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Abstract

Magnesium-based materials with exceptional properties are being widely used in the automotive and aerospace industries, 
as well as in electronic equipment and Mg-based implants. The development of many advanced engineering structures and 
precision devices prompts the demand for high-purity Mg with better performance and service. However, the current purifi-
cation methods meet challenges such as the complex equipment, potential dangers due to the powdery condensed products, 
and the lack of systematic analysis of the impurity behavior. Here, we report the purification of commercial raw materials 
into 99.9958% (± 0.0034%) pure magnesium products through one-step vacuum distillation. The process adopts a verti-
cal distillation device, which has the advantages of high recovery efficiency, lumpy condensation products, easy cleaning, 
and reusability. Experimental results confirm that vacuum evaporation is more effective than vacuum sublimation for the 
purification of magnesium. Then, the behavior of eight impurities is analyzed theoretically and experimentally. The results 
significantly verify the difficulty sequence of impurity separation from the Mg base, which is Zn > Ca > Pb > Al > Cu > Ni. 
The similar equilibrium vapor pressure of Zn and Mg and the separation coefficient close to unity are the reasons that cause 
zinc to be the most difficult one to be separated.
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Introduction

High-purity grade magnesium is utilized in the prepara-
tion of magnesium-based materials that are increasingly 
employed in a wide range of automobile and aerospace 
industries [1], electronic devices [2], and Mg-based implants 
[3]. Recent significant growing attention to various appli-
cations of Mg-based materials is attributed to its superior 
properties, such as low density [4], high specific strength [5], 
strong electromagnetic shielding ability [6], high thermal [7] 
and electrical conductivity [8], high dimensional accuracy 
and stability [9], as well as good extrudability [10], and bio-
compatibility [11].

Recently, the corrosion resistance has attracted great 
attention because it limits the application of Mg-based mate-
rials under fairly mild exposure conditions, such as indoor 
(and outdoor) atmospheric exposure [12]. The poor corro-
sion resistance of Mg is due to the weak protection of the 
natural surface films and micro-galvanic corrosion accelera-
tion from second phases [13]. The elements that from these 
second phases usually have a strong cathodic behavior in the 
materials, which leads to the formation of micro-cells that 
cause serious corrosion, and subsequently hinder the prolon-
gation of service life of the materials [14]. To be specific, the 
existence of trace impurities (with higher exchange current 
density for hydrogen reduction, such as Cu, Al, Ni, Zn, Fe, 
and Mn) provides more favorable places for the cathodic 
reaction [15, 16]. All the above studies have indicated that 
the systems of Mg and other elements corrode faster than 
high-purity Mg (HP-Mg). Thus, with controlling impuri-
ties below the tolerance limit [15], these high-purity alloys 
can exhibit better corrosion resistance in comparison to the 
normal ones. The performance of high- and ultra-high-purity 
magnesium (HP-Mg and UP-Mg) and its alloys is expected 
to be improved.

There are currently two routes to commercially pro-
duce primary magnesium: electrolysis [17] and thermal, 
such as Pidgeon process [18] and vacuum carbothermal 
reduction process [19]. The electrolysis process accounts 
for the majority of the Western world's production capac-
ity, and commercial applications of thermal processes are 
concentrated in China. These methods are used to produce 
primary Mg with a purity level between 99.8% and 99.98% 
(2N8–3N8) [20]. And then, in order to meet the demand 
for high-performance Mg-based materials, many methods 
are used to increase the purity level of primary magnesium 
[20–23]. Among these techniques, vacuum distillation has 
the advantages of high impurity removal efficiency, few 

processes, low energy consumption, and environmental 
friendliness [24].

HP-Mg products have been successfully fabricated by 
vacuum distillation using different experimental equipment. 
However, the systematic research and application of primary 
magnesium purification are still having potential problems, 
specifically due to the following three aspects. Firstly, it is 
known that the purity level is calculated by 100% minus the 
total concentration of all impurities, while some purity results 
come from few elements detection [25] and low measurement 
accuracy [26, 27]. If the regulatory limit of the detection 
element is lower than or close to the lower detection limit of 
ICP-OES, ICP-MS will be the instrument of better choice 
[28, 29]. Second challenge is the low efficient recovery of 
condensed magnesium. Using similar equipment, two patents 
have showed that the purity of magnesium is increased to 5N 
purity via vacuum distillation [30, 31]. However, collecting 
the condensed Mg and cleaning the inner chamber encounter 
difficulties due to the complicated structure of the apparatus. 
As most of the condensation products are fine powders, they 
are easily to be oxidized and with the risk of explosion [32]. 
Finally, the researches lack theoretical support and analysis 
of impurity behavior. The experimental investigations have 
reported that ultrapure products can be obtained via vacuum 
distillation [30, 33, 34]. However, among these few available 
documents, the purity level has only been improved through 
the equipment modification. In particular, the reason why the 
impurity zinc is more difficult to be removed has not been 
explained. Some results are even obtained after ignoring the 
concentration of zinc. Therefore, to the best of our knowl-
edge, based on the effective detection methods and devices, 
theoretical analysis and experiments on the change of behav-
ior for sufficient detectable impurities in HP-Mg have not 
been systematically carried out.

