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Abstract

:

Metallic Mg is an important strategic metal and its properties are greatly affected by impurities. Silicothermic reduction and electrolysis are the most used approaches to prepare metallic Mg. The products of these processes need to be further refined to obtain high-purity Mg metal. However, previous research has mainly focused on refining the crude Mg (CM) produced via silicothermic reduction, whereas no in-depth investigations have been conducted on refining the CM produced via electrolysis. Here, vacuum distillation was used to refine electrolytically produced CM. The content and morphological characteristics of the impurity elements in CM were studied via glow discharge mass spectrometry, mineral dissociation analysis, and electron probe microanalysis. The effect of different distillation temperatures and times on the quality of the refined Mg was investigated. The results show that the main impurity elements are Al, Fe, Si, Ti, Cr, S, Cl, and Ni. The content of impurities, such as Si, Al, Fe, Ni, Ti, and Cr, in the refined Mg is significantly reduced at a temperature of 1023 K and a time of 120 min, and the purity of the refined Mg reaches 99.99%, which meets the Mg9999 national standard for primary Mg ingots in China (GB/3499-2011).
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1. Introduction


Metallic Mg is a light metal with active chemical properties, possessing the advantages of a low density [1], a high electromagnetic shielding ability [2], and a good thermal fatigue performance [3]. Thus, it is not only widely used in the automotive, electronics, aerospace, and steel industries, but also as a reducing agent for the preparation of metallic titanium, zirconium, and uranium [4,5,6,7,8,9,10,11,12]. Thermal reduction and electrolysis are the two main methods used to produce metallic Mg. Thermal reduction consists of reducing MgO to Mg metal through the use of reducing agents, such as ferrosilicon and graphite, in vacuum at high temperature [13,14]. The electrolytic process consists of the electrochemical reduction of MgCl2 to metallic Mg in a molten salt system [15]. Currently, metallic Mg is mainly produced through the silicothermic reduction process (Pidgeon process) in industry. The electrolytic process is mainly used for the realization of the entire “Mg–Cl” cycle and the clean production of sponge titanium [16,17,18,19,20,21,22,23,24,25]. The electrolysis of MgO was conducted using a liquid tin (Sn) cathode and a carbon (C) anode in the eutectic composition of a magnesium fluoride (MgF2)—lithium fluoride (LiF) molten salt to produce high-purity Mg [25]. The distinct morphological formation of Mg in different condensed form is probably attributed to the differences in surface energy change of Mg during the condensation process [26].



Regardless of whether metallic Mg is produced via silicothermic reduction or electrolysis, it contains a certain number of impurities and thus requires refining. According to the different refining methods, the Mg refining process can be broadly classified into solvent refining and vacuum distillation refining. Solvent refining is a method to remove impurities in crude Mg (CM) by adding a certain amount of a refining agent in a crucible furnace or a continuous refining furnace. It is the main method for refining Mg utilized in industries at present. However, due to the influence of the impurity elements and the refining co-solvent, this method has limited ability to remove impurities from the refined Mg and cannot directly produce high-purity Mg [27,28,29,30]. Vacuum distillation [31,32,33,34,35] refining can be used to obtain high-purity Mg by exploiting the difference in the vapor pressure between impurities and metallic Mg; this method has received considerable attention in recent years. It has already been reported that high-purity Mg can be obtained from CM produced via silicothermic reduction using vacuum distillation refining. However, due to the large difference in the CM quality obtained via silicothermic reduction and the electrolytic process, the effect of vacuum distillation on the refining of the electrolytically produced CM is not yet clear. Therefore, this study presents a novel process based on vacuum distillation for preparing high-purity Mg from electrolytically produced CM. The state of the impurities in CM and their separation during the vacuum distillation process are thoroughly studied via glow discharge mass spectrometry (GD-MS), electron probe microanalysis (EPMA), and mineral dissociation analysis (MLA) [34,35,36,37]. The results show that the content of impurities, such as Si, Al, Fe, Ni, Ti, and Cr, in the refined Mg is significantly reduced at a distillation temperature of 1023 K and a distillation time of 120 min, and the purity of the refined Mg can reach 99.99%.




