO, acid leaching was used. HCl was chosen as the leaching solution and the efficiency of leaching was estimated by varying the concentration of the HCl. It was determined that two-step leaching with HCl effectively removed the by-products. In the first step, a low concentration of HCl was used, while a high concentration was used in the next step. Acid leaching with HCl is simpler than the conventional process in which complex experimental variants are used. The total oxygen content of the Ti powder immediately after leaching was found to be about 1 wt%, which is thought to be an advantage in terms of process simplicity and economy. The use of heat treatment would further lower the oxygen content.



The authors intend to undertake further in-depth studies to confirm the location of the remaining oxygen. That is, we will confirm whether the oxygen exists on the surface of the Ti powder or as an interstitial impurity. This will be the subject of a future report.
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Figure 1. XRD analysis results of product of combustion synthesis of TiO2 + 3Mg system [13]. 
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Figure 2. Leaching and filtration system for the removal of reaction by-products. 
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Figure 3. XRD profiles of samples obtained after leaching: (a) Experiment 1–1 (5 M HCl), (b) experiment 1–2 (5.5 M HCl), (c) experiment 1–3 (6.5 M HCl), (d) experiment 1–4 (7 M HCl), and (e) experiment 1–5 (7.5 M HCl). 
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Figure 4. Pourbaix diagrams for Mg-H2O system over a pH range of 0–14 and an electropotential range from −2.0 V to 2.0 V vs. SHE at (a) 25 °C, (b) 50 °C, (c) 75 °C, and (d) 100 °C. 
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Figure 5. XRD profiles of reaction products: (a) experiment 2–1 (8.5 M CH3COOH, 6.5 M HCl), (b) experiment 2–2 (0.6 M HCl, 6.5 M HCl), (c) experiment 2–3 (0.6 M HCl, 7.5 M HCl), and (d) experiment 2–4 (0.4 M HCl, 7.5 M HCl). 
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Figure 6. Temperature of leaching solution during two-step acid leaching process: (a) experiment 2–1 (8.5 M CH3COOH, 6.5 M HCl), (b) experiment 2–2 (0.6 M HCl, 6.5 M HCl), (c) experiment 2–3 (0.6 M HCl, 7.5 M HCl), and (d) experiment 2–4 (0.4 M HCl, 7.5 M HCl). 
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Figure 7. Ti oxide formation during leaching in experiments 2–1 to 2–3. 
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Figure 8. Morphology and purity of reaction product of experiment 2–4 (0.4 M HCl, 7.5 M HCl): (a) FE-SEM image and (b) EDS analysis result. 
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Figure 9. Oxygen contents of Ti powders as final product produced under experimental conditions of (a) Group 1 and (b) Group 2. 
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Table 1. Experimental acid leaching conditions for the removal of reaction by-products.
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Group Number

	
Experiment Number

	
Step

	
Solvent

	
Concentration (M)

	
Amount of Product (g)

	
Total Volume of Solution (mL)

	
Stirring Time (h)

	
Stirring Speed (rpm)






	
Group 1

	
1–1

	
1

	
HCl

	
5

	
28

	
183

	
4

	
150




	
1–2

	
5.5




	
1–3

	
6.5




	
1–4

	
7




	
1–5

	
7.5




	
Group 2

	
2–1

	
1

	
CH3COOH

	
8.75

	
183

	
6




	
2

	
HCl

	
6.5

	
183

	
1




	
2–2

	
1

	
HCl

	
0.6

	
183

	
6




	
2

	
6.5

	
183

	
1




	
2–3

	
1

	
HCl

	
0.6

	
183

	
6




	
2

	
7.5

	
183

	
1




	
2–4

	
1

	
HCl

	
0.4

	
3000

	
6




	
2

	
7.5

	
183

	
1
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Table 2. Calculated reaction enthalpy and Gibbs free energy with hydrochloric acid and acetic acid.






Table 2. Calculated reaction enthalpy and Gibbs free energy with hydrochloric acid and acetic acid.





	
Ti + MgO + Mg + 4HCl → Ti + H2O(g) + H2(g)

	
Ti + MgO + Mg + 4CH3COOH

→ Ti + 2Mg(CH3COO)2 + H2O(g) + H2(g)






	
Temp. (°C)

	
ΔH (kJ)

	
ΔG (kJ)

	
ΔH (kJ)

	
ΔG (kJ)




	
10

	
−213.557

	
−328.134

	
−645.888

	
−488.862




	
20

	
−217.321

	
−332.114

	
−627.825

	
−483.641




	
30

	
−220.731

	
−335.971

	
−612.213

	
−478.991




	
40

	
−223.968

	
−339.720

	
−598.095

	
−474.830




	
50

	
−227.133

	
−343.366

	
−584.942

	
−471.104




	
60

	
−230.256

	
−346.915

	
−572.584

	
−467.772




	
70

	
−233.373

	
−350.370

	
−560.828

	
−464.802




	
80

	
−236.525

	
−353.734

	
−549.498

	
−462.168




	
90

	
−239.732

	
−357.008

	
−538.522

	
−459.850




	
100

	
−243.019

	
−360.193

	
−527.840

	
−457.830
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