In this paper, we study the theoretical separation situa-
tions of eight impurities (Zn, Ca, Pb, Mn, Al, Cu, Fe, and 
Ni) from Mg base by the criteria of the equilibrium vapor 
pressure, the separation coefficient β, the gas–liquid equi-
librium diagram, and the solubility. Then, we investigate 
the influence of experimental parameters on the distillation 
process. The paper devotes chiefly to clarify the behavior of 
impurities in magnesium purification. The experimental part 
of this study has been conducted at IME Process Metallurgy 
and Metal Recycling, The Institute of RWTH Aachen Uni-
versity and the theoretical calculation at Kunming University 
of Science and Technology. This research is to provide the 
basis for the sustainable development of the production of 
HP-Mg.
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Methods

Theoretical Analyses

Equilibrium Vapor Pressure

A theoretical basis for the use of vacuum distillation to 
achieve the separation of different components is the equi-
librium vapor pressure of different substances. Under a 
given system pressure, as the temperature increases, the 
component with higher vapor pressure will be more eas-
ily volatilized and separated from the initial material. The 
relationship between the equilibrium vapor pressure and 
temperature of an element can be expressed as [35]

where p* is the equilibrium vapor pressure, Pa; T is the tem-
perature, K; and A, B, C, and D are the evaporation constants 
[36].

Separation Coefficient β and Gas–Liquid Equilibrium 

Diagram

Due to the presence of complex inter-particles forces 
between the different elements present in the base metal 
matrix, the individual vapor pressure could only serve as 
a preliminary indicator to the behavior of these impurities. 
Therefore, a parameter called the separation coefficient β 
is introduced for a more accurate evaluation of the separa-
tion effect [35]:

where P*i and P*Mg are the equilibrium vapor pressures of 
impurity i and Mg at a given temperature, respectively; and 
γi and γMg are the activity coefficients of impurity i and Mg 
at a given temperature, respectively; and βi is the separation 
coefficient of impurity i. When βi > 1, impurity i is volatil-
ized before Mg, while it is vice versa at βi < 1. And when 
βi = 1, it means that the separation of the impurity from mag-
nesium is difficult to achieve.

The main challenge usually facing this model is the 
calculation of the activity coefficient, as the value varies 
with the temperature of the system and the initial concen-
tration of each impurity. To simplify the challenge of this 
model, it is assumed that the magnesium part is an infinite 
dilute solution with no individual impurity exceeding 1% 
concentration, which means γMg could be taken as unity. 
On the other hand, the infinite dilution activity coefficient 
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is the partial molar excess entropy, J·mol−1·K−1. Equation (3) 
is based on the assumption that the partial molar excess 
entropy and partial molar excess enthalpy of a substance 
do not change with the temperature. Then, the separation 
coefficient βi can be generated by combining Eqs. (1)– (3).

The separation tendency between magnesium and its 
impurities can also be illustrated through the gas–liquid 
equilibrium diagram. When an impurity in magnesium 
reaches an equilibrium state, the relationship between the 
impurity concentrations in the gas phase (g) and the liquid 
phase (l) can be expressed by the following formula [35]:

where  Mgl, il, and ig are the concentrations of Mg and the 
impurity in the liquid and gas phase, respectively. For theo-
retical calculation, the initial concentration of impurity i in 
Mg is assumed to be 1–100 ppm (points at 1, 5, 10, 50, 100 
are selected).

Solubility

It is known that the introduction of the activity coefficient 
is to make the thermodynamic formula of the ideal solution 
applicable to the real solution. However, no thermodynamic 
data of the elements Mn and Fe for calculating the activity 
coefficient can be found in [37]. According to the Mg–Mn 
and Mg–Fe systems, they are dominated by the wide region 
of immiscibility in the liquid phase. That means, Mn or Fe 
can hardly dissolve in Mg, impeding thermodynamic data 
obtaining of the melt. Therefore, the modules of “Phase dia-
gram” and “Equilib” in FactSage 8.0 software are used to 
analyze the dissolution of Mn and Fe in the Mg-rich base. 
Here, the solubility results are calculated via “Equilib” mod-
ule in the FactSage 8.0 software.