2. Theoretical Equilibrium Vapor Pressure of Vacuum Distillation


The separation of different components using vacuum distillation is based on the equilibrium vapor pressure of different substances. At a given system pressure, components with a higher vapor pressure will be more easily volatilized and separated from the raw material upon increasing the temperature. The equilibrium vapor pressure of a pure substance as a function of temperature can be expressed as follows [38]:


   lg     p *  = A  T  − 1   + B    lg  T + C T + D ,  



(1)




where p* refers to the saturation vapor pressure of a pure substance (in Pa); T denotes the temperature (in K); A, B, C, and D are evaporation constants.



The order in which impurities are volatilized during the distillation process depends on their saturation vapor pressure, i.e., substances with a high vapor pressure tend to volatilize before those with a low vapor pressure. The relationship between the saturation vapor pressure and temperature for different metals is shown in Figure 1. The degree of separation between each impurity and magnesium is different. We calculated the saturated vapor pressure of nine impurities at 900, 923, 973, and 1073 K using Equation (1). As shown in Figure 1, the saturation vapor pressure of impurities in magnesium is considerably different. At temperatures of 900, 923, 973, and 1073 K, the saturated vapor pressure of Na and K is the largest, which is very close to magnesium, only one order of magnitude away, while the three elements are the first to evaporate. As temperature rises, Li, Ca, Pb, and Mn subsequently evaporate. The remaining Fe and Al have very low vapor pressure and are not volatile. Therefore, the evaporation mass of these elements is relatively small.



Generally, CM contains several impurities, such as Al, Mn, Fe, Na, K, Ca, and Pb. However, the CM produced via electrolysis usually contains mainly Fe, Al, Ti, and Cl, while that produced via the Pidgeon process contains mainly Al, Mn, Si, and Zn. Vacuum distillation refining requires that the boiling points of Na, K, and Zn are lower than that of Mg, and that the boiling points of Al, Mn, Fe, Ni, Cu, Pb, and Si are significantly higher than that of Mg. This allows Mg to evaporate, leaving behind the above elements, which can be separated more accurately due to the different boiling points [39].



The vapor pressure    p i    of group element i in the crude metal is different from the vapor pressure      p i *    when  i  is a pure substance; this is the result of molecular interactions with other impurity elements as well as the difference in concentration. Thus, the vapor pressure of group element     i   can be calculated as [40]:


   p i  =  a i   p i *  =  γ i   x i   p i *  ,    



(2)




where      p i    is the vapor pressure of group element i (in Pa);    a i    is the activity of group element i;    p i *    is the vapor pressure of group element i in the case this is a pure substance (in Pa);    γ i     is the activity coefficient of group element i;    x i      is the concentration of group element i.



The vapor density    ρ i      can be calculated as [41]:


   ρ i  =    x i   γ i   M i   p i *    R T   ,    



(3)




where    ρ i      is the vapor density of group element i (in g/cm3);    M i     is   the     molar mass of group element i (in g/mol); R is the molar gas constant (in J·mol−1 K−1); T is the temperature (in K).



The ration between A and B can be calculated according to:


   ρ A  /  ρ B  =    x A   γ A   M A   p A *     x B   γ B   M B   p B *    ,    



(4)




where    ρ A    and      ρ B      are the vacuum densities of group elements A and B, respectively (in g/cm3);     x A       and       x B     are the concentrations of group elements A and B, respectively;     γ A       and       γ B     are the activity coefficients of group elements A and B, respectively;     M A       and       M B     are   the     relative atomic masses of group elements A and B, respectively;     p A *       and       p B *     are the vapor pressures of group elements A and B, respectively (in Pa).



The molar fraction ratio of components A and B with mass fractions a and b, respectively, (corresponding to mole fractions    x A    and    x B   , respectively) can be also calculated using Equation (4), which yields:


     x A     x B    =   a  M B    b  M A    .    



