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Abstract

Electrolytic primary magnesium generally contains elevated Fe impurities, which severely degrade corrosion resistance, thus limiting
downstream use. Although vacuum sublimation, in principle, should separate Fe from magnesium because Fe is far less volatile, the purified
condensate frequently remains Fe-rich. Here we identify that Fe resides mainly in micrometer-scale inclusions (elemental Fe and Fe-bearing
intermetallic particles). Through analysis of the drag force exerted by magnesium vapor on these inclusions, we determine that they can
be entrained in the vapor stream, thus bypassing separation based solely on volatility difference. To intercept these particles, we implement
an in-line filtration positioned in an appropriate thermal zone along the vapor route, and select Ti mesh packed with Si particles as the
interception medium based on thermal stability, affinity for impurity species, and cost. In controlled comparisons using industrial electrolytic
magnesium (258 ppm Fe), sublimation alone lowers Fe to 76 ppm, Ti-mesh filtration lowers it to 28 ppm, and Ti-Si integrated trapping
to 4 ppm, meeting the Mg9999 specification without detectable Ti or Si contamination. These results establish particulate entrainment as a
principal barrier to deep purification by sublimation and provide a practical framework for upgrading electrolytic magnesium via targeted

particle interception and rational trap design.

© 2026 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

Magnesium and its alloys have low density, high specific
strength, good damping capacity, and excellent biocompatibil-
ity, making them attractive for aerospace, transportation, elec-
tronics, and biomedicine applications [1-3]. Primary magne-
sium is the essential raw material for producing downstream
alloy products, and its quality directly affects the alloy per-
formance [4-6]. Industrial production of primary magnesium
mainly relies on two methods: Pidgeon process, a silicother-
mic reduction of calcined dolomite, and electrolytic process
[7], in which brine is dehydrated to anhydrous MgCl, and

Peer review under the responsibility of Chongqing University
* Corresponding authors.
E-mail addresses: boyuliu@xjtu.edu.cn (B. Liu), zwshan@xjtu.edu.cn (Z.
Shan).

https://doi.org/10.1016/j.jma.2026.102109

then electrolyzed to metallic magnesium. In the following
texts, we term the primary magnesium produced by elec-
trolytic process as electrolytic magnesium for simplicity. In
addition, methods such as vacuum carbothermal reduction and
electrolysis of magnesium oxide (MgO) for producing pri-
mary magnesium have also been actively investigated [8,9].
Currently, Pidgeon process is the dominant method for pro-
ducing primary magnesium, but it remains batch-wise and less
automated [10,11]. In contrast, the electrolysis method offers
continuous, highly automated operation [12,13]. However, a
drawback of electrolytic magnesium is its elevated Fe and Ni
content, introduced by HCI used for brine dehydration. The
acid corrodes storage tanks and pipelines, dissolving Fe (and
Ni) that are carried into the MgCl, feedstock and ultimately
into the magnesium melt [14,15].

Elevated Fe severely degrades the corrosion resistance of
magnesium and its alloys. Classic work reported that magne-
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sium has good corrosion resistance but becomes highly sus-
ceptible once impurity levels exceed tolerance thresholds [16].
The reported Fe tolerance in magnesium is ~170 ppm [17],
but it falls further in the presence of Si or Al, which interact
with Fe to form cathodic intermetallic compounds that drive
galvanic corrosion [18-20]. For example, with Si present, in-
creasing Fe merely from 3 ppm to 25 ppm raised the cor-
rosion rate of magnesium in 3.5% NaCl from 0.22 mm/y to
106.67 mm/y, nearly a 500-fold jump [21]. Ni exhibits an
even lower tolerance threshold (5 ppm) than Fe [16], due
to the formation of Mg,Ni phases with high cathodic activity
[22]. This extreme sensitivity to Fe and Ni has constrained the
usage of electrolytic magnesium and underscores the necessity
for its additional purification. Notably, although electrolytic
magnesium contains higher levels of Fe and Ni than Pidgeon
magnesium [23], other impurities (such as Al, Mn, Si, and
Zn) are markedly lower, already meeting or closely approach-
ing the 4N Mg standard (Fig. 1). Consequently, if Fe and
Ni are removed without introducing secondary contamination,
electrolytic magnesium can achieve 4N purity, enabling high-
end applications like reductants for electronic grade titanium,
degradable biomedical devices, and high-performance alloys
that demand low impurity levels.

A commonly used method for removing Fe from mag-
nesium is flux refinement [24]. Additives such as Ti and
ZrCly are used as flux agents that react with Fe to form
insoluble intermetallic compounds (Fe,Ti, FeZrs) that settle
from the magnesium melt during static settling [25,26]. This
method can reduce Fe content to above 20 ppm [27-30],
which meets the 3N5A standard but does not reach the 4N
standard. Moreover, the excessive use of flux agents will
in turn introduce impurities. The maximum solubility of Ni
in magnesium reaches 40 ppm at the eutectic temperature
(780 K), far exceeding the 5 ppm corrosion tolerance thresh-
old [31], making the removal of Ni from magnesium melt
only by settling very difficult.

