
Ultra-high purification efficiency of magnesium via liquid aluminum

An Wang , Si-Ying Lu , Bo-Yu Liu , Rong-Chang Zeng , Zhi-Wei Shan *

State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Engineering Research Center for Magnesium-based New Materials, Center for 
Advancing Materials Performance from the Nanoscale (CAMP-Nano), Xi’an 710049, People’s Republic of China

A R T I C L E  I N F O

Keywords:
High-purity magnesium
Vacuum distillation
Negative deviation solution
Aluminum melt
Magnesium vapor

A B S T R A C T

Magnesium (Mg), prone to impurity-induced degradation even at ppm levels, is traditionally purified through 
vacuum distillation in industrial settings. However, entrainment of impurities in the Mg vapor reduces separation 
efficiency, thereby necessitating multiple distillation steps to obtain high-purity (HP) Mg (>99.999 wt%, 5 N). To 
address this limitation, aluminum (Al) melt was introduced into the vacuum distillation process to absorb im
purities from Mg vapor actively. Impurity elements, such as Fe, Ni, Cu, Al, Si, and Ca can be reduced to con
centrations below 0.1 ppm. Zn, a challenging impurity to remove through conventional vacuum distillation, can 
be reduced to 1.78 ppm by increasing the crystallization temperature to 620 ◦C. With this approach, crude Mg 
with a purity 99.6 wt% can be directly refined to 99.9997 wt% (5 N7) ultrahigh-purity (UHP) Mg in a single 
distillation step. This novel approach, by introducing liquid metals into the vacuum distillation process, signif
icantly enhances purification efficiency and increases the feedstock’s impurity tolerance.

1. Introduction

The corrosion resistance of magnesium (Mg) and its alloys is highly 
sensitive to trace impurities such as iron (Fe), nickel (Ni) and copper 
(Cu), which can accelerate degradation and restrict their application 
[1–5]. Even at concentrations of just a few parts per million (ppm), these 
elements can substantially increase the corrosion rates, drastically 
shortening the in-service life of Mg components [6]. High-purity (HP) 
Mg is also essential as a reducing agent in titanium sponge production 
[7]. However, residual aluminum (Al) impurities present in commercial 
Mg ingots can be transferred into titanium, compromising the purity of 
the final titanium product [8]. To enhance both the corrosion perfor
mance of Mg alloys and the quality of derived metals such as titanium, it 
is imperative to develop methods that effectively lower impurity content 
in Mg feedstock.

Vacuum distillation is a common method for producing HP Mg by 
leveraging the difference in evaporation rates between Mg and non- 
volatile [9] impurities, such as Fe, Ni, and Cu. Under vacuum, Mg 
readily evaporates, while these impurities remain in the residue. Since 
evaporation rates scale approximately with saturated vapor pressure 
[10], the process is theoretically effective. For example, at 750 ◦C, the 
vapor pressure of silicon (Si) is roughly 3 × 10− 13 of that of Mg, sug
gesting that Si concentrations could be reduced to the order of 1 × 10− 13 

wt% (~10− 7 ppm) following distillation. However, in practice, impurity 

removal falls far short of this theoretical value. A single vacuum distil
lation at 750 ◦C reduces Si content from 37 ppm to only 3.5 ppm [11], 
corresponding to a separation efficiency of 9.5 % (the ratio of impurity 
contents after and before distillation, where a lower value indicates 
better separation), orders of magnitude above the expected value. This 
discrepancy is observed not only for Si but across a broad range of 
involatile impurities. As a result, multiple distillation cycles are required 
to achieve high purity, driving up both energy consumption and cost.

The limited effectiveness of vacuum distillation largely stems from 
the unintended transfer of impurity elements in solid or liquid form, 
rather than through vaporization, and, as a result, end up in the final Mg 
products. Boiling occurs when a liquid’s saturated vapor pressure ex
ceeds the surrounding pressure, initiating widespread vapor nucleation 
and escape from the liquid phase. Once vapor passes through the liquid 
surface, it disrupts the liquid films, producing microdroplets through 
film breakup [12,13]. These microdroplets, with high drag coefficients 
[14], are easily entrained by the vapor flow. In typical Mg vacuum 
distillation systems, operating pressures are usually below 10 Pa 
[15–17], far lower the Mg’s saturated vapor pressure of 350 Pa at its 
melting point (650 ◦C). It means that Mg will boil once the evaporation 
temperature is higher than the melting point, making droplet formation 
inevitable. Thus, microdroplets, carrying the similar composition as 
unrefined feed, are transported with the vapor and contaminate the 
condensed Mg crystal, reintroducing impurities. Additionally, solid 
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particulates, such as oxides, present at the evaporation interface can also 
be easily carried by Mg vapor into the final crystal [18].