(5)







When the molecular structure of the gas–liquid phase is the same, Equation (5) can be simplified to:


     ρ A     ρ B    =  a b  ·    γ A     γ B    ·    p A *     p B *    .    



(6)







The value of βA in Equation (6) can be calculated as:


   β A  =    γ A     γ B    ·    p A *     p B *    .    



(7)







Therefore, the ratio of the vapor pressure of components A and B can be calculated as:


     ρ A     ρ B    =  β A   a b  .    



(8)







The left-hand side of Equation (8) is the ratio of the two components in the gas phase, whereas the right-hand side is the ratio of the two components in the condensed phase.    β A    is called the separation coefficient and indicates the difficulty of separating component A from component B. When    β A    > 1, component A is more concentrated in the gas phase, component A evaporates in preference to component B, and components A and B can be easily separated. When    β A     < 1, component A is more concentrated in the liquid phase, component B evaporates in preference to component A, and components A and B can still be easily separated. When    β A      = 1, it is difficult to separate components A and B.




3. Experimental Procedures


3.1. Sample Preparation


CM was obtained via multipole Mg electrolysis (Pangang Group Titanium Metal Materials Co., Ltd., Panzhihua, China), which was electrochemically reduced from MgCl2, a by-product of the titanium sponge production, in NaCl-CaCl2-MgCl2-CaF2 melts at around 660 °C. The electrolysis process parameters have been reported in a previous work [42,43,44]. The sampling spoon was first used to pour the molten Mg on the surface of the electrolyzer into the iron crucible, and after natural cooling, the cooled Mg ingots were reacted with hydrochloric acid (concentration of 5–10%) for 30 min to remove the oxide film on the surface; the surface was then washed with deionized water to remove the hydrochloric acid. Subsequently, the obtained Mg ingot samples were dried in an oven at 60 °C for 12 h. The photographs of the obtained CM samples are shown in Figure 2a. Figure 2b shows the magnesium chips obtained by drilling machine processing of crude magnesium samples before distillation, which are used for impurity content detection and analysis. CM samples are shown in Figure 2c. The samples were cut into squares with a side length of 2.5 cm and a height of 1 cm using a wire cutter (DK350, Guangdong Datie, China), and then their surfaces were polished using 1000-grit sandpaper and wiped with acetone to remove possible stains.




3.2. Vacuum Distillation Experiments


Firstly, approximately 200 g of the above Mg ingots were placed into high-purity Mg oxide crucibles with diameter and height of 300 and 100 mm, respectively. Then, the MgO crucible was transferred to a vacuum distillation furnace (Shenyang Vacuum Technology Research Institute). The maximum heating power, maximum temperature, and ultimate vacuum of the distillation furnace were 5 kW, 1473 K, and 5 × 10−3 Pa, respectively. When the pressure of the system reached 5 Pa, the heating power was turned on and the temperature was increased at a rate of 5 K s−1 to investigate the effects of the distillation temperature, distillation time, and ultimate vacuum on the quality of the distilled products. The condenser is made of quartz material with diameter and length of 150 and 300 mm respectively. The inside of the condenser is lined with high purity graphite foil, whose thickness is 0.2 mm and has good flexibility. The high purity magnesium is eventually condensed on the high purity graphite foil, which is very easy to separate from the condenser and will not react with the high purity magnesium. After the distillation was completed, the heating system was turned off, and the vacuum pump was then run continuously until the furnace temperature cooled to room temperature. Finally, argon gas was flushed in, and the condensed product and distillation residue were removed for weighing and sample analysis. A schematic of the vacuum distillation unit is shown in Figure 3.



The volatilization yield    E v    of metallic Mg during distillation was calculated as:


    E v      =    M 1  −  M 2     M 1    × 100 % ,     



(9)




where    M 1      is the mass of the raw material (in g), and    M 2    is the mass of the residue (in g).