Vacuum distillation can effectively remove the impurities
by exploiting differences in melting/sublimation points and
saturated vapor pressures [32,33]. When heated to near the
melting point of magnesium (~ 923 K), magnesium evapo-
rates readily, whereas Fe and Ni with much higher melting
points (~ 1723 K) and lower saturated vapor pressures (~
10~ Pa) remain in the residue, enabling effective separa-
tion. Vacuum distillation can reduce Fe and Ni to <10 ppm
[34-39]. The trade-off is throughput and cost: to suppress co-
evaporation of high-melting-point impurities like Fe and Ni,
vacuum distillation is typically conducted near the melting
point of magnesium, which however slows evaporation rate
[40]. In addition, the distillation system often employs multi-
stage condensation baffles arranged along the decreasing tem-
perature gradient. Only baffles located at optimal temperatures
can collect high-purity magnesium. Baffles set at high tem-
peratures collect magnesium co-condensed with less-volatile
and high-melting-point impurities (Fe, Si, etc.), while baf-
fles set at low temperatures capture magnesium enriched in
more-volatile and low-melting-point impurities (K, Na, and
Zn, etc.). This leads to the low yields of high-purity product.

Revel [41] reported a yield of high-purity magnesium (>4N)
below 40% during vacuum distillation at 973 K. As a result,
a multi-cycle distillation is often required.

To overcome these difficulties, a purification mechanism
based on selectively separating impurities from magnesium
in gaseous state has been proposed [42]. Magnesium and
impurities are first quickly heated into the vapor phase at
elevated temperatures to ensure a high evaporation rate. The
magnesium and impurities flow passes through a controlled
temperature gradient (stepwise cooling) where magnesium
and impurities condense according to their distinct saturated
vapor pressures, removing most impurities having different
saturated vapor pressures and condensation temperatures
with magnesium. For impurities with condensation behavior
similar to magnesium, an adsorption/filtration device that can
react with impurities without capturing Mg is set in the gas
flow route. This combined approach accelerates separation
while maintaining efficiency, and has successfully produced
99.99% magnesium in just a single operation directly by the
Pidgeon method [42].

The present work validated the efficiency of this method
in purifying electrolytic magnesium. The difficulty is that the
impurity profile of electrolytic magnesium differs markedly
from Pidgeon magnesium: Fe and Ni are much higher. We
therefore identified the forms of Fe and Ni present, designed
targeted removal pathways, and selected adsorption/filtration
media accordingly. The results showed that the contents of
Fe and Ni were reduced to 4 ppm and 1 ppm, respectively,
achieving a high-purity magnesium of 99.995%.

2. Experimental methods

The primary magnesium ingots used in this study were
produced via electrolysis by Qinghai Salt Lake Magnesium
Industry Co., Ltd.. The impurity concentrations in the raw and
purified magnesium were determined by Inductively Coupled
Plasma Mass Spectrometry (Agilent 7800 ICP-MS). Samples
were dissolved in nitric acid and hydrochloric acid. The in-
strument was calibrated using multi-element standard solu-
tions at six concentration levels, and the calibration curves
exhibited correlation coefficients (R?) greater than 0.999 for
all target elements. The limit of quantification for both Fe and
Ni in the solid samples is 1 ppm. To ensure data accuracy,
each sample was measured in duplicate following the standard
procedure, and the relative standard deviations (RSD) for all
reported values were <5%.

This study employed a six-zone temperature-controlled
tube furnace, which consists of heating, vacuum, water-
cooling, and reaction systems. Silicon carbide heaters can
achieve 1773 K with independent zone control, establishing
an axial temperature gradient. The corundum furnace tube fea-
tures a threaded high-purity graphite liner sealed by stainless
steel flanges. A rotary vane pump maintains <10 Pa vac-
uum, while a chiller recirculates coolant through flange ports
to prevent thermal overload. Electrolytic magnesium ingots
were loaded into graphite crucibles and assembled within the
corundum furnace tube. The experiments were conducted at
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1073 K under a vacuum of <10 Pa. In this study, three sets
of purification experiments were performed: vacuum sublima-
tion without any filter material, sublimation with a titanium
mesh, and sublimation with a titanium mesh packed with sili-
con particles. The titanium mesh and silicon particles used in
the experiments were purchased, both with a purity of 99.9%.
The titanium mesh had a wire diameter of 90-100 pwm and
an aperture size of 140-150 wm, while the silicon particles
ranged from 5 to 10 mm in size. The titanium mesh was
cut into a circular piece approximately 4 cm in diameter and
placed between two sections of the graphite tube. An eight-
hole graphite plate with a hole diameter of 6 mm was po-
sitioned beneath the mesh to secure it, and silicon particles
were then tightly packed onto the mesh to form the Ti-Si filter.
The high-purity magnesium crystallized at the condensation
end was collected and analyzed by ICP-MS. The sublimation
residues and captured particulates on the filters were char-
acterized by scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and X-ray diffraction (XRD).