Another major limitation of conventional vacuum distillation is the 
absence of active mechanisms to prevent impurities from reaching the 
final product. When Mg vapor travels toward the condensation zone, 
any entrained impurities, whether in liquid, solid, or droplet form, will 
directly be incorporated into the product unless actively intercepted. To 
address this, several approaches have been proposed that use porous 
materials to filter impurities during vapor transport. For example, Liang 
[18] demonstrated the use of millimeter-scale porous media to capture 
impurities from Mg vapor. Our previous works [19–21] explored the use 
of materials such as porous Fe, Ni, and Si to actively trap and remove 
impurities.

The effectiveness of porous filters relies heavily on their chemical 
reactivity with impurities. When impurities come into contact with the 
filter surface, they react to form compounds that coat the material. 
However, due to the low diffusion rate in solid materials [22,23], these 
reaction products accumulate on the surface rather than diffusing in
ward, leading to rapid passivation and reduced reactivity over time. This 
surface passivation effect limits the long-term efficiency of solid filters. 
In addition to chemical trapping, porous filter materials can physically 
intercept impurity particles, with effectiveness depending on the filter’s 
pore size. Nevertheless, filters with micrometer-scale pores, which could 
capture smaller particles, generate excessive flow resistance, making 
them impractical. Conversely, millimeter-scale porous foam, such as 
those used in the Liang’s work [18], allow better flow but cannot 
effectively capture micrometer-scale particles. These challenges under
score the need for a new filtration system that offers both high impurity 
removal capacity and extended in-service life.

To overcome the limitations of conventional filtration, here we 
introduce a novel melt-assisted purification method. In this approach, Al 
melt is placed within the vapor flow channel of a vacuum distillation 
apparatus, between the evaporation and crystallization sections. As Mg 
vapor passes through, the Al melt acts as a chemical trap, absorbing 
vapor-state impurities by establishing phase equilibrium between the Al 
melt and the impurity vapors. For more volatile impurities, such as zinc 
(Zn), they can be removed by increasing the crystallization temperature. 
Using this novel approach, industrial crude Mg can be directly refined 
into ultrahigh-purity (UHP) Mg with a purity of 99.9997 wt% (5 N7) in a 
single distillation step, eliminating the need for multiple distillation 
cycles.

2. Purification principle

The purification of Mg relies on inducing relative motion between 
Mg atoms and impurities species. During evaporation, Mg atoms tran
sition into the vapor phase, while most impurity remain in the crucible. 
However, separation does not cease there. The transport of vapor and 
the subsequent condensation also involve relative motion between 
atoms, which may further contribute to impurity removal. Enhancing 
purification efficiency, therefore, requires either introducing new forms 
of relative atomic motion, or improving those already present in the 
system. This work pursues both strategies: introducing a reactive Al melt 
to selectively capture impurities from the Mg vapor, and optimizing the 
crystallization process by increasing crystallization temperature to 
enhance the purity of the condensed Mg.

2.1. Selection criteria for reactive melt elements

To avoid introducing new contaminants during purification, the 
added filter material must not exceed the impurity limits already defined 
for commercial Mg, such as those specified by China’s National Standard 
for Primary Mg Ingots (GB/T 3499–2023). Additionally, to prevent loss 
through evaporation, the introduced filter material must exhibit a 
significantly lower vapor pressure than Mg. We set a vapor pressure ratio 
threshold of 10− 6 (corresponding to 1 ppm impurity level to Mg) to 

define acceptable candidates. Elements meeting this requirement 
include Al, Sn, Cu, Fe, Si, Ni, and Ti, as shown in Fig. 1(a).

The selected element must also effectively absorb impurity vapor 
without becoming rapidly passivated. Materials with high atomic 
diffusivity are preferred, as they allow continuous uptake of impurities 
by preventing surface blockage. Since diffusion rates in liquids are 
generally several orders of magnitude higher than that in solids, here we 
focus on elements that remain liquid at or slightly above Mg’s melting 
point (650 ◦C). This narrows the viable options to Al and Sn. Moreover, 
the much higher viscosity of liquid metals compared with Mg vapor 
[24,25] results in stronger drag forces on impurity particles, in accor
dance with Stokes’ Law [14]. This enhanced drag can reduce particle 
mobility, leading to the effective entrapment and separation of impu
rities from the Mg vapor.

