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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. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Magnesium and its alloys have low density, high specific
trength, good damping capacity, and excellent biocompatibil-
ty, making them attractive for aerospace, transportation, elec-
ronics, and biomedicine applications [ 1–3 ]. Primary magne-
ium is the essential raw material for producing downstream
lloy products, and its quality directly affects the alloy per-
ormance [ 4–6 ]. Industrial production of primary magnesium
ainly relies on two methods: Pidgeon process, a silicother-
ic reduction of calcined dolomite, and electrolytic process

 7 ], in which brine is dehydrated to anhydrous MgCl2 and
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hen electrolyzed to metallic magnesium. In the following
exts, we term the primary magnesium produced by elec-
rolytic process as electrolytic magnesium for simplicity. In
ddition, methods such as vacuum carbothermal reduction and
lectrolysis of magnesium oxide (MgO) for producing pri-
ary magnesium have also been actively investigated [ 8 , 9 ].
urrently, Pidgeon process is the dominant method for pro-
ucing primary magnesium, but it remains batch-wise and less
utomated [ 10 , 11 ]. In contrast, the electrolysis method offers
ontinuous, highly automated operation [ 12 , 13 ]. However, a
rawback of electrolytic magnesium is its elevated Fe and Ni
ontent, introduced by HCl used for brine dehydration. The
cid corrodes storage tanks and pipelines, dissolving Fe (and
i) that are carried into the MgCl2 feedstock and ultimately

nto the magnesium melt [ 14 , 15 ]. 
Elevated Fe severely degrades the corrosion resistance of

agnesium and its alloys. Classic work reported that magne-
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ium has good corrosion resistance but becomes highly sus-
eptible once impurity levels exceed tolerance thresholds [ 16 ].
he reported Fe tolerance in magnesium is ∼170 ppm [ 17 ],
ut it falls further in the presence of Si or Al, which interact
ith Fe to form cathodic intermetallic compounds that drive
alvanic corrosion [ 18–20 ]. For example, with Si present, in-
reasing Fe merely from 3 ppm to 25 ppm raised the cor-
osion rate of magnesium in 3.5% NaCl from 0.22 mm/y to
06.67 mm/y, nearly a 500-fold jump [ 21 ]. Ni exhibits an
ven lower tolerance threshold (5 ppm) than Fe [ 16 ], due
o the formation of Mg2 Ni phases with high cathodic activity
 22 ]. This extreme sensitivity to Fe and Ni has constrained the
sage of electrolytic magnesium and underscores the necessity
or its additional purification. Notably, although electrolytic
agnesium contains higher levels of Fe and Ni than Pidgeon
agnesium [ 23 ], other impurities (such as Al, Mn, Si, and
n) are markedly lower, already meeting or closely approach-

ng the 4N Mg standard ( Fig. 1 ). Consequently, if Fe and
i are removed without introducing secondary contamination,

lectrolytic magnesium can achieve 4N purity, enabling high-
nd applications like reductants for electronic grade titanium,
egradable biomedical devices, and high-performance alloys
hat demand low impurity levels. 

A commonly used method for removing Fe from mag-
esium is flux refinement [ 24 ]. Additives such as Ti and
rCl4 are used as flux agents that react with Fe to form

nsoluble intermetallic compounds (Fe2 Ti, FeZr3 ) that settle
rom the magnesium melt during static settling [ 25 , 26 ]. This
ethod can reduce Fe content to above 20 ppm [ 27–30 ],
hich meets the 3N5A standard but does not reach the 4N

tandard. Moreover, the excessive use of flux agents will
n turn introduce impurities. The maximum solubility of Ni
n magnesium reaches 40 ppm at the eutectic temperature
780 K), far exceeding the 5 ppm corrosion tolerance thresh-
ld [ 31 ], making the removal of Ni from magnesium melt
nly by settling very difficult. 