3. Results and discussion

3.1. The content, morphology, composition, and forms of Fe
and Ni impurities in electrolytic magnesium

3.1.1. Elevated Fe and Ni in electrolytic magnesium

The typical impurity content in industrial electrolytic crude
magnesium is shown in Fig. 1 [38,43]. The Fe content in elec-
trolytic magnesium varies between batches, typically ranging
from 100 to 350 ppm, far above the 30 ppm requirement of
3NS5A Mg standard (GB/T 3499-2023). The Ni content fluctu-
ates from 5 to 20 ppm. In the electrolytic magnesium used in
this work, the average Fe and Ni contents are 280.4 ppm and
12.3 ppm, respectively, both exceeding the 3N5A Mg stan-
dard. In contrast, other impurities like Al, Mn, Si, Zn, Sn,
Pb, and Cu in electrolytic magnesium are much lower, which
already meet or closely approach the 4N Mg standard (GB/T
3499-2023). An important advantage of electrolytic magne-
sium 1is its low Zn content, notable because Zn is among the
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Fig. 1. Impurity contents in industrial magnesium ingots prepared by elec-
trolytic process, which have high Fe content and low content of Al, Mn, Si,
Zn, Sn, Pb, and Cu impurities.
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Fig. 2. Vacuum sublimation at 923 K to characterize the impurities in elec-
trolytic magnesium. (a) The sample was cut from as-received electrolytic
magnesium. (b) Partially sublimed magnesium with inclusions exposed on
the evaporated surface. (c) Residue enriched in non-volatiles after complete
sublimation.

most difficult impurities to remove due to its saturated vapor
pressure and melting/sublimation characteristics being close
to those of magnesium. Consequently, the effective reduction
of Fe and Ni without introducing new impurities would enable
the production of 4N-purity magnesium from this electrolytic
feedstock. These observations motivate our focus on targeted
removal of Fe and Ni in the following sections.

3.1.2. Morphology and composition of Fe, Ni-bearing
inclusions in electrolytic magnesium

Since the content of Fe far exceeds its solubility in elec-
trolytic magnesium, Fe-bearing inclusions, including elemen-
tal Fe particles or Fe-containing compounds, are expected in
the magnesium ingots. To determine their composition and
forms, vacuum sublimation experiments at 923 K (near the
melting point of magnesium) were employed (Fig. 2). Under
these conditions, magnesium evaporates readily owing to its
high saturated vapor pressure, whereas Fe and its compounds,
both with much higher melting points and far lower vapor
pressures, are expected to remain essentially non-volatile and
concentrate in the residue. Operating at a relatively low tem-
perature limits the entrainment of impurities into vapor and
preserves the inclusions for analysis.

Two fractions are collected: partially sublimed magnesium
and the post-sublimation residue. The partially sublimed sur-
face is irregular and concave (Fig. 3a). Higher-magnification
images reveal numerous particles with bright contrast in a
uniform distribution across the evaporated surface (Fig. 3b).
EDS identified two predominant particle types: cubic Fe-rich
particles and blocky Ni-rich particles. The cubic particles are
primarily composed of Fe, with minor Al and Si. This com-
positional profile suggests that Al and Si are either dissolved
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Fig. 3. Fe-rich and Ni-rich inclusions on evaporated surfaces. (a) SEM image of the side surface of a partly sublimed magnesium; (b) Magnified view from
(a) showing the particles; (c—d) SEM-EDS of representative individual Fe-Al-Si and Mg-Ni particles.

in the Fe matrix or have formed intermetallic compounds that
encapsulate primary Fe particles. The blocky particles are rich
in Mg and Ni, suggesting the coexistence of Mg and Ni. Con-
sidering that Mg and Ni can form intermetallics [22], some
of Ni impurities in the electrolytic magnesium would be in
the form of Mg-Ni intermetallics (Fig. 3d). In addition, we
also carefully searched and characterized the inclusions with
Fe and Ni in the original electrolytic magnesium (as shown in
Supplementary Fig. 1). Their compositions are generally con-
sistent with the observations and characterizations described
above by EDS mapping.