Economic considerations further favor the use of Al. At 20,590 yuan 
(RMB) per ton, Al is nearly twelve times less expensive than Sn (248,150 
yuan per ton) [26], making it a cost-effective choice for large-scale 
implementation.

2.2. Impurity absorption ability of Al melt

The absorption capacity of the Al melt for impurities can be evalu
ated from the equilibrium impurity concentration in Mg vapor. This 
concentration corresponds to the theoretical minimum impurity level 
after purification, which can be obtained from the partial pressures of 
the vapor components [27]. Since the partial pressure of most impurities 
is relatively low, it is reasonable to approximate the total gas-phase 
pressure with the saturation vapor pressure of Mg at the evaporation 
temperature. The partial pressure of impurity in Mg vapor is equal to the 
equilibrium partial pressure of impurity in the Al melt. The resulting 
mass concentrations of each impurity in the vapor can be estimated as 
follows: 

yi =
PiMi

Po
MgMMg

=
xiγiPo

i Mi

Po
MgMMg

# (1) 

Where yi, P, and M denote the impurity concentration, vapor pres
sure, and relative atomic mass, respectively. The subscripts i and Mg 
refer to the impurity and Mg, respectively. The superscript o denotes the 
equilibrium vapor pressure. xi is the mole fraction of the impurity in the 
melt, and γi is its activity coefficient.

A solution with negative deviation from Raoult’s law is expected 
when impurities interact strongly with Al. In such a solution, the activity 
coefficient of the solute is below 1, indicating strong interactions be
tween the components. According to Eq. (1), the impurity’s activity 
coefficient, along with its concentration and saturated vapor pressure, 
collectively governs its content in Mg vapor. A lower activity coefficient 
reduces the tendency of impurities to enter the vapor phase, thereby 
decreasing their vapor concentration and providing an effective purifi
cation mechanism. Thermodynamic calculations (Fig. B1, Appendix B) 
show that Al forms negative-deviation binary solutions with key impu
rities such as Fe, Mn, Ni, Ti, Cu, Si, and Ca, whereas the Al–Pb and 
Al–Zn systems exhibit positive deviation and near-ideal behavior, 
respectively.

As shown in Fig. 1(b), the impurity equilibrium concentration in the 
Mg vapor increases with its concentration in the Al melt. The right end of 
each curve represents the solubility limit in the binary Al-impurity melt, 
with 50 % indicating completely miscible. Most impurities, such as Si, 
Mn, Cu, and Fe, can be removed to below 1 ppm, even when their 
concentration in the Al melt reaches the solubility limit. Elements like 
calcium (Ca), particularly in oxide form, are also easily captured by the 
Al melt. In contrast, Zn and Pb remain difficult to remove due to their 
high volatility and weak interaction with Al melt.
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2.3. Enhancing Zn removal via crystallization temperature control

The vapor-to-solid condensation process offers another opportunity 
for impurity separation. During crystallization, the net deposition rate is 
governed by the balance between incoming vapor condensation and the 
surface evaporation, as schematically shown in Fig. 1(c). At equilibrium, 
impurity incorporation into the solid depends solely on temperature. 
The temperature dependence of impurity concentrations is quantified by 
their derivatives, as shown in Fig. 1(d) and derived in detail in Appendix 
A. Among the impurities studied, only the Zn exhibit a negative deriv
ative, indicating its concentration in the crystal decreases as the crys
tallization temperature increases. Moreover, the derivative becomes 
more negative with higher temperatures, implying an increasingly 
efficient removal of Zn with each incremental rise in temperature. To 
avoid melting the deposited MG while maximizing Zn exclusion, crys
tallization was carried out just below Mg’s melting point.

Briefly, our purification strategy combines two key aspects: a molten 
Al filter introduced between the evaporation and crystallization zones to 
actively absorb impurities, and an elevated crystallization temperature 
to selectively reduce Zn incorporation.

3. Experimental setup

A vertical tube furnace equipped with graphite tubes was used to 
serve as the container for Mg vapor phase change and flow. The core 
structure consisted of nine threaded graphite tubes connected end-to- 
end, each with an inner diameter of 40 mm, outer diameter of 60 mm, 
and length of 100 mm, as shown in Fig. 2(b). A graphite plate with a 
central opening served as the crystallizer, positioned to collect 
condensed Mg vapor.