3.3. Sample Characterization


The composition of the samples was analyzed via GD-MS (Astrum ES, NU, Wrexham, UK). Additionally, the state and morphological characteristics of the impurity elements on the surface of the CM samples were analyzed via EPMA (JXA-IHP200F, JEOL, Tokyo, Japan) and MLA (MLA-250, FEI Czech Co., Ltd., Hillsboro, OR, USA). The physical phase of the distillation residue was analyzed via X-ray diffraction (XRD, XRD-7000, Shimadzu, Japan) using a cobalt target at an electron gun voltage and current of 35 V and 20 kA, respectively.





4. Results and Discussion


4.1. State of the Impurities in CM


The contents of the impurities in CM are listed in Table 1. It can be seen that the main impurities in the CM products are Al, Fe, Si, Ti, Cr, S, Cl, Na, and Ni. The Al and Fe contents are 0.0243% and 0.0184%, respectively. According to the original magnesium ingot GB/T 3499-2011 released by Standards Committee of China, the content of Al element in 9999 grade Mg is less than or equal to 20 ppm, the content of Fe element is less than or equal to 20 ppm, and the content of Ti element is less than or equal to 5 ppm. Fe, Al, and Ti are the main removal objects in this experiment.



To further analyze the state of the existing impurities, the electrolytically produced CM was characterized via MLA, and the corresponding results are shown in Figure 4. It can be seen from Figure 4 that the impurities in CM are not uniformly distributed, and there are local inclusions. The most important inclusions consist of MgO, which also represents the main form of the O impurities. The Al and Si impurities mainly exist in CM in the form of silicate. The impurity elements Al and Si are mainly derived from the electrolytic cell of the production unit of magnesium electrolytic system, which is made of firebrick, and the main raw material of firebrick is made of silicate. Ti impurities mainly come from titanium particles produced in the reduction distillation process of sponge titanium. In the reduction process, MgCl2 needs to be discharged from the reduction tank and transported to the electrolytic unit by rail car. MgCl2 is used as the raw material of magnesium electrolytic system. Therefore, titanium sponge inevitably appears in the electrolytic CM, which mainly exists in the form of TiN and Ti. The impurity content of Fe and Cr in the electrolytic CM is low, which mainly comes from the steel reactor of the electrolytic system and mainly exists in the form of alloy phase.



In order to further analyze the presence of impurities, an electron probe was used to characterize the CM generated by electrolysis, and the results are shown in Figure 5. The EPMA results in Figure 5 show that the relative contents of Ti, Fe, Al, and Si of the inclusions in CM were higher, and the spots of relatively high concentrations of Ti, Fe, Al, and Si match each other quite well but not with that for oxygen. Consequently, these elements did not form inclusions that consist of silicates but of metallic phases, which is consistent with the MLA results. Moreover, the content of other impurity elements in electrolytic CM is low.



According to the corresponding vapor pressure of each element, the separation coefficient β of Mg from the impurities at different temperatures can be calculated, and the results are provided in Table 2. It can be seen that the separation coefficient β is less than 1 for the main impurity elements, such as Al, Fe, Mn, and Ni, in electrolytically produced CM, indicating that metallic Mg and the impurity elements can be easily separated. The activity coefficient γ of each component is 1 because the CM can be regarded as an infinite dilute solution with 7 impurities such as Pb, and Mn, as the solutes. This shows that Pb, Mn, Al, Fe, Ni, and Si have significant tendency to be separated from Mg but also different separation behaviors owing to the different β coefficients. However, the β coefficients of K and Na are always greater than one, denoting that K and Na are mainly concentrated in the gas phase. During the entire distillation process, K and Na evaporate first, followed by Mg, which is enriched in the gas phase. As the distillation temperature increases, the electrolytically produced CM melts first. During the melting process, both K, Na, and Mg evaporate. At this time, there are many impurities in the magnesium melt. High melting and boiling point impurities, such as Pb, Mn, Al, Fe, Ni, and Si are not easy to evaporate. Such impurities get concentrated in the incompletely evaporated magnesium liquid and remain at the bottom of the crucible after the distillation is completed. Some impurities may evaporate and finally condense and collect in the condenser along with the magnesium vapor. In addition, impurities, such as MgO and TiN, have a very low saturated vapor pressure, which is beneficial to their vacuum distillation separation and removal.