Vacuum distillation can effectively remove the impurities
y exploiting differences in melting/sublimation points and
aturated vapor pressures [ 32 , 33 ]. When heated to near the
elting point of magnesium ( ∼ 923 K), magnesium evapo-

ates readily, whereas Fe and Ni with much higher melting
oints ( ∼ 1723 K) and lower saturated vapor pressures ( ∼
0−11 Pa) remain in the residue, enabling effective separa-
ion. Vacuum distillation can reduce Fe and Ni to < 10 ppm
 34–39 ]. The trade-off is throughput and cost: to suppress co-
vaporation of high-melting-point impurities like Fe and Ni,
acuum distillation is typically conducted near the melting
oint of magnesium, which however slows evaporation rate
 40 ]. In addition, the distillation system often employs multi-
tage condensation baffles arranged along the decreasing tem-
erature gradient. Only baffles located at optimal temperatures
an collect high-purity magnesium. Baffles set at high tem-
eratures collect magnesium co-condensed with less-volatile
nd high-melting-point impurities (Fe, Si, etc.), while baf-
es set at low temperatures capture magnesium enriched in
ore-volatile and low-melting-point impurities (K, Na, and
n, etc.). This leads to the low yields of high-purity product.
evel [ 41 ] reported a yield of high-purity magnesium ( ≥4N)
elow 40% during vacuum distillation at 973 K. As a result,
 multi-cycle distillation is often required. 

To overcome these difficulties, a purification mechanism
ased on selectively separating impurities from magnesium
n gaseous state has been proposed [ 42 ]. Magnesium and
mpurities are first quickly heated into the vapor phase at
levated temperatures to ensure a high evaporation rate. The
agnesium and impurities flow passes through a controlled

emperature gradient (stepwise cooling) where magnesium
nd impurities condense according to their distinct saturated
apor pressures, removing most impurities having different
aturated vapor pressures and condensation temperatures
ith magnesium. For impurities with condensation behavior

imilar to magnesium, an adsorption/filtration device that can
eact with impurities without capturing Mg is set in the gas
ow route. This combined approach accelerates separation
hile maintaining efficiency, and has successfully produced
9.99% magnesium in just a single operation directly by the
idgeon method [ 42 ]. 

The present work validated the efficiency of this method
n purifying electrolytic magnesium. The difficulty is that the
mpurity profile of electrolytic magnesium differs markedly
rom Pidgeon magnesium: Fe and Ni are much higher. We
herefore identified the forms of Fe and Ni present, designed
argeted removal pathways, and selected adsorption/filtration

edia accordingly. The results showed that the contents of
e and Ni were reduced to 4 ppm and 1 ppm, respectively,
chieving a high-purity magnesium of 99.995%. 

. Experimental methods 

The primary magnesium ingots used in this study were
roduced via electrolysis by Qinghai Salt Lake Magnesium
ndustry Co., Ltd.. The impurity concentrations in the raw and
urified magnesium were determined by Inductively Coupled
lasma Mass Spectrometry (Agilent 7800 ICP-MS). Samples
ere dissolved in nitric acid and hydrochloric acid. The in-

trument was calibrated using multi-element standard solu-
ions at six concentration levels, and the calibration curves
xhibited correlation coefficients (R ²) greater than 0.999 for
ll target elements. The limit of quantification for both Fe and
i in the solid samples is 1 ppm. To ensure data accuracy,

ach sample was measured in duplicate following the standard
rocedure, and the relative standard deviations (RSD) for all
eported values were < 5%. 

This study employed a six-zone temperature-controlled
ube furnace, which consists of heating, vacuum, water-
ooling, and reaction systems. Silicon carbide heaters can
chieve 1773 K with independent zone control, establishing
n axial temperature gradient. The corundum furnace tube fea-
ures a threaded high-purity graphite liner sealed by stainless
teel flanges. A rotary vane pump maintains < 10 Pa vac-
um, while a chiller recirculates coolant through flange ports
o prevent thermal overload. Electrolytic magnesium ingots
ere loaded into graphite crucibles and assembled within the

orundum furnace tube. The experiments were conducted at
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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. 
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073 K under a vacuum of < 10 Pa. In this study, three sets
f purification experiments were performed: vacuum sublima-
ion without any filter material, sublimation with a titanium
esh, and sublimation with a titanium mesh packed with sili-