To confirm impurity phases, we analyzed the residue after
complete sublimation by XRD. Fig. 4a shows the collected
residue. We first performed SEM-EDS mapping to quickly
examine the particles, which revealed two dominant features:
granular particles enriched in Fe, Al, and Si, in line with
the individual particle level observations in Fig. 3, and floc-
culent regions rich in Mg and O, indicating magnesium ox-
ide. For clarity, Fe-rich particles and MgO are pseudocolored
yellow and cyan, respectively. XRD identified elemental Fe,
AlsFeSiy, Fep4,Size7, and MgO (Fig. 4b). The particles are
predominantly <10 pwm, with a mean size of 2.3 wm. Ni-
bearing phases are not detected by XRD but are only spo-
radically detected in the residue, consistent with their much
lower bulk abundance relative to Fe. Notably, these Fe-rich
phases are nearly absent in sublimation residues from low-Fe
magnesium (magnesium ingot obtained by silicothermic re-
duction and distillation), indicating that they are attributed to
the high-Fe content in the electrolytic magnesium feedstock.

3.1.3. Forms of Fe-bearing impurities

The measured Fe in the studied electrolytic magnesium
sample (258 ppm) far exceeds its equilibrium solubility (~
10 ppm at the eutectic and even lower at room temperature).
Most Fe must therefore reside in undissolved phases. Con-

sistent with XRD, Fe occurs as elemental particles and as
Fe-Al-Si and Fe-Si intermetallics (AlsFeSi, and Feg 4,Si;67),
with only a minor fraction in solid solution.

Using the measured content of Al (23.9 ppm) and Si
(24.3 ppm), we estimate the Fe tied up in intermetallics. As-
suming all Al enters Al;FeSi,, the required Si is 2/3 of the
Al content, leaving the remainder of Si to form Feg4,Sis¢7.
Converting ppm to moles per kg and applying these stoi-
chiometries gives:

Fe in Al;FeSi; : n(Fe) = n(Al)/3 = ~ 16.5 ppm Fe

Fe in FCO.4QSi2‘67 : H(FC) = 042/267(51 leftover)
=~ 2.4 ppm Fe

Thus, if all Al and Si form these intermetallic phases, they
account for only about 18.9 ppm Fe. Adding ~ 10 ppm Fe in
solid solution leaves ~ 229.1 ppm Fe unaccounted for, which
we attribute to elemental Fe particles. It should be noted that
this calculated 18.9 ppm Fe in intermetallics represents an
upper-bound estimate, as some Al can be dissolved in the
magnesium matrix. Consequently, the actual Fe content in
intermetallics is likely lower, and the proportion of elemental
Fe particles is correspondingly higher than estimated. The
data are summarized in Table 1.

3.2. Strategies for Fe- and Ni-bearing impurities removal

3.2.1. The general principle

Guided by the identified impurity forms and their ther-
modynamic properties (Table 1), we designed a three-stage
purification process involving evaporation, gradient condensa-
tion, and selective adsorption/filtration. First, the electrolytic
magnesium ingot is evaporated at 1073 K to generate a mag-
nesium vapor flux while retaining non-volatile impurities and
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Fig. 4. Phase constitution and size distribution of residue particles. (a) SEM images with EDS distinguishing Fe-rich and MgO (pseudocoloured yellow and
cyan); (b) XRD identifying elemental Fe, AlsFeSi,, Fep42Si267, and MgO phases; (c) Particle-size distribution.

Table 1

Estimated forms, contents and proposed removal strategies for Fe impurities in electrolytic magnesium.

Forms of Fe impurities Estimated

Removal Mechanism

Contents (ppm)

Solid solution of Fe in Mg matrix ~10

Intermetallics AlsFeSi, ~16.5
Feg.42Si2.67 ~2.4

Elemental Fe ~229.1

Low-temperature sublimation to leave Fe
concentrated in the residue

L]

Chemical adsorption by specific filter materials

Low-temperature sublimation to leave particles in
the residue

Physical interception by filter materials and
inertial collision.

inclusions in the residue as far as possible. Second, a con-
trolled temperature gradient forces Fe, Ni, and the compounds
to condense before magnesium, achieving an initial separa-
tion. Third, the vapor passes through a filter that preferentially
binds Fe and Ni and intercepts the Fe-, Ni-bearing compounds
and magnesium oxides, while with minimal interaction with
magnesium. Finally, purified magnesium vapor is crystallized
in a low-temperature condenser.

To set operating windows and predict performance, we (1)
computed saturated vapor pressures of Fe and Ni versus tem-
perature and estimated theoretical separation limit of subli-
mation; (2) calculated transport of entrained particulates (Fe,
MgO, and Fe-bearing compounds) in the magnesium vapor
flow; and (3) screened filter media by melting point offsets

relative to magnesium, formation energies with Mg/Fe/Ni, and
cost, leading to a final selection that was validated experimen-
tally.