4.2. Influence of the Distillation Process on the Quality of the Refined Mg


To determine the optimal distillation temperature and time, the influence of the distillation temperature and time on the volatilization rate of metallic Mg and the removal of the impurities were studied according to the parameters listed in Table 3, and the corresponding experimental results are shown in Figure 6.



It can be seen in Figure 6a that with increasing distillation time, CM was not distilled completely, and the highest evaporation rate was only 52.3% at 900 K. It is obviously not meaningful to continue to extend the holding time at 900 K. However, as the distillation temperature reached 923 K, CM could be collected on the condenser after vacuum distillation, and the evaporation yield reached 88.6%. Obviously, the evaporation yield at 923 K still has a lot of room to improve. As the distillation temperature reached 1023 K, upon increasing the distillation time from 30 to 120 min, the evaporation yield increased from 55.6% to 99.0%. At temperatures of 973 and 1023 K, respectively, holding time more than 90 min, the evaporation yield reached above 90%.



It can be seen in Figure 6b that for a given distillation time and with increasing distillation temperature, the separation of the Al, Fe, Cl, and Si impurities with a lower vapor pressure is more effective than that of the Ti, Cr, and Ni impurities; as the temperature increases from 900 to 1023 K, the content of the Al, Fe, Cl, and Si impurities decreases from 0.0138%, 0.0124%, 0.0098%, and 0.0069% to 0.0011%, 0.0009%, 0.0007%, and 0.0009%, respectively. It is noted that the contents of the Ti, Cr, S, Na, and Ni impurities in CM are reduced to different extents. Therefore, the distillation temperature of 1023 K and the distillation time of 120 min were chosen as the optimal conditions for the preparation of refined Mg via vacuum distillation.



Table 4 shows the impurity content of metal magnesium after distillation. The electrolytically produced CM reached the 4N national standard via distillation, and the high contents of Al, Fe, Si, and Na impurities in the raw materials were all reduced below the standard line. The remaining impurities (Ni, Cr, and Ti) that reached the standard did not change significantly with the distillation temperature.



Figure 7 shows the photographs of the high-purity Mg obtained via distillation and the residue in the crucible alongside their respective XRD patterns. Figure 7a,d show that high-purity Mg can be collected on the condenser at a distillation temperature of 1023 K and a distillation time of 120 min. After distillation, approximately 2 g MgO can be collected from electrolytic CM sample. Due to its very low saturated vapor pressure and high melting point, colorless solid MgO impurities are finally collected on the MgO crucible. Figure 7b shows the MgO photos obtained after distillation, and Figure 7c shows the XRD test results of high purity magnesium obtained after electrolytic CM distillation. The effective and efficient removal of MgO impurity and the refining of Mg were realized.





5. Conclusions


In this study, the state of the impurities in electrolytically produced CM as well as the preparation process of high-purity Mg metal via vacuum distillation were systematically studied though GD-MS, EPMA, MLA, and XRD. The results show that the Al, Fe, Si, Ti, Cr, S, Cl, Na, and Ni elements are the main impurities in electrolytically produced CM, which exhibit an uneven distribution and local inclusions. During the vacuum distillation process, the content of the Al, Fe, and Si impurities is drastically reduced, while that of other impurities, such as Ti, Cr, S, Na, and Ni, decreases by a different amount. Refined Mg with 99.99% purity can be collected on the condenser at a distillation temperature of 1023 K and a distillation time of 120 min; this high purity degree meets the Mg9999 national standard for primary Mg ingots in China (GB/3499-2011).
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Figure 1. Relationship between the saturation vapor pressure and temperature for different metals. 
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Figure 2. Photographs of (a) the electrolytically produced CM product, (b) the Mg scrap, and (c) the Mg block. 
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Figure 3. Schematic of the vacuum distillation device. 
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Figure 4. MLA results for the electrolytically produced CM. 
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Figure 5. EPMA results for the electrolytically produced CM. 
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Figure 6. Effect of the distillation temperature and time on (a) the evaporation yield of Mg and (b) the removal of the impurity elements. 
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Figure 7. (a) Photograph of the distilled Mg collected on the condenser, (b) photograph of the residue after Mg distillation, (c) XRD patterns of the CM before distillation, and (d) XRD patterns of the distilled substance. 
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Table 1. Typical impurity content in the CM products determined via GD-MS.