on particles. The titanium mesh and silicon particles used in
he experiments were purchased, both with a purity of 99.9%.
he titanium mesh had a wire diameter of 90–100 μm and
n aperture size of 140–150 μm, while the silicon particles
anged from 5 to 10 mm in size. The titanium mesh was
ut into a circular piece approximately 4 cm in diameter and
laced between two sections of the graphite tube. An eight-
ole graphite plate with a hole diameter of 6 mm was po-
itioned beneath the mesh to secure it, and silicon particles
ere then tightly packed onto the mesh to form the Ti-Si filter.
he high-purity magnesium crystallized at the condensation
nd was collected and analyzed by ICP-MS. The sublimation
esidues and captured particulates on the filters were char-
cterized by scanning electron microscopy (SEM), energy-
ispersive spectroscopy (EDS), and X-ray diffraction (XRD).

. Results and discussion 

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

.1.1. Elevated Fe and Ni in electrolytic magnesium 

The typical impurity content in industrial electrolytic crude
agnesium is shown in Fig. 1 [ 38,43 ]. The Fe content in elec-

rolytic magnesium varies between batches, typically ranging
rom 100 to 350 ppm, far above the 30 ppm requirement of
N5A Mg standard (GB/T 3499–2023). The Ni content fluctu-
tes from 5 to 20 ppm. In the electrolytic magnesium used in
his work, the average Fe and Ni contents are 280.4 ppm and
2.3 ppm, respectively, both exceeding the 3N5A Mg stan-
ard. In contrast, other impurities like Al, Mn, Si, Zn, Sn,
b, and Cu in electrolytic magnesium are much lower, which
lready meet or closely approach the 4N Mg standard (GB/T
499–2023). An important advantage of electrolytic magne-
ium is its low Zn content, notable because Zn is among the
ig. 1. Impurity contents in industrial magnesium ingots prepared by elec- 
rolytic process, which have high Fe content and low content of Al, Mn, Si, 
n, Sn, Pb, and Cu impurities. 
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ost difficult impurities to remove due to its saturated vapor
ressure and melting/sublimation characteristics being close
o those of magnesium. Consequently, the effective reduction
f Fe and Ni without introducing new impurities would enable
he production of 4N-purity magnesium from this electrolytic
eedstock. These observations motivate our focus on targeted
emoval of Fe and Ni in the following sections. 

.1.2. Morphology and composition of Fe, Ni-bearing 

nclusions in electrolytic magnesium 

Since the content of Fe far exceeds its solubility in elec-
rolytic magnesium, Fe-bearing inclusions, including elemen-
al Fe particles or Fe-containing compounds, are expected in
he magnesium ingots. To determine their composition and
orms, vacuum sublimation experiments at 923 K (near the
elting point of magnesium) were employed ( Fig. 2 ). Under

hese conditions, magnesium evaporates readily owing to its
igh saturated vapor pressure, whereas Fe and its compounds,
oth with much higher melting points and far lower vapor
ressures, are expected to remain essentially non-volatile and
oncentrate in the residue. Operating at a relatively low tem-
erature limits the entrainment of impurities into vapor and
reserves the inclusions for analysis. 

Two fractions are collected: partially sublimed magnesium
nd the post-sublimation residue. The partially sublimed sur-
ace is irregular and concave ( Fig. 3 a). Higher-magnification
mages reveal numerous particles with bright contrast in a
niform distribution across the evaporated surface ( Fig. 3 b).
DS identified two predominant particle types: cubic Fe-rich
articles and blocky Ni-rich particles. The cubic particles are
rimarily composed of Fe, with minor Al and Si. This com-
ositional 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. 
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n the Fe matrix or have formed intermetallic compounds that
ncapsulate primary Fe particles. The blocky particles are rich
n Mg and Ni, suggesting the coexistence of Mg and Ni. Con-
idering that Mg and Ni can form intermetallics [ 22 ], some
f Ni impurities in the electrolytic magnesium would be in
he form of Mg-Ni intermetallics ( Fig. 3 d). In addition, we
lso carefully searched and characterized the inclusions with
e and Ni in the original electrolytic magnesium (as shown in
upplementary Fig. 1). Their compositions are generally con-
istent with the observations and characterizations described
bove by EDS mapping. 