3.2.2. Thermodynamic analysis of Fe and Ni elements
during vacuum sublimation

During sublimation, the volatility of Fe and Ni relative to
magnesium is governed by their saturated vapor pressures P*
(T), expressed as [44]:

log P*(Pa) = A/T + BlogT +CT + D 2.1)

where T is in kelvin, and A-D are element-specific evapora-
tion constants (tabulated in Ref. [45]) and used below to com-
pute P* for Mg, Fe, and Ni. Impurities with a higher P* are
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Fig. 5. The estimated sublimation and condensation behavior of magnesium, Fe, and Ni. (a) Saturated vapor pressure of Fe, Ni, and Mg with temperature
from equation 2.1. (b) Gas-phase mass fractions of Fe, Ni, and Mg during cooling.

more volatile. At the chosen evaporation temperature 1073 K,
the P* of Fe and Ni are 11 and 12 orders of magnitude lower
than Mg, respectively (Fig. 5a), which suggests a negligi-
ble co-sublimation of Fe and Ni with magnesium. Moreover,
thermodynamic calculations (Fig. 5b) indicate that Fe and Ni
start condensing at temperatures substantially higher than that
of magnesium (~1373 K and ~1423 K, respectively). Even
assuming complete volatilization, the residual gaseous con-
centrations of Fe and Ni fall below 10~!> upon cooling to
the actual condensation temperature of 823 K, demonstrating
that both impurities almost completely condensed before the
arrival of the Mg vapor at the condenser. Thus, an appropriate
sublimation-condensation window can in principle efficiently
separate Fe and Ni from magnesium.

However, the sublimation analysis above assumes thermo-
dynamic equilibrium and thus likely overestimates the sepa-
ration effect. In practice, non-equilibrium transport can carry
more Fe and Ni into the magnesium vapor than predicted.
Moreover, elemental Fe particles and Fe-bearing intermetallic
particles (AlsFeSi, and Fey4,Si;7) can be entrained by mag-
nesium vapor stream then incorporated into the condensed
magnesium, bypassing volatility-based separation. These re-
alities motivate the downstream selective adsorption/filtration
process detailed next.

3.2.3. Movement of impurity particles during vacuum
sublimation

In a rarefied Mg vapor stream, an entrained particle experi-
ences three dominant forces: the gravitational force (Gp), the
buoyancy force (Fg), and the fluid drag force (Fr) [46]. Ef-
fects from added mass, Basset, Magnus, and Saffman lift are
negligible under our conditions [47], and with particles ini-
tially at rest on the Mg surface, inertial terms can be omitted.
The force balance is illustrated in Fig. 6.

For a particle of diameter d,,, projected area A, and volume
V, in the Fgr, Fg, and Gp are calculated by the following
equations,

1
Fr = EpgvéApCD (3.1

Fp = pggV)p (3.2)

Gp = ppgVp (3.3)

where p, and v, are the density (kg/m*) and flow velocity
(m/s) of magnesium vapor; pp, Ap, Vp and d, are the density
(kg/m?), area (m?), volume (m?) and diameter (m) of impurity
particles, respectively, Cp is the resistance coefficient, g is the
gravitational acceleration (9.81 m/s?).

If an impurity particle were blown upward by the magne-
sium gas flow, the sum of the Fr and Fg should be greater
than Gp, that is

Fr+Fg—Gp >0 (3.4)
3CDV2

1 £ 35

,()p_pg( +4dpg> ( )

Equation (3.5) defines the critical particle density (op) ver-
sus particle size (dp) that can be entrained by magnesium va-
por. To determine p, and d,, the magnesium vapor velocity
(vg) and resistance coefficient (Cp) should be known. The v,
can be calculated by

Vo= — (3.6)
8 Iog
moy — ny
e 3.7
At X A 3.7
PM, 0.02431P P
g = —=2 = =0.00292— (3.8)
$ T RT 8.314T T

where w is the actual evaporation rate (kg/(mz-s)), mgy and my
are the initial and final magnesium masses (kg), At is the
sublimation time (s), A is the surface area of the magnesium
(m?), p, is the density of magnesium vapor (kg/m?), M, is the
molar mass of Mg (0.02431 kg/mol), R is the universal gas
constant (8.314 J/(mol-K)). P is the saturated vapor pressure
of magnesium (Pa), and T is the temperature (K).

The resistance coefficient Cp depends on the magnesium
vapor flow regime. The Reynolds number classifies flow into
three classes: laminar flow, transitional flow, and turbulent
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Fig. 6. Analysis of inclusion particles that can be entrained by the magnesium vapor flow. (a) Force diagram of an impurity particle within magnesium vapor
flow. (b) Relationship between critical density and size of impurity particles that can be entrained by magnesium vapor at various temperatures.

flow [48]. The particle Reynolds number (Re) is given by

[49]:

PgVedp
Ng

where 7, is the viscosity of magnesium vapor (Pa-s), which
is calculated by the following equation [49],

Re = (3.9

_ PgVehg 1 )
=T =3 ke f ,szp
=8.748 x 1077 - (3.10)

By calculating p,, Vg, and 71, and substituting them into
equation (3.9), we can determine that in the temperature range
of 973 K to 1173 K and for particle sizes between 1 wm and
100 wm, the Reynolds number (Re) is much lower than 1,
confirming Stokes laminar flow. Thus, the resistance coeffi-
cient follows Cp=24/Re,.