Two concentric tubes were placed between the evaporation and 
crystallization zones, which housed the Al melt. This design ensured that 

( ) = ( , )

( )

Fig. 1. Purification of Mg vapor through active impurity absorption and increased crystallization temperature. (a) The ratio of the saturated vapor pressure of metal 
elements to that of Mg. Only Al, Sn, Cu, Fe, Si, Ni, and Ti meet the requirement of not contaminating Mg vapor, given an upper limit of 10− 6. Considering the melting 
point and cost factors, Al is ultimately chosen. (b) The equilibrium concentrations of impurities in Mg vapor after purification by the Al melt. Within the solubility 
limit of the Al melt, impurities such as Mn, Sn, Cu, have an equilibrium concentration of less than 1 ppm in the Mg vapor. Calcium, often existing in the form of an 
oxide, readily adheres to aluminum melts and can be removed from Mg vapor. Zinc and Pb, however, are not easily removed by the Al melt. (c) The condensation 
model for the vapor-solid phase transition. The net condensation of vapor is determined by both the incoming vapor flux and the evaporation flux of the condensate 
surface. (d) The derivative of impurity concentration with respect to temperature during the condensation process. Only the derivative of Zn impurity concentration 
is negative, suggesting that Zn content can be reduced by increasing the crystallization temperature.
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Mg vapor flowed through the Al melt, while the Al melt did not flow 
back into the evaporation zone due to gravity. A titanium (Ti) mesh, 
chosen for its low saturated vapor pressure, was placed at the outlet of 
the concentric structure to capture impurities carried by the Mg vapor 
and to asses purification efficiency. The morphology and composition of 
the Ti mesh were analyzed using scanning electron microscopy (SEM) 
and energy dispersive spectroscopy (EDS). The overall Mg vapor flow 
path is schematically shown in Fig. 2(a).

To compare the impurity removal efficiencies with and without the 

presence of Al melt, three types of evaporation experiments with 
different graphite tube structures were designed. The first, a baseline 
setup, involved direct evaporation with only graphite tubes and a 
crystallizer. The second, termed evaporation-CC, incorporated two 
concentric tubes into the baseline structure but did not include Al melt. 
The third setup, referred to as the molten aluminum purification (MAP), 
was identical to the second evaporation-CC setup but included molten Al 
in the concentric tubes. By comparing the results from the evaporation- 
CC and MAP experiments, the effect of the Al melt could be isolated from 

Fig. 2. Schematic diagram of the experimental setup. (a) Schematic illustration of Mg vapor movement. In traditional vacuum distillation, the vapor carries a large 
number of impurities. After introducing the Al melt, it can absorb the impurities carried by the Mg vapor. (b) Experimental setup diagram. Nine graphite tubes were 
connected to form a container for phase transition and vapor flow of Mg. The graphite bottom plate and crystallizer, combined with the graphite tubes, constituted 
the evaporation and condensation zones, respectively.
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that of the concentric tubes, allowing a direct assessment of its impurity 
removal capability.

The tube furnace was divided into three heating zones: evaporation, 
Al melt, and condensation. These zones were set to 850 ◦C, 850 ◦C, and 
620 ◦C, respectively, with a holding time of 2 h and a heating rate of 
10 ◦C/min. The evaporation zone was maintained at 200 ◦C above Mg’s 
melting point (650 ◦C) to enhance the Mg evaporation rate. The crys
tallization zone was held at 620 ◦C, as mentioned previously, to suppress 
Zn incorporation into the crystallized Mg.

Al particles of 4 N-purity were placed inside the concentric tubes, 
which, upon melting, formed a liquid seal structure. Mg vapor passed 
through this structure and was purified by the Al melt. A titanium mesh 
was placed at the outlet of the concentric tubes to intercept impurities 
carried by the Mg vapor and to serve as an indicator of the impurity 
content in the vapor. Due to its high melting point and a lack of a 
eutectic reaction with Mg [28], Ti mesh maintains its structural integrity 
and resists corrosion at experimental temperatures. Its high boiling 
point further ensures that it will not evaporate and contaminate the Mg 
vapor.