To confirm impurity phases, we analyzed the residue after
omplete sublimation by XRD. Fig. 4 a shows the collected
esidue. We first performed SEM-EDS mapping to quickly
xamine the particles, which revealed two dominant features:
ranular particles enriched in Fe, Al, and Si, in line with
he individual particle level observations in Fig. 3 , and floc-
ulent regions rich in Mg and O, indicating magnesium ox-
de. For clarity, Fe-rich particles and MgO are pseudocolored
ellow and cyan, respectively. XRD identified elemental Fe,
l3 FeSi2 , Fe0.42 Si2.67 , and MgO ( Fig. 4 b). The particles are
redominantly < 10 μm, with a mean size of 2.3 μm. Ni-
earing phases are not detected by XRD but are only spo-
adically detected in the residue, consistent with their much
ower bulk abundance relative to Fe. Notably, these Fe-rich
hases are nearly absent in sublimation residues from low-Fe
agnesium (magnesium ingot obtained by silicothermic re-

uction and distillation), indicating that they are attributed to
he high-Fe content in the electrolytic magnesium feedstock. 

.1.3. Forms of Fe-bearing impurities 
The measured Fe in the studied electrolytic magnesium

ample (258 ppm) far exceeds its equilibrium solubility ( ∼
0 ppm at the eutectic and even lower at room temperature).
ost Fe must therefore reside in undissolved phases. Con-
istent with XRD, Fe occurs as elemental particles and as
e-Al-Si and Fe-Si intermetallics (Al3 FeSi2 and Fe0.42 Si2.67 ),
ith 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-
uming all Al enters Al3 FeSi2 , the required Si is 2/3 of the
l content, leaving the remainder of Si to form Fe0.42 Si2.67 .
onverting ppm to moles per kg and applying these stoi-
hiometries gives: 

e in A l3 FeS i2 : n ( Fe ) = n ( Al ) / 3 = ∼ 16 . 5 ppm Fe 

e in F e0. 42 Si2. 67 : n ( Fe ) = 0. 42/ 2. 67( Si leftover ) 

= ∼ 2. 4 ppm Fe 

Thus, if all Al and Si form these intermetallic phases, they
ccount for only about 18.9 ppm Fe. Adding ∼ 10 ppm Fe in
olid solution leaves ∼ 229.1 ppm Fe unaccounted for, which
e attribute to elemental Fe particles. It should be noted that

his calculated 18.9 ppm Fe in intermetallics represents an
pper-bound estimate, as some Al can be dissolved in the
agnesium matrix. Consequently, the actual Fe content in

ntermetallics is likely lower, and the proportion of elemental
e particles is correspondingly higher than estimated. The
ata are summarized in Table 1 . 

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

.2.1. The general principle 
Guided by the identified impurity forms and their ther-

odynamic properties ( Table 1 ), we designed a three-stage
urification process involving evaporation, gradient condensa-
ion, and selective adsorption/filtration. First, the electrolytic

agnesium ingot is evaporated at 1073 K to generate a mag-
esium 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, Al3 FeSi2 , Fe0.42 Si2.67 , 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 
Contents (ppm) 

Removal Mechanism 

Solid solution of Fe in Mg matrix ∼10 • Low-temperature sublimation to leave Fe 
concentrated in the residue 

• Chemical adsorption by specific filter materials 

Intermetallics Al3 FeSi2 ∼16.5 • Low-temperature sublimation to leave particles in 
the residue 

Fe0.42 Si2.67 ∼2.4 • Physical interception by filter materials and 
inertial collision. Elemental Fe ∼229.1 
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nclusions in the residue as far as possible. Second, a con-
rolled temperature gradient forces Fe, Ni, and the compounds
o condense before magnesium, achieving an initial separa-
ion. Third, the vapor passes through a filter that preferentially
inds Fe and Ni and intercepts the Fe-, Ni-bearing compounds
nd magnesium oxides, while with minimal interaction with
agnesium. Finally, purified magnesium vapor is crystallized

n a low-temperature condenser. 
To set operating windows and predict performance, we (1)

omputed saturated vapor pressures of Fe and Ni versus tem-
erature and estimated theoretical separation limit of subli-
ation; (2) calculated transport of entrained particulates (Fe,
gO, and Fe-bearing compounds) in the magnesium vapor

ow; and (3) screened filter media by melting point offsets
 p  
elative to magnesium, formation energies with Mg/Fe/Ni, and
ost, leading to a final selection that was validated experimen-
ally. 