Substituting Cp into Eq. (3.5) yields the critical density-
size relationship for particle entrainment in Mg vapor, plotted
as a set of curves at variant temperatures in Fig. 6b. Inclusion
particles whose density and size fall below the curve are sus-
ceptible to being entrained by the magnesium flow with the
given parameters. For the dominant inclusions (Fe, Al;FeSi,,
Feo4,Siy 67, and MgO) in electrolytic magnesium, the criti-
cal particle sizes for entrainment all exceed 10 wm. The ex-
perimentally measured size distribution (Fig. 4c) shows that
the vast majority of particles are below 10 wm. Therefore, a
significant fraction of inclusions can be entrained under the
present sublimation conditions, necessitating the placement of
a filter within the vapor transport channel to achieve effective
interception.

3.3. Filter material selection

During sublimation, filter materials can physically inter-
cept and chemically react with impurities to remove them.
The filter materials should satisfy the following criteria: (1)
High melting points that ensure the filter materials are stable

and do not melt or sublimate during work under high temper-
atures. (2) Do not react with Mg to avoid contamination. (3)
High affinity for impurity elements. (4) Safety, non-toxicity,
and more importantly, cost-efficiency. Initial screening based
on the melting point criterion (1) identified Si, Mn, Ti, Cr, Cu,
Zr, W, Co, and Sc. The formation energy between specific ele-
ments indicates the tendency of the interaction between them.
More negative values indicate greater thermodynamic stabil-
ity of intermetallic compounds, reflecting a stronger binding
tendency. As shown in Table 2 and Fig. 7, Sc, Zr, Ti, and
Si exhibit higher affinity with Fe and Ni. However, Sc and
Zr are expensive. Conversely, Ti and Si [50] demonstrate an
optimal balance between cost and impurity affinity for Fe and
Ni.

To assess the capacity of the filter materials for chemically
adsorbing gaseous impurities, we performed equilibrium ther-
modynamic calculations using FactSage based on the princi-
ple of Gibbs free energy minimization. The simulation was
conducted at the filtration temperature of 793 K, with ini-
tial vapor-phase concentrations of Fe and Ni set to 10 ppm
and 5 ppm. These values correspond approximately to the
solid solubility of Fe and the critical corrosion tolerance limit
of Ni in magnesium, respectively. When only Ti is present,
the vapor-phase concentrations of Fe and Ni drop to about
8.05x107° and 3.56x10~% ppm, respectively, indicating that
Ti reacts with Fe and Ni atoms to form stable compounds and
thus effectively removes them from the vapor phase. When
both Ti and Si are used together, the gas concentrations of
Fe and Ni are further reduced, demonstrating the superior ad-
sorption capability of the Ti+Si composite filter for gaseous
Fe and Ni atoms.

In summary, we designed a composite purification system:
1) using temperature gradients to let gaseous Mg and impuri-
ties atoms condense separately in different temperature zones,
2) using Ti and Si filter materials to adsorb gaseous impu-
rity atoms that evaporate together with Mg, and 3) using Ti
and Si filter materials to intercept solid-state Fe and Ni con-
taining particles physically, which is expected to enable deep
purification of electrolytic magnesium.
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Screening criteria of candidate filter materials for removing Fe and Ni impurities.

Category Si Mn Ti Cr Cu Zr w Co Sc
Melting point (K) 1683 1517 1941 2180 1358 2128 3695 1768 1814
Formation energy —0.11 0.02 0.07 0.011 —0.12 0.01 0.15 0.02 —0.03
eV/atom (Mg-X)
Formation energy —0.48 0.04 —0.42 0.03 0.06 —-0.28 —0.02 —0.06 —-0.27
eV/atom (Fe-X)
Formation energy —0.52 —0.36 —0.48 0.008 0.04 —0.46 —0.05 —0.02 —-0.52
eV/atom (Ni-X)
Price (CNY/kg) 10 14 50 65 80 167 216 247 26,500
Table 3
Impurity content (ICP-MS) in raw electrolytic magnesium and purified crystalline magnesium (ppm).
Category Mg Fe Ni Al Si Mn Cu Zn Ti Sn Pb
Raw Mg 99.9% 258 12.6 23.9 24.3 14.1 6.9 15.5 <1 <1 1.1
Exp.1 99.98% 76 6 5 <20 6 1 1 <1 <1 <1
Exp.2 99.99% 28 1 4 <20 1 <1 2 <1 <1 <1
Exp.3 99.995% 4 <1 2 <20 <1 <1 <1 <1 <1 <1
Mg99.95B  99.95% 50 10 150 150 150 20 100 / 50 50
Mg99.99 99.99% 20 3 20 20 20 3 30 5 10 10
(a) Formation Energy (eV/atom) (b) 30000
W1 54 26500
Cr+q L
| 0.1
M 4
‘n - | ED 2504 -
Cu -0.1 ; 0 J
; Z 2004
Co| 03 2
7r 8 150
Sc 100
. 0.7
Ti 50 H
< 10
Si -0.9 R ] f_\
Fe Ni Mg Al Cu Mn Zn Si Mn Tl Cr Cu Zr W Co c