To allow Mg vapor to pass through the Al melt, the static pressure of 
the Al melt bottom must not exceed the saturated vapor pressure of Mg 
at the evaporation temperature. The relationship between static pres
sure and evaporation temperature is as follows: 

h =
aPo

Mg(Teva)

ρAlg
# (2) 

Where h is the height of the Al melt, ρAl is its density, g and Teva 

designate the acceleration due to gravity and the evaporation temper
ature, respectively. The hydrostatic pressure of the liquid-seal structure 
establishes the maximum back-pressure that can resist the vapor flow 
[29]. This back-pressure defines the threshold above which Mg vapor 
cannot escape through the liquid seal, thereby determining the effective 
limit of inhibition on Mg evaporation. In this work, the coefficient a, 
defined as the ratio of the hydrostatic pressure to the saturated Mg vapor 
pressure, must remain below 1. To allow Mg vapor to successfully 
overcome the melt and pass through the seal, this coefficient was set to 
23.84 %. Before heating, the tube furnace was evacuated to a pressure 
below 10 Pa.

The raw material for evaporation was crude Mg, the purity of which 
is listed in Table 1. The impurity contents in the above materials were 
measured using ICP-MS (ICP-MS 7850, Agilent) or GD-MS (Element GD 
Plus, Thermo Fisher). The GD-MS detection range has 76 elements, 
comprising 64 metallic elements. After excluding Mg, 63 metallic ele
ments remain. The purity of Mg was calculated by subtracting the 
contents of 63 metal impurity elements from 1.

Thermodynamic calculations were performed using the equilibrium 
module of the FACTSAGE software. The databases used were the PS and 
LITE libraries.

4. Results and discussion

The Ti mesh serves as indicator of impurity levels in the Mg vapor by 
capturing contaminations as the vapor passes through. The morphology 
of the Ti mesh after the experiment is shown in Fig. 3. In the direct 
evaporation experiment using crude Mg, the mesh surface (Fig. 3(a-c), 

Fig. C1(a-d)) was heavily coated with impurities—including Al, Si, Ca, 
Cl, Fe, and O—indicating significant contamination. If these impurities 
were directly transferred into the condensed Mg, they would signifi
cantly compromise its purity. As shown in Fig. 3(a-c) and Fig. C1(a-d), 
impurity elements like Si, Fe, and Ca co-existed with Mg and O, that 
suggests these impurities coexisted with MgO particles may be in non- 
vapor state carried by the Mg vapor. Given that MgO is thermodynam
ically stable and in a solid state at the experimental temperature, it is 
unlikely for impurity vapors to be trapped within MgO particles in such 
a high-temperature environment. Furthermore, the uniform distribution 
of Al, Si, and Ca impurities on the titanium mesh (Fig. C1(e-f)) provides 
strong evidence that the impurities also exist in a vapor phase. Due to the 
effect of entropy, vapor-phase impurities would thermally diffuse and 
distribute uniformly within the Mg vapor, resulting in a homogeneous 
deposition on the Ti mesh upon contact. These solid particles and im
purity vapors are the crucial sources of contamination for Mg vapor 
during vacuum distillation.

In the evaporation-cc experiments, as shown Fig. 3(d-f), fewer im
purities were observed, though dark particulate deposits were still pre
sent. The concentric tubes can hinder the Mg flow process and decrease 
the mass flux of Mg vapor, that will decrease the carrying ability of Mg 
vapor for impurity particles and then to some content decrease the 
number of impurity particles in Mg vapor. As shown in Fig. 3(d-f) and 
Fig. C2, EDS confirmed that the impurities on the Ti mesh remained 
consistent with those in the direct evaporation experiment. Based on the 
material intercepted by the Ti mesh, the concentric tubes can partially 
reduce the impurity content in the Mg vapor.

The Ti mesh from the MAP experiment (Fig. 3(g-i)) appeared largely 
clean, with only a few residual MgO particles. This suggests that MAP 
can effectively remove impurity particles entrained in Mg vapor. EDS 
detected no Ca, and Fe impurities on the mesh surface, confirming that 
the Al melt effectively captured the impurity vapors in the Mg vapor. 
When Mg vapor flows over molten Al, it may entrain small droplets of 
the Al melt, whereas gravity tends to pull these droplets back into the 
liquid Al. The Ti mesh serves as an indicator of possible Al droplets, since 
Ti reacts with Al and retains it on its surface [30]. In our experiments, 
under the given evaporation temperature and Al melt height, no traces 
of Al were detected on the Ti mesh. This result indicates that significant 
Al contamination did not occur.