.2.2. Thermodynamic analysis of Fe and Ni elements 
uring vacuum sublimation 

During sublimation, the volatility of Fe and Ni relative to
agnesium is governed by their saturated vapor pressures P∗

T), expressed as [ 44 ]: 

og P∗( Pa ) = A/T + B log T + CT + D (2.1)

here T is in kelvin, and A-D are element-specific evapora-
ion constants (tabulated in Ref. [ 45 ]) and used below to com-
ute P∗ for Mg, Fe, and Ni. Impurities with a higher P∗ are



6 B. Gao, B. Yang, R. Zheng et al. / Journal of Magnesium and Alloys 20 (2026) 102109 

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. 
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ore volatile. At the chosen evaporation temperature 1073 K,
he P∗ of Fe and Ni are 11 and 12 orders of magnitude lower
han Mg, respectively ( Fig. 5 a), which suggests a negligi-
le co-sublimation of Fe and Ni with magnesium. Moreover,
hermodynamic calculations ( Fig. 5 b) indicate that Fe and Ni
tart condensing at temperatures substantially higher than that
f magnesium ( ∼1373 K and ∼1423 K, respectively). Even
ssuming complete volatilization, the residual gaseous con-
entrations of Fe and Ni fall below 10−12 upon cooling to
he actual condensation temperature of 823 K, demonstrating
hat both impurities almost completely condensed before the
rrival of the Mg vapor at the condenser. Thus, an appropriate
ublimation-condensation window can in principle efficiently
eparate Fe and Ni from magnesium. 

However, the sublimation analysis above assumes thermo-
ynamic equilibrium and thus likely overestimates the sepa-
ation effect. In practice, non-equilibrium transport can carry
ore Fe and Ni into the magnesium vapor than predicted.
oreover, elemental Fe particles and Fe-bearing intermetallic

articles (Al3 FeSi2 and Fe0.42 Si2.67 ) can be entrained by mag-
esium vapor stream then incorporated into the condensed
agnesium, bypassing volatility-based separation. These re-

lities motivate the downstream selective adsorption/filtration
rocess detailed next. 

.2.3. Movement of impurity particles during vacuum 

ublimation 

In a rarefied Mg vapor stream, an entrained particle experi-
nces three dominant forces: the gravitational force (GP ), the
uoyancy force (FB 

), and the fluid drag force (FR 

) [ 46 ]. Ef-
ects from added mass, Basset, Magnus, and Saffman lift are
egligible under our conditions [ 47 ], and with particles ini-
ially at rest on the Mg surface, inertial terms can be omitted.
he force balance is illustrated in Fig. 6 . 

For a particle of diameter dp , projected area Ap and volume
p in the FR 

, FB 

, and GP are calculated by the following
quations, 

R = 1 

2 

ρg v
2 
g Ap CD 

(3.1) 

B = ρg gVp (3.2) 
P = ρp gVp (3.3) 

here ρg and vg are the density (kg/m3 ) and flow velocity
m/s) of magnesium vapor; ρp , Ap , Vp and dp are the density
kg/m3 ), area (m2 ), volume (m3 ) and diameter (m) of impurity
articles, respectively, CD 

is the resistance coefficient, g is the
ravitational acceleration (9.81 m/s2 ). 

If an impurity particle were blown upward by the magne-
ium gas flow, the sum of the FR 

and FB 

should be greater
han GP , that is 

R + FB − GP ≥ 0 (3.4) 

p ≤ ρg 

( 

1 + 3CD 

v2 
g 

4dp g 

) 

(3.5) 

Equation (3.5) defines the critical particle density ( ρp ) ver-
us particle size (dp ) that can be entrained by magnesium va-
or. To determine ρp and dp , the magnesium vapor velocity
vg ) and resistance coefficient (CD 

) should be known. The vg 

an be calculated by 

g = ω 

ρg 
(3.6) 

 = m0 − mt 

�t × A 

(3.7) 

g = PMg 

RT 
= 0. 02431 P 

8 . 314T 
= 0. 00292

P 

T 
(3.8)

here ω is the actual evaporation rate (kg/(m2 ·s)), m0 and mt 

re the initial and final magnesium masses (kg), �t is the
ublimation time (s), A is the surface area of the magnesium
m2 ), ρg is the density of magnesium vapor (kg/m3 ), Mg is the
olar mass of Mg (0.02431 kg/mol), R is the universal gas

onstant (8.314 J/(mol ·K)). P is the saturated vapor pressure
f magnesium (Pa), and T is the temperature (K). 