Experimental Procedures

In each group of trails, approximately, 450 g of magnesium 
(99.9 wt%, supplied by Magontec GmbH, Germany) was 
used as raw material for vacuum distillation. The trails were 
conducted in a vacuum induction furnace (40 kW maximum 

(3)ln𝛾∞
i

=

H̄
E
∞

i

RT
−

S̄
E
∞

i

R
,

(4)ig =

(

1 +
Mgl

il

⋅

�Mg

�
i

⋅

P
∗
Mg

P
∗
i

)−1

,



 Journal of Sustainable Metallurgy

1 3

power, 4 kHz maximum frequency, 1873 K maximum tem-
perature). Figure 1 shows the sketch of the vacuum distil-
lation setup, with the bottom heating part served by a high-
purity graphite crucible (Φ = 150 mm, h = 155 mm) and the 
upper cooling part made of steel (Φ = 150 mm, h = 200 mm). 
The setting temperature and actual temperature were cali-
brated after the setup being surrounded by the coil (Fig. S1 
and Fig. S2, Supplementary Material). Before being placed 
in the graphite crucible for distillation, all surfaces of the 
raw materials were mechanically ground and cleaned in an 
ethanol ultrasonic bath to remove the oxide layer and mini-
mize foreign contaminants.

The parameters of conducted trails are listed in Table 1. 
After the system pressure reached around 10 Pa, the temper-
ature was raised to the target point at a rate of 45 K/s. During 
the process, the volatilized gaseous magnesium entered into 
the cooling part through the aperture and subsequently con-
densed in the condenser chamber (the baffle, the condenser 

wall, and the collecting bowl). The partial pressure of gas-
eous magnesium increased during the distillation process, 
which could be higher than the system pressure. The system 
pressure was adjusted to a certain value for different hold-
ing temperatures. After the holding time accomplished, the 
induction system was turned off, and the distillation setup 
was freely cooled to the ambient temperature. Especially, 
due to the poor volatility of the 873 K-experimental group, 
the holding times at this temperature were extended to 120, 
150, and 180 min. And in order to verify the result reliability 
of this group, an additional 848 K comparison group at same 
holding times was performed.

Under the pressure conditions of this study, the volatili-
zation of magnesium included two processes: evaporation 
and sublimation [38]. The specific surface area changed 
significantly with the pressure of the system. Therefore, the 
volatilization rate was not analyzed in this study. Finally, 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, 
triple quadrupole, Agilent 8900) was used to analyze the raw 
materials and samples were collected from the baffle, the 
condenser wall, and the collecting bowl. Multi-point sam-
pling was performed to ensure the accuracy of the analysis 
results.

After the experiments, the evaporation ratio (E) is to be 
calculated as:

(5)E =
mraw − mresidue

mraw

× 100%,

Fig. 1  The cross-sectional view 
of the structure of the distilla-
tion device

Table 1  Parameters of all vacuum distillation experiments

No. of trails Temperature (K) Holding time (min) Pressure (Pa)

1–3 848 120, 150, 180 18
4–6 873 85
7–10 923 30, 45, 60, 90 100
11–14 973 140

15–18 1023 400
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where mraw and mresidue are the mass of the raw material and 
the residue in crucible, respectively. The calculation of the 
loss ratio (L) for distillation process is

where mrecovery is the mass of recovered Mg from the con-
denser chamber, including the baffle, the condenser wall, 
and the collecting bowl. The calculation of the recovery ratio 
(Rc) for evaporated Mg is

The unremoved ratio (Ui) is used to reflect the removal 
level of individual impurities via vacuum distillation meth-
odology. It is calculated as

where Cir and Cic are the concentrations of the impurity i of 
the raw material in the crucible and condensed Mg from the 
cooling part, respectively.