The compositions of the crude and purified Mg samples are shown in 
Fig. 4(a). The starting material was crude Mg obtained via silicothermic 
method, which contains high levels of Si, Fe, and Ca. In the direct 
evaporation experiment, the impurity contents of Si, Ca, Pb, and Zn in 
the crystallized Mg remained above 1 ppm, while the impurity levels of 
Al and Fe were 0.29 ppm and 0.28 ppm, respectively. The types of Ca 
and Fe impurities are consistent with those of the impurity elements 
accumulated on the Ti mesh. After the use of the concentric tubes, the 
impurity contents of Al, Si, Ca, and other elements in the crystallized Mg 
significantly decreased. However, the Fe impurity content unexpectedly 
increased to 2.8 ppm, which can be attributed to Fe-rich impurity par
ticles—similar to those shown in Fig. 3(f), but smaller in size—being 
transferred into the crystallized Mg. It should be noted that such im
purity transport is an uncontrollable contamination process and should 
be avoided whenever possible. The purity of the crystallized Mg ob
tained from direct evaporation is 4 N8, whereas the purity of the 

Table 1 
Impurity contents (ppm) of raw materials and purity (weight percent) of crystalline Mg.

Impurity contents, ppm wt%

Element Al Si Ca Ti Mn Fe Ni Cu Zn Sn Pb Mg

Crude Mg 29.42 962.00 753.45 0.22 5.65 2442.9 0.42 0.25 11.80 0.11 5.42 2 N6
Direct evaporation 0.29 1.0 6.9 0.07 0.1 0.28 0.04 <0.05 3.7 0.06 2.3 4 N8
Evaporation-cc 0.05 0.24 2.0 0.02 0.13 2.8 0.05 <0.05 5.1 0.07 1.1 4 N5
MAP-1 0.027 0.088 0.1 <0.005 0.13 0.02 <0.005 0.065 1.78 <0.05 0.17 5 N7
MAP-2 <0.01 <0.01 0.02 <0.005 0.16 <0.005 <0.01 <0.05 3.2 <0.01 1.6 5 N5
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crystallized Mg from the concentric tubes experiment is 4 N5. The lower 
purity in the latter case is attributed to an elevated Na content of 25 
ppm. It is worth to clarify that while we refer to our setup as “direct” 
distillation, it differs from traditional direct distillation by including a Ti 
mesh in the vapor flow path. Although the Ti mesh was intended pri
marily for assessing impurity levels in the Mg vapor, it inadvertently 
captured some impurities, resulting in a increasement of purity. 
Compared to the direct distillation of crude Mg in the literature [31], the 
purity of the crystallized Mg in this experiment increased from 3 N8 to 4 
N8. Nevertheless, neither direct evaporation and evaporation-CC was 
sufficient to elevate the purity of the crystallized Mg to above 5 N.

The purity of the crystallized Mg in the MAP experiment reached 5 
N7 and 5 N5, representing a substantial improvement over previous 
methods. The concentrations of impurities such as Al, Si, Ca, Fe, and Ni 
in the crystallized Mg significantly decreased, indicating that the Al melt 
effectively absorbed these impurities. This conclusion is further sup
ported by the clean surface of the Ti mesh after the experiment, which 
indicates minimal residual impurities in the Mg vapor. It’s worth noting 
that Al was still detected in the high-purity Mg. It’s currently difficult to 
determine the source of this trace amount of Al—whether it’s from the 
raw materials or the Al melt—even though the content is already below 
0.1 ppm.

However, the differences in the Pb impurity concentrations are small 
between the HP Mg from the MAP experiments and that from the direct 
evaporation experiments. Because the Al–Pb and Al–Zn systems do not 

exhibit the strong negative deviations from Raoult’s law needed to 
suppress solute activity, even trace dissolution of Zn or Pb in liquid Al 
corresponds to high activities and thus high equilibrium partial pres
sures. Further uptake of Zn or Pb by the Al melt is therefore not ther
modynamically favored. Consequently, passing Mg vapor through an Al 
melt does not appreciably reduce the Zn and Pb partial pressures in the 
vapor, leading to low removal efficiency for these elements. Although 
the Al melt has poor removal efficiency for Pb and Zn, as mentioned in 
the purification principle, the high crystallization temperature 
employed in all experiments still led to a reduction in Zn concentration 
across the samples.

In the experimental study of HP Mg preparation, evaporation tem
peratures typically range from 400 to 900 ◦C. From a thermodynamic 
perspective, the higher the evaporation temperature, the greater the 
equilibrium concentration of impurities in the vapor phase, which leads 
to more impurities being incorporated into the HP Mg. Although this 
study employed a relatively high evaporation temperature of 850 ◦C, the 
experimental results show that the impurity removal efficiency is 
generally superior to that of previous experiments (which is calculated 
by MAP-1), as shown in Fig. 4(b). This significant advantage can be 
attributed to the introduction of Al melt, which effectively enhanced the 
impurity removal process.