The resistance coefficient CD 

depends on the magnesium
apor flow regime. The Reynolds number classifies flow into
hree 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. 
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ow [ 48 ]. The particle Reynolds number ( Re ) is given by
 49 ]: 

e = ρg vg dp 

ηg 
(3.9)

here ηg is the viscosity of magnesium vapor (Pa ·s), which
s calculated by the following equation [ 49 ], 

g = 

ρg ̄vg λg 

3 

= 1 

3 

· PMg 

RT 
· 1 . 6

√ 

RT 

Mg 
· kT √ 

2 πd2 P 

= 8 . 748 × 10−7 ·
√ 

T (3.10) 

By calculating ρg , vg , and ηg and substituting them into
quation (3.9) , we can determine that in the temperature range
f 973 K to 1173 K and for particle sizes between 1 μm and
00 μm, the Reynolds number ( Re ) is much lower than 1,
onfirming Stokes laminar flow. Thus, the resistance coeffi-
ient follows CD 

= 24/Rep . 
Substituting CD 

into Eq. (3.5 ) yields the critical density-
ize relationship for particle entrainment in Mg vapor, plotted
s a set of curves at variant temperatures in Fig. 6 b. Inclusion
articles whose density and size fall below the curve are sus-
eptible to being entrained by the magnesium flow with the
iven parameters. For the dominant inclusions (Fe, Al3 FeSi2 ,
e0.42 Si2.67 , and MgO) in electrolytic magnesium, the criti-
al particle sizes for entrainment all exceed 10 μm. The ex-
erimentally measured size distribution ( Fig. 4 c) shows that
he vast majority of particles are below 10 μm. Therefore, a
ignificant fraction of inclusions can be entrained under the
resent sublimation conditions, necessitating the placement of
 filter within the vapor transport channel to achieve effective
nterception. 

.3. Filter material selection 

During sublimation, filter materials can physically inter-
ept and chemically react with impurities to remove them.
he filter materials should satisfy the following criteria: (1)
igh melting points that ensure the filter materials are stable
nd do not melt or sublimate during work under high temper-
tures. (2) Do not react with Mg to avoid contamination. (3)
igh affinity for impurity elements. (4) Safety, non-toxicity,

nd more importantly, cost-efficiency. Initial screening based
n the melting point criterion (1) identified Si, Mn, Ti, Cr, Cu,
r, W, Co, and Sc. The formation energy between specific ele-
ents indicates the tendency of the interaction between them.
ore negative values indicate greater thermodynamic stabil-

ty of intermetallic compounds, reflecting a stronger binding
endency. As shown in Table 2 and Fig. 7 , Sc, Zr, Ti, and
i exhibit higher affinity with Fe and Ni. However, Sc and
r are expensive. Conversely, Ti and Si [ 50 ] demonstrate an
ptimal balance between cost and impurity affinity for Fe and
i. 
To assess the capacity of the filter materials for chemically

dsorbing gaseous impurities, we performed equilibrium ther-
odynamic calculations using FactSage based on the princi-

le of Gibbs free energy minimization. The simulation was
onducted at the filtration temperature of 793 K, with ini-
ial vapor-phase concentrations of Fe and Ni set to 10 ppm
nd 5 ppm. These values correspond approximately to the
olid solubility of Fe and the critical corrosion tolerance limit
f Ni in magnesium, respectively. When only Ti is present,
he vapor-phase concentrations of Fe and Ni drop to about
.05 ×10−6 and 3.56 ×10−8 ppm, respectively, indicating that
i reacts with Fe and Ni atoms to form stable compounds and

hus effectively removes them from the vapor phase. When
oth Ti and Si are used together, the gas concentrations of
e and Ni are further reduced, demonstrating the superior ad-
orption capability of the Ti + Si composite filter for gaseous
e and Ni atoms. 