Fig. 7. Evaluation criteria for filter material selection. (a) Formation energies of intermetallic compounds with different elements (Gray cells denote missing

data) [51-54]. (b) Market prices of candidate materials [55].

3.4. Purification experiment

To test the proposed purification strategies, we conducted
three experiments: 1) vacuum sublimation, 2) sublimation
with Ti mesh, and 3) sublimation with Ti mesh packed with
Si particles. The experimental setups are shown in Fig. 8.
In all cases, the raw Mg was placed at the furnace’s bottom
section, which was heated to 1073 K. The Ti mesh for ex-
periment 2 and the Ti mesh with Si particles for experiment
3 were placed in the middle section at 973 K. Mg vapor was
then condensed in a crystallizer located in the upper region, at
a low temperature of 873 K. All experiments were conducted
for 180 min.

The initial purity of the raw electrolytic Mg was 99.9%,
with Fe and Ni content of 258 ppm and 12.6 ppm, respec-
tively. The impurity levels in magnesium after vacuum sub-
limation are shown in Table 3 and Fig. 9. For experiment 1,
the raw Mg was 112.4 g. After sublimation, 106.2 g of con-
densed Mg was collected, with 4.2 g residue remaining in the
heating zone, the yield of high-purity magnesium was 98.2%.

The purity of the collected Mg increased to 99.98%, with the
Fe content dropping from 258 ppm to 76 ppm, and the Ni
content reducing from 12.6 ppm to 6 ppm. Both Ni and other
impurities fell below the 3N5B Mg standard, confirming ef-
fective removal of atoms. However, Fe content still exceeded
the 3N5B standard (50 ppm). While the total purity reached
99.98%, Fe content remained above the 3N5B threshold (but
within the 3N standard, 400 ppm), so the purified Mg was
still classified as 3N. This suggests that sublimation alone is
not enough for the deep removal of Fe, as many Fe impuri-
ties exist as particles, which can be carried by the Mg vapor
flow and co-condense with Mg atoms, as previously analyzed.
This underscores the need for filter materials to intercept these
particles.

For experiment 2, Ti mesh filtration was employed to en-
hance impurity removal. 101.2 g of raw magnesium yielded
99.9 g of condensed magnesium, with a final yield of 98.7%.
After the experiment, the Ti mesh changed color from bright
white to dark yellow, with significant impurity deposits ob-
served (Fig. 10a, b). Flocculent MgO inclusions were cap-
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Fig. 9. Purification efficacy of vacuum sublimation coupled with filtration on
key impurities in magnesium.

tured, and Fe-rich impurity particles accumulated on the mesh
surface, as shown in Fig. 10c, d. This filtration reduced the
Fe content to 28 ppm and the Ni content to 1 ppm, bring-
ing the Ni level below the tolerance threshold of 5 ppm [26].
However, the Fe content remained above the 4N Mg standard

(20 ppm), meaning the purified Mg, though reaching 4N total
purity, could not be classified as 4N due to residual Fe.

To further enhance interception efficiency, experiment 3 in-
troduced high-purity Si particles into the Ti mesh. The Si par-
ticles not only act as condensation sites for Fe atoms, but also
enhance particle interception due to their three-dimensional
stacked structure. For experiment 3, the raw Mg was 103 g
and condensed Mg was 98.2 g, corresponding to a yield of
95.3%. The initially bright Si particles became dark, concur-
rent with the formation of a deposited layer on their surfaces
(Fig. 11a, b). Due to the relatively dispersed distribution of
impurities intercepted on the silicon particle surfaces, Fe-rich
impurity particles and MgO were locally observed, as shown
in Fig. 11lc, d. The deposited layer contained Si, O, and Mg.
Based on the characterization of structures and composition
of the Si particles, we proposed two possible mechanisms for
the formation of MgO layer. One involves the direct reaction
of magnesium vapor with residual oxygen present in the vac-
uum system, leading to the deposition of MgO on the silicon
particle surfaces. The other involves the decomposition and
oxidation of Mg,Si. As the local Mg vapor pressure increased,
Mg reacted with Si to form Mg,Si. As the Mg vapor pressure
decreased at the end of sublimation, Mg,;Si decomposed and
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Fig. 10. Morphological and compositional characterization of titanium mesh before and after capturing impurities. (a) SEM image of titanium mesh before
experiment. (b) SEM image of titanium mesh after experiment. (c) SEM image of the impurity particles in the selected area. (d) EDS mapping analysis of
the captured impurity particles.