Results and Discussion

The Theoretical Analysis of Mg in the Vacuum 
Distillation Process

Figure 2 shows the variation of equilibrium vapor pressure 
of different elements with the temperature. The display of 
some missing line segments is because for Formula (1), each 
element has its own limited temperature range (Table S1, 
Supplementary Material). It can be seen that the order of 
volatile elements is Zn > Mg > Ca > Pb > Mn > Al > Cu > F
e > Ni. Under given conditions, Mg and Zn will be firstly 
volatilized and separated from other elements in the resi-
due. Thus, the major reason for purifying magnesium via 
vacuum distillation is the sequence of volatilization between 
the elements, leading to the separation feasibility. In addi-
tion, compared with the application of vacuum distillation of 
other metals, magnesium shows advantages in its distillation 

(6)L =
mraw − mresidue − mrecovery

mraw

× 100%,

(7)Rc =
mrecovery

mraw − mresidue

× 100%.

(8)U
i
=

Cic

Cir

× 100%,

conditions. The critical equilibrium vapor pressure to dis-
tinguish, whether magnesium is vaporized or sublimated, 
is 333 Pa [38], which is a vacuum condition that can be 
achieved without high costs or big efforts.

The calculation results of the separation coefficients of 
impurity i at different temperatures are listed in Table 2. As 
it can be seen, the values of βZn are close to unity, which 
demonstrates the difficulty of zinc and magnesium separa-
tion. Other metals can achieve better separation effects with 
βi ≪ 1. Figure 3 shows the gas–liquid equilibrium diagrams 
of Mg-i (i = Zn, Ca, Pb, Al, Cu, or Ni) binary systems. Being 
very close to the absolute values of the concentration of 
zinc in the liquid as well as gas phase, Fig. 3a indicates 
again the challenge of its removal from magnesium base. In 
contrast, other impurities are basically concentrated in their 
liquid phase when they reach the gas–liquid equilibrium 
state (see Fig. 3b–f). Comparing the impurity concentra-
tion in the gas and the liquid phase, the difficulty of sepa-
rating the impurity from the magnesium base is obviously 
Zn > Ca > Pb > Al > Cu > Ni.

As shown in Fig. 4, the Mg–Mn and Mg–Fe phase dia-
grams indicate that there are no compounds in the sys-
tem. On the other hand, the calculation results of solubil-
ity (Table S2, Supplementary Material) verify the weak 

Fig. 2  The equilibrium vapor pressure of elements Zn, Mg, Ca, Pb, 
Mn, Al, Cu, Fe, and Ni in the temperature range of 600–1300 K

Table 2  The separation 
coefficients of impurities at 
different temperatures

Temperature (K) 873 923 973 1023

βZn 8.945 ×  10−1 8.514 ×  10−1 9.031 ×  10−1 9.100 ×  10−1

βCa 7.836 ×  10−7 1.560 ×  10−6 3.314 ×  10−6 6.223 ×  10−6

βPb 3.503 ×  10−7 6.544 ×  10−7 9.735 ×  10−7 2.198 ×  10−6

βAl 1.750 ×  10−10 6.384 ×  10−10 2.245 ×  10−9 6.758 ×  10−9

βCu 9.783 ×  10−13 5.892 ×  10−12 3.249 ×  10−11 1.465 ×  10−10

βNi 3.207 ×  10−18 3.564 ×  10−17 3.418 ×  10−16 2.536 ×  10−15
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dissolution of Mn and Fe in the Mg-rich base. Under the 
setting conditions of 1023 K and 400 Pa, Mn and Fe reach 
the maximum solubility, which are 0.0326% and 0.0008%, 
respectively. The solubility result fits well with the situation 

shown in the phase diagram. That is, Fe is more difficult to 
dissolve in Mg-rich base than Mn. Due to the difference in 
criteria, Mn and Fe cannot be compared with the impurities 
mentioned earlier.

Fig. 3  The gas–liquid equilibrium diagrams of impurities a Zn, b Ca, c Pb, d Al, e Cu, and f Ni in Mg-i binary systems, respectively
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The Evaporation Behavior of Mg in the Vacuum 
Distillation Process

Figure 5 shows the cross-sectional view of the structure 
of the distillation device and different parts of the distilla-
tion setup after accomplishment of a trial. It can be seen 
that most of the cooled product is accumulated by the baf-
fle on the top (A). The vertical condenser wall (B) and 
the collecting bowl (C) collect a small part of the metal 
vapor. The main condensed material on the baffle can be 
easily collected even without the use of any tools and be 
removed by hand wearing latex gloves as it has a very low 
adhesion to the boron-nitride coating of the steel baffle. 
The other part of the collected material is in the collecting 
bowl after solidification of those molten droplets, falling 
down from the baffle or the wall. Also for the collection 
of this part, no tools are required. That means, no scrap-
ing or scratching of the powdery product is needed, which 

would commonly lead to oxidation of magnesium. The 
easy-to-collect condensed product and the maximum loss 
ratio of 4.20% (Table S3, Supplementary Material) illus-
trate that the setup can effectively realize the distillation 
and the condensation processes. Compared to the more 
complicated equipment [30, 31, 33], the distillation setup 
shows the advantages of simple structure, easy cleaning, 
and reusability.