In summary, this study provides new insights into the preparation of 
HP Mg. It also highlights the potential of Al melt for improving impurity 
removal efficiency. The method shows high tolerance to high impurity 

Fig. 3. Aluminum melt effectively removes impurities carried by Mg vapor compared to direct evaporation and direct evaporation with concentric tubes. (a-c) reveal 
that after the direct evaporation of crude Mg, a significant accumulation of impurities, including Ca, Cl, Fe, and O, was observed on the surface of the Ti mesh. (d-f) 
show the surface morphology of the titanium mesh following the evaporation experiment with the introduction of concentric tubes positioned in front of the mesh. 
The presence of the concentric tubes did not alter the types of impurities captured by the Ti mesh but effectively reduced the quantity of impurities collected. (g-i) 
present the surface morphology of the Ti mesh after the MAP experiment. The Al melt successfully absorbed the impurities carried by the Mg vapor, resulting in an 
almost impurity-free Ti mesh post-experiment.
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concentrations in raw materials. Therefore, it can also be used for 
recycling Mg alloys. However, our findings also reveal limitations in the 
Al melt’s ability to remove Zn and Pb impurities. Therefore, future 
research will focus on developing alternative strategies for effectively 
removing these elements, particularly Pb, from Mg vapor.

5. Conclusion

This study introduces the use of Al melt in the vacuum distillation 
process to effectively remove excessive impurities from Mg vapor, 
enabling the direct refinement of crude Mg with a purity below 99.9 wt 
% into ultrahigh-purity Mg with a purity of 5 N7 in a single step. 

1) High-boiling-point liquid metals, such as molten aluminum, can be 
introduced into the vacuum distillation process of crude Mg without 
causing significant contamination. When the Mg vapor passes 
through the aluminum melt, the impurities present in the vapor were 
effectively absorbed by the melt. Non-volatile impurities carried by 
the Mg vapor were reduced to concentrations below 1 ppm after the 
purification.

2) A crystallization model based on a layer-by-layer stacking process 
suggests that among the main impurity elements in crystalline Mg, 
only Zn—an impurity difficult to absorb by the Al melt—can be 

markedly reduced, reaching 1.7 ppm when the crystallization tem
perature is set to 620 ◦C.

3) Compared to traditional vacuum distillation methods, this novel 
approach achieves a two-order-of-magnitude reduction in impurity 
contents within the distilled product.

Notably, this method holds significant potential for enhancing the 
purification efficiency of other metals in vacuum distillation processes 
based on the principle of actively absorbing impurities from metal 
vapor.
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Fig. 4. Impurity contents in crystallized Mg and separation coefficients from the MAP experiment compared to previous studies. (a) The impurity contents in crude 
Mg and HP Mg. Due to severe contamination, the impurity concentrations in crude Mg, such as Si, Fe and Zn, range from 10 ppm to 2000 ppm. After the direct 
evaporation and the evaporation experiment with the concentric tubes, the concentrations of impurities such as Si, Fe, Al, and Ca decreased significantly. After 
purification with the Al melt, the concentrations of all non-volatile impurities in the condensed product were even below their detection limits. Although the 
reduction in impurities such as Pb was insignificant, the zinc concentration still decreased from 11.8 ppm to 1.78 ppm. (b) Comparison of separation coefficients. A 
lower separation coefficient indicates better impurity removal efficiency. The purification efficiency for most elements in this study is superior to the results from 
previous reports [16,17,27,32–41]. The relatively high separation coefficients for Sn and Cu are due to their initially low concentrations.
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Appendix A. Model for crystallization process

Vapor undergoes a phase transition to either the liquid or solid state when its chemical potential exceeds that of the liquid or solid phase. 
Considering Mg vapor in a tubular furnace, Mg vapor flows from a higher temperature zone to the crystallization zone. Condensation initiates at the 
wall, where heat exchange with the vapor increases the chemical potential difference between the Mg vapor and its liquid or solid state. This 
condensation process relies on the heterogeneous nucleation of Mg vapor, involving collisions between Mg atoms and the furnace wall. For this 
nonequilibrium process, both the chemical potential difference and kinetic factors, such as collision frequency and collision efficiency, determine the 
condensation process. The cylinder tube wall exhibits a lower collision efficiency than the baffle vertical to the flow direction, attributed to the 
difference in the flow resistance caused by these structures. The lower the collision efficiency, the less the condensate. Consequently, the Mg 
condensate on the cylinder tube wall is negligible and can be disregarded. The vertical baffle, initially meeting the condensation condition of Mg 
vapor, is considered a primary condensation zone with its temperature referred to as the primary crystallization temperature