In summary, we designed a composite purification system:
) using temperature gradients to let gaseous Mg and impuri-
ies atoms condense separately in different temperature zones,
) using Ti and Si filter materials to adsorb gaseous impu-
ity atoms that evaporate together with Mg, and 3) using Ti
nd Si filter materials to intercept solid-state Fe and Ni con-
aining particles physically, which is expected to enable deep
urification of electrolytic magnesium. 
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Table 2 
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 
eV/atom (Mg-X) 

−0.11 0.02 0.07 0.011 −0.12 0.01 0.15 0.02 −0.03 

Formation energy 
eV/atom (Fe-X) 

−0.48 0.04 −0.42 0.03 0.06 −0.28 −0.02 −0.06 −0.27 

Formation energy 
eV/atom (Ni-X) 

−0.52 −0.36 −0.48 0.008 0.04 −0.46 −0.05 −0.02 −0.52 

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 

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 ]. 
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.4. Purification experiment 

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

The initial purity of the raw electrolytic Mg was 99.9%,
ith Fe and Ni content of 258 ppm and 12.6 ppm, respec-

ively. The impurity levels in magnesium after vacuum sub-
imation are shown in Table 3 and Fig. 9 . For experiment 1,
he raw Mg was 112.4 g. After sublimation, 106.2 g of con-
ensed Mg was collected, with 4.2 g residue remaining in the
eating zone, the yield of high-purity magnesium was 98.2%.
he purity of the collected Mg increased to 99.98%, with the
e content dropping from 258 ppm to 76 ppm, and the Ni
ontent reducing from 12.6 ppm to 6 ppm. Both Ni and other
mpurities fell below the 3N5B Mg standard, confirming ef-
ective removal of atoms. However, Fe content still exceeded
he 3N5B standard (50 ppm). While the total purity reached
9.98%, Fe content remained above the 3N5B threshold (but
ithin the 3N standard, 400 ppm), so the purified Mg was

till classified as 3N. This suggests that sublimation alone is
ot enough for the deep removal of Fe, as many Fe impuri-
ies exist as particles, which can be carried by the Mg vapor
ow and co-condense with Mg atoms, as previously analyzed.
his underscores the need for filter materials to intercept these
articles. 

For experiment 2, Ti mesh filtration was employed to en-
ance impurity removal. 101.2 g of raw magnesium yielded
9.9 g of condensed magnesium, with a final yield of 98.7%.
fter the experiment, the Ti mesh changed color from bright
hite to dark yellow, with significant impurity deposits ob-

erved ( Fig. 10 a, b). Flocculent MgO inclusions were cap-



B. Gao, B. Yang, R. Zheng et al. / Journal of Magnesium and Alloys 20 (2026) 102109 9 

Fig. 8. The schematic diagram of the experimental apparatus. 

Fig. 9. Purification efficacy of vacuum sublimation coupled with filtration on 
key impurities in magnesium. 
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ured, and Fe-rich impurity particles accumulated on the mesh
urface, as shown in Fig. 10 c, d. This filtration reduced the
e content to 28 ppm and the Ni content to 1 ppm, bring-

ng the Ni level below the tolerance threshold of 5 ppm [ 26 ].
owever, the Fe content remained above the 4N Mg standard
20 ppm), meaning the purified Mg, though reaching 4N total
urity, could not be classified as 4N due to residual Fe. 