As shown in Fig. 6a, the evaporation ratio obtained 
at one constant temperature increases with the holding 
time, as well as increases with the heating temperature at 
a constant holding time. Although the sublimation pro-
cesses (848 K- and 873 K-groups) have longer holding 
times, the evaporation processes (923 K-, 973 K-, and 
1023 K-groups) show a greater volatilization efficiency. 
In addition, the evaporation ratios of the 973  K- and 
1023 K-groups are close to each other, and both higher 
than the 923  K-group. After reaching 923  K, a slight 
increase (50 K) in the heating temperature will no longer 
significantly increase the evaporation ratio of magnesium. 
On the other hand, the recovery ratios of all groups are 
between 95.60% and 102.23% (see Fig. 6b), which is not 
significantly affected by the heating temperature and the 
holding time. In the actual operation, the value of mrecovery 
has been calculated by weighing the whole condenser 
chamber before and after the distillation. The weighing 
error is caused by the insulation material outside the 
device, resulting in the partial recovery ratio to be higher 
than 100%. The maximum evaporation ratio (96.00%) and 
recovery ratio (95.60%) are reached under the heating tem-
perature of 1023 K and a holding time of 90 min.

Due to the different condensation locations and unclear 
condensation period in the process, it is difficult to meas-
ure the condensation temperature directly. The steam jet 
temperature, means the temperature directly above the 
aperture, being increased by “thundering” the hot mag-
nesium vapor/steam. Longer holding times lead to higher 
steam jet temperature, because more Mg-vapor comes out. 
The steam jet temperature is a secondary parameter, which 
is influenced by the main process parameters such as cruci-
ble temperature, pressure, and time. This temperature has 
no direct influence on the purification efficiency and impu-
rities removal, as it has been shown in this study. Table S3 
(Supplementary Material) shows steam jet temperature for 
every combination of process parameter. The steam jet 
temperature range from the baffle is 863–913 K, which 
is higher than the reported condensation temperatures 
[25–27, 30]. A slightly higher temperature in the conden-
sation zone than the theoretical condensation temperature 
of magnesium will result in a condensation product with 
larger grain size [38], which is beneficial to the subsequent 
collection of magnesium products.

Fig. 4  The phase diagram of a Mg–Mn and b Mg–Fe systems
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The Impurity Behavior in the Purification of Mg 
via Vacuum Distillation

The analysis shows that there is not much difference in the 
purity of Mg collected from the baffle, the condenser wall, 
and the collecting bowl after the same experiment. Thus, 
the final concentration of the impurity is calculated as the 
average of the detection results at these three locations. The 
concentrations of all impurities in the raw material and mag-
nesium condensates are listed in Table 3. Except for one 
experimental group (923 K–90 min), the purity of the mag-
nesium product obtained in all other 17 groups has reached 
99.9958% (± 0.0034%). The 3N pure initial raw materials 
can be purified to reach the purity of 4N8 (848 K–150 min, 
973 K–45 min, 973 K–90 min, 1023 K–60 min) and even 5N 
(1023 K–45 min). Comparing with the published experimen-
tal parameters and results, this study has advantages not only 
in the distillation setup, but also in terms of feedstock scale, 
vacuum feasibility, and reproducibility of high-purity prod-
ucts (Table S4, Supplementary Material). Moreover, incon-
sistent with the view that the condensation products obtained 
in the higher temperature region have a higher purity [39, 
40], there is no significant relationship between the steam 
jet temperature and the purity in this study.

Figure 7 shows the “unremoved ratio” of eight impurities 
(Zn, Fe, Ca, Pb, Al, Cu, Ni, and Mn) at different tempera-
tures. The setting of the “unremoved ratio” (Y axis) in the 
3D image is in order to an obvious exhibition of the removal 
efficiency of each impurity. The deviation is calculated from 
the difference between the minimum and the average unre-
moved ratios in multiple experiments of one temperature. It 

reflects the deviation of the removal efficiency of the indi-
vidual impurities at each temperature, which confirms the 
effectiveness of the detection method. For impurities Ca, Pb, 
Al, Cu, Ni, and Mn, 973 K- and 1023 K-groups show higher 
impurity removal ratio and smaller deviation compared with 
other heating temperatures. This is all of course with the 
exception of the impurity zinc. It also indicates that vacuum 
evaporation is better than vacuum sublimation when remov-
ing impurities.