Fig. 11. Morphological and compositional characterization of silicon particles before and after capturing impurities. (a) SEM image of silicon particles before
experiment. (b) SEM image of silicon particles after experiment. (¢) SEM image of the impurity particles in the selected area. (d) EDS mapping analysis of
the captured impurity particles.
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released Mg vapor, leaving behind porous silicon. This pro-
cess was also accompanied by the trace oxidation of Mg;Si,
which reacted with residual oxygen in the system to form
MgO [56,57]. For the latter case, since these porous structures
formed in the later stage of sublimation, they contribute little
to impurity capture during the current experiment. However,
if the silicon particles were reused, these porous structures
could contribute to filtration. The use of this composite Ti-Si
filter reduced the Fe content to 4 ppm, a level well below both
the 4N Mg standard (20 ppm) and the solid solubility limit of
Fe in Mg (10 ppm). Importantly, the introduction of Ti and
Si filter materials did not lead to any detectable increase in
Ti or Si content, confirming the absence of secondary con-
tamination. After filtration, all measured impurities (Fe, Ni,
Al, Ti, Si, Cu, Zn) complied with the 4N Mg standard (GB/T
3499-2023), yielding magnesium with 99.995% purity.

3.5. Corrosion experiment

We evaluated the purification effect through immersion
corrosion testing in 3.5% NaCl solution at room tempera-
ture. Samples of raw electrolytic magnesium (99.9%) and pu-
rified magnesium (99.995% from experiment 3) were cut into
15 mm x 15 mm x 5 mm pieces. After one day of immer-
sion, the raw magnesium displayed severe localized corrosion,
while the purified magnesium, after six days of immersion,
exhibited only minor pitting with isolated pits.

To quantify the corrosion rates, we measured hydrogen gas
evolution. The hydrogen evolution corrosion rate (mm/y) was
calculated using the following equation [58]:

H; — Hy
Py =2279—
At

where Py is the hydrogen evolution corrosion rate (mm/y),
H; and H; are the initial and final numerical values of the
burette (mL), respectively, A is the sample surface area (cm?),
and t is the immersion time (d).

The hydrogen evolution corrosion rates for raw magnesium
and purified magnesium were 284.58 mm/y and 0.14 mm/y,
respectively. The severe corrosion in raw magnesium is driven
by Fe-rich impurities, particularly Fe-bearing intermetallic
compounds. Their notably higher electrode potential com-
pared to elemental Fe established them as highly efficient
cathodic sites, drastically accelerating galvanic corrosion of
the Mg matrix [21]. The corrosion rate of purified magne-
sium represents a three—order—of-magnitude reduction from
the raw material, aligning with the range reported for high—
purity magnesium (<1 mm/y) [59,60]. These results demon-
strate that targeted removal of particulate impurities via in-
tegrated sublimation and filtration is essential for attaining
both higher purity and superior corrosion performance in elec-
trolytic magnesium.

4. Conclusion

This study establishes an impurity-speciation strategy to
upgrade electrolytic magnesium by combining vapor-phase

separation with targeted interception of impurity-bearing par-
ticulates. By linking the physical/chemical forms of Fe to its
transport behavior during sublimation, we identified why sub-
limation alone is less effective in removing Fe impurities and
then demonstrated an integrated route to deep purification.

(1) Impurity speciation in electrolytic Mg. In electrolytic mag-
nesium, Fe is present mainly as Fe-bearing inclusions,
dominated by elemental Fe particles, with smaller frac-
tions as solid-solution Fe and intermetallic compounds
(e.g., AlsFeSi, and Fe(4;Siz67). The inclusions are pre-
dominantly micrometer-scale, with an average size of ap-
proximately 2.3 pm.

(2) Mechanism limiting sublimation-only purification. Force-
balance analysis indicates that inclusions of the types and
sizes observed here can be entrained by magnesium vapor
during vacuum sublimation and subsequently co-deposited
during crystallization. This particulate carry-over, rather
than the volatility of dissolved Fe alone, is the primary
barrier to deep Fe removal and motivates the need for in-
line interception.

(3) Rational design of the in-line trap. Based on thermal sta-
bility, selective interaction with Fe and Ni species, and
cost, Ti mesh packed with Si particles was selected as the
filter media. The trap provides both physical interception
of entrained inclusions and additional capture of impurity
species in the vapor stream.

Overall, these results demonstrate that controlling particu-
late transport is essential for deep purification of electrolytic
magnesium and provide a practical framework for designing
purification routes that start from impurity form, not only
equilibrium volatility.
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