To further enhance interception efficiency, experiment 3 in-
roduced high-purity Si particles into the Ti mesh. The Si par-
icles not only act as condensation sites for Fe atoms, but also
nhance particle interception due to their three-dimensional
tacked structure. For experiment 3, the raw Mg was 103 g
nd condensed Mg was 98.2 g, corresponding to a yield of
5.3%. The initially bright Si particles became dark, concur-
ent with the formation of a deposited layer on their surfaces
 Fig. 11 a, b). Due to the relatively dispersed distribution of
mpurities intercepted on the silicon particle surfaces, Fe-rich
mpurity particles and MgO were locally observed, as shown
n Fig. 11 c, d. The deposited layer contained Si, O, and Mg.
ased on the characterization of structures and composition
f the Si particles, we proposed two possible mechanisms for
he formation of MgO layer. One involves the direct reaction
f magnesium vapor with residual oxygen present in the vac-
um system, leading to the deposition of MgO on the silicon
article surfaces. The other involves the decomposition and
xidation of Mg2 Si. As the local Mg vapor pressure increased,
g reacted with Si to form Mg2 Si. As the Mg vapor pressure

ecreased at the end of sublimation, Mg2 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. (c) SEM image of the impurity particles in the selected area. (d) EDS mapping analysis of 
the captured impurity particles. 
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N  
eleased Mg vapor, leaving behind porous silicon. This pro-
ess was also accompanied by the trace oxidation of Mg2 Si,
hich reacted with residual oxygen in the system to form
gO [ 56 , 57 ]. For the latter case, since these porous structures

ormed in the later stage of sublimation, they contribute little
o impurity capture during the current experiment. However,
f the silicon particles were reused, these porous structures
ould contribute to filtration. The use of this composite Ti-Si
lter reduced the Fe content to 4 ppm, a level well below both

he 4N Mg standard (20 ppm) and the solid solubility limit of
e in Mg (10 ppm). Importantly, the introduction of Ti and
i filter materials did not lead to any detectable increase in
i or Si content, confirming the absence of secondary con-

amination. After filtration, all measured impurities (Fe, Ni,
l, Ti, Si, Cu, Zn) complied with the 4N Mg standard (GB/T
499-2023), yielding magnesium with 99.995% purity. 

.5. Corrosion experiment 

We evaluated the purification effect through immersion
orrosion testing in 3.5% NaCl solution at room tempera-
ure. Samples of raw electrolytic magnesium (99.9%) and pu-
ified magnesium (99.995% from experiment 3) were cut into
5 mm × 15 mm × 5 mm pieces. After one day of immer-
ion, the raw magnesium displayed severe localized corrosion,
hile the purified magnesium, after six days of immersion,

xhibited only minor pitting with isolated pits. 
To quantify the corrosion rates, we measured hydrogen gas

volution. The hydrogen evolution corrosion rate (mm/y) was
alculated using the following equation [ 58 ]: 

H 

= 2. 279
Hi − Hf 

At 

where PH 

is the hydrogen evolution corrosion rate (mm/y),
i and Hf are the initial and final numerical values of the
urette (mL), respectively, A is the sample surface area (cm2 ),
nd t is the immersion time (d). 

The hydrogen evolution corrosion rates for raw magnesium
nd purified magnesium were 284.58 mm/y and 0.14 mm/y,
espectively. The severe corrosion in raw magnesium is driven
y Fe-rich impurities, particularly Fe-bearing intermetallic
ompounds. Their notably higher electrode potential com-
ared to elemental Fe established them as highly efficient
athodic sites, drastically accelerating galvanic corrosion of
he Mg matrix [ 21 ]. The corrosion rate of purified magne-
ium represents a three–order–of–magnitude reduction from
he raw material, aligning with the range reported for high–
urity magnesium ( < 1 mm/y) [ 59 , 60 ]. These results demon-
trate that targeted removal of particulate impurities via in-
egrated sublimation and filtration is essential for attaining
oth higher purity and superior corrosion performance in elec-
rolytic magnesium. 

. Conclusion 

This study establishes an impurity-speciation strategy to
pgrade electrolytic magnesium by combining vapor-phase
eparation with targeted interception of impurity-bearing par-
iculates. By linking the physical/chemical forms of Fe to its
ransport behavior during sublimation, we identified why sub-
imation alone is less effective in removing Fe impurities and
hen 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., Al3 FeSi2 and Fe0.42 Si2.67 ). The inclusions are pre-
dominantly micrometer-scale, with an average size of ap-
proximately 2.3 μm. 

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-
ate transport is essential for deep purification of electrolytic
agnesium and provide a practical framework for designing

urification routes that start from impurity form, not only
quilibrium volatility. 
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