All impurities are arranged according to the average 
removal efficiency. With an average unremoved ratio of 
41.70% (Table S5, Supplementary Material), zinc possesses 
the most difficult impurity position, completely consistent 
with the theoretical analysis results. The separation coef-
ficient of zinc—close to unity—also makes it difficult to be 
separated from magnesium base by the two-step vacuum 
distillation method. It means that after the initial separa-
tion of zinc and magnesium from other elements, further 
vacuum distillation is no longer effective for the separation 
of zinc and magnesium. In terms of the average unremoved 
ratio, the order of difficulty in removing impurities from 
the magnesium base is Zn > Fe > Ca > Cu > Ni > Pb > Al 
> Mn, while the order derived from the separation coeffi-
cient β criterion and the gas–liquid equilibrium diagram is 
Zn > Ca > Pb > Al > Cu > Ni. It should be noticed that two 
impurities with low concentration in the raw material, Cu 
(2.00 ppm) and Ni (0.47 ppm), are reduced to the detec-
tion limit (0.01 ppm) (see Table 3). From the perspective 
of detection limit, these two impurities are considered to 
be the easiest to remove. Excluding the other two special 
elements Fe and Mn that cannot be applied to theories of 

Fig. 5  The cross-sectional view 
of the structure of the distilla-
tion device (middle part), and 
physical pictures of the baffle 
(A), the condenser wall (B), 
the collecting bowl (C), the 
crucible, and the residue (D) of 
a trial
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the separation coefficient and the gas–liquid equilibrium 
diagram, the order of reorganizing the experimental results, 
Zn > Ca > Pb > Al > Cu > Ni, is completely consistent with 
the theoretical criteria. It verifies the reliability of the sepa-
ration coefficient β and the gas–liquid equilibrium diagram. 
However, unlike the easily removable impurity manganese, 
the final concentration of iron is unexpected, which located 
between zinc and calcium. Because the impurity iron should 
be removed via vacuum distillation [24], it can be reliably 
assumed that the abnormal behavior is caused by the con-
tamination of the steel collection device [2] and the use of 
metal tools to take samples. In future work, this hypothesis 
can be clarified through comparative experiments with con-
densing devices made of other appropriate materials such as 
high-purity graphite. Further research directions can point 
to the interaction of impurity elements, the improvement of 
the condensation mechanism, and the recovery of magne-
sium vapor in liquid form, including the transformation of 

collecting equipment and the control of condensing tempera-
ture and temperature gradient.

Conclusion

In summary, based on the theoretical criteria and a new 
self-designed distillation device, the process of purifying 
the commercial grade Mg into HP-Mg is studied through 
the one-step vacuum distillation method. In this process, the 
final product purity of nearly half a kilogram of 3N pure raw 
materials reaches 99.9958% (± 0.0034%), and the impurity 
behavior of eight impurities is analyzed. The new device 
has the advantages of high recovery efficiency, the lumpy 
condensed product, easy cleaning, and reusability. The 
results show that the average purification effect of vacuum 
evaporation is bigger than vacuum sublimation in the setup. 
However, no significant relationship between the steam jet 
temperature and the purity is observed in this study. Moreo-
ver, theoretical and experimental results jointly verify the 
difficulty sequence of impurity separation from the Mg base, 
which is Zn > Ca > Pb > Al > Cu > Ni. The close equilibrium 
vapor pressure of Zn and Mg is one of the reasons why Zn is 
the most difficult impurity to be removed from the Mg base; 
the other is that the separation coefficient of Zn is close to 
unity. In particular, unlike the easily removable impurity 
Mn, Fe occupies the second most difficult position to be 

Fig. 6  The relationships between a the evaporation ratio and b the 
recovery ratio with the holding time at different temperatures. The 
recovery ratio refers to the proportion of the magnesium product 
obtained in the condenser chamber to the evaporated magnesium 
vapor

Fig. 7  The unremoved ratio of impurities Zn, Fe, Ca, Pb, Al, Cu, Ni, 
and Mn after vacuum distillation at heating temperatures of 848, 873, 
923, 973, and 1023 K, respectively
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removed. This may be caused by the contamination of the 
steel collection device and the sampling tools.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40831- 022- 00583-z.
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