Table 1. Typical impurity content in the CM products determined via GD-MS.





	Category
	Al/%
	Fe/%
	Si/%
	Ti/%
	Cr/%
	S/%
	Cl/%
	Na/%
	Ni/%





	Electrolytic process
	0.0243
	0.0184
	0.0072
	0.0061
	0.0015
	0.0026
	0.0106
	0.0013
	0.0011



	Mg9999 [15]
	0.002
	0.002
	0.002
	0.0005
	-
	-
	-
	-
	0.0003
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Table 2. Separation coefficients of Mg and the various impurities at different temperatures.
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	T/K
	β (Pb)
	β (Mn)
	β (Al)
	β (Cu)
	β (Fe)
	β (Ni)
	β (Si)





	973
	8.74 × 10−4
	1.38 × 10−6
	4.25 × 10−9
	3.96 × 10−10
	9.36 × 10−13
	5.47 × 10−14
	3.97 × 10−15



	1023 [44]
	1.35 × 10−3
	3.53 × 10−6
	1.35 × 10−8
	1.49 × 10−9
	4.84 × 10−12
	3.54 × 10−13
	2.96 × 10−14
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Table 3. Vacuum distillation parameters used for the different tests.
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	No.
	Temperature/K
	Holding Time/min
	Pre-Distillation Mass/g
	Condensed Mg Mass/g
	Residual/g
	Post-Distillation Pressure/Pa





	1
	900
	60
	203.5
	61.46
	142.04
	8.5



	2
	900
	90
	206.4
	71.41
	134.99
	7.5



	3
	900
	120
	203.1
	88.75
	114.35
	6.3



	4
	900
	180
	206.3
	107.89
	98.41
	5.6



	5
	923
	60
	210.5
	86.52
	123.98
	4.8



	6
	923
	90
	198.3
	125.92
	72.38
	3.2



	7
	923
	120
	205.9
	162.25
	43.65
	2.5



	8
	923
	180
	207.2
	183.58
	23.62
	2.0



	9
	973
	30
	196.3
	72.43
	123.87
	1.9



	10
	973
	60
	198.3
	157.25
	41.05
	1.5



	11
	973
	90
	204.1
	198.18
	5.92
	1.3



	12
	973
	120
	206.8
	203.70
	3.10
	1.3



	13
	1023
	30
	201.3
	111.92
	89.38
	1.7



	14
	1023
	60
	195.6
	165.28
	30.32
	1.4



	15
	1023
	90
	206.3
	202.79
	3.51
	1.3



	16
	1023
	120
	204.7
	202.65
	2.05
	1.3










[image: Table] 





Table 4. Content of the impurities in Mg metal after distillation.
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	Temperature/K
	Al
	Fe
	Si
	Ti
	Cr
	S
	Cl
	Na
	Ni





	900
	0.0138
	0.0124
	0.0069
	0.0058
	0.0014
	0.0022
	0.0098
	0.0011
	0.0011



	923
	0.0115
	0.0096
	0.0054
	0.0049
	0.0007
	0.0018
	0.0059
	0.0008
	0.0008



	973
	0.0026
	0.0043
	0.0026
	0.0037
	0.0005
	0.0012
	0.0024
	0.0005
	0.0006



	1023
	0.0011
	0.0009
	0.0009
	0.0021
	0.0003
	0.0005
	0.0007
	0.0002
	0.0003
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