The evaporation of the condensate occurs concurrently with the condensation of Mg vapor. The net condensation flux is the difference between the 
evaporation and condensation fluxes. Here, we assume that the state of the incoming Mg vapor flow remains constant. Considering the crystallization 
process as a layered stacking model, the deposition product from the previous moment determines the subsequent evaporation process, and the 
constant-pressure Mg vapor with a fixed impurity concentration colliding with the interface governs the condensation process. Thus, the relation of the 
impurity contents at the crystallization interface between the t and t + 1 moments can be expressed by Langmuir-Knudsen equation as follows: 

ci(t + 1) =
j+i − j−i

j+Mg − j−Mg
=

j+i −
ci(t)Po

i
̅̅̅̅̅̅
Mi

√

̅̅̅̅̅̅̅̅̅̅̅̅
2πRT

√

j+Mg −
Po

Mg
̅̅̅̅̅̅̅̅̅
MMg

√

̅̅̅̅̅̅̅̅̅̅̅̅
2πRT

√

=

j+i − hici(t)
Po

i̅̅̅
T

√

j+Mg − hMg
Po

Mg
̅̅̅
T

√

## (A.1) 

where, the corner symbols i and Mg refer to the impurity i and Mg, respectively; j+ is the condensation flux and irrelevant to the crystallization process, 
can be seen as a constant; j− is the evaporation flux; ci(t) designates the impurity concentration at the t moment; M is the molar mass; h is the constant 
term in the Langmuir-Knudsen equation; T is the primary crystallization temperature.

When the crystallization process reaches a steady state, the impurity concentration will not vary with time. Then, ci(t + 1) in Eq. (A.1) can be 
replaced by ci(t), transforming Eq. (A.1) into Eq. (A.2). 

ci(t) =
j+i − hici(t)

Po
i̅̅̅
T

√

j+Mg − hMg
Po

Mg
̅̅̅
T

√

# (A.2) 

Solving for ci(t) in Eq. (A.2) yields: 

ci(t) =
j+i

j+Mg − hMg
Po

Mg
̅̅̅
T

√ + hi
Po

i̅̅̅
T

√

#
(A.3) 

It is clear that ci(t) is a function of temperature(T). Taking the derivative of ci(t) with respect to T, we obtain: 

d(ci)

dT
=

j+i
(

j+Mg − hMg
Po

Mg̅̅
T
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Po
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T
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− 2
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o
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− 2

dPMg
o
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# (A.4) 

The sign of d(ci)/dT only depends on the terms within the square brackets in eq. (A.4). Then, we can extract the terms and graph these as a curve 
depicted in Fig. 1(d).

Appendix B. Activity coefficient of impurities in Al melt

The formula (1) in the main text describes how the activity coefficient of solute element X in an Al–X binary solution determines its equilibrium 
partial pressure. As shown in Fig. B1, Ni, Fe, Ti, Ca, Cu, and Mn form negative-deviation solutions with Al, with their activity coefficients remaining 
below 0.01 within the solubility limit. In contrast, Pb and Zn exhibit activity coefficients close to unity in the Al binary solution, with the activity 
coefficient of Pb always remaining above one 
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Fig. B1. Activity coefficient of impurities in Al melt at 850 ◦C.

Appendix C. Impurity deposits on Ti mesh

Fig. C1 shows the morphology and composition of impurities deposited on the Ti mesh after crude Mg evaporation. In addition to the Fe, Ca, and Cl 
impurities observed in Fig. 3(c), Al and Si were also detected. Mg deposits were relatively concentrated (Fig. C1(c)), whereas Al, Si, and Ca were 
uniformly distributed across the mesh (Fig. C1(e)) 
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Fig. C1. The morphologies and compositions of the impurity deposits on the Ti mesh after the direct evaporation of crude Mg.

As shown in Fig. C2, the morphology and composition of impurities deposited on the Ti mesh after crude Mg evaporation with the concentric tubes 
structure included Al, Si, Ca, and Cl. Together with the Fe impurity in Fig. 3f, it can be concluded that introducing the concentric tubes did not change 
the impurity species in crude Mg. 
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Fig. C2. The morphologies and compositions of the impurity deposits on the Ti mesh after the evaporation of crude Mg with the concentric tubes.

Data availability

The data that support the findings of this study are available from the 
corresponding authors on request.
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