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Abstract
The majority of pure magnesium produced worldwide is
made by using silicothermic method (Pidgeon process).
However, the Pidgeon process suffers poor efficiency, low
industrial concentration, and intermittent production. The
main reason is that Pidgeon process requires to keep the
reaction chamber in a vacuum state during the entire
reduction process. By analyzing the thermodynamic
reaction principle, we reveal that it is the low magnesium
partial pressure instead of vacuum that is necessary for the
silicothermic process. Based on this understanding, we
develop a new technique that can produce pure magne-
sium under the atmospheric pressure by using silicother-
mic method. Flowing argon is used to carry away the
magnesium vapor around the reactants, which reduces the
local magnesium partial pressure. The magnesium pro-
duction efficiency reaches 82.36% that is comparable to
the widely used Pidgeon method, and high purity of
magnesium with 99.97 wt% after melting is produced
directly. The industrialized application of this exciting
technique is expected to help the silicothermic to realize
high efficiency, automated, and continuous production
while at the same time completely change the poor
production conditions, and reduce energy consumption
and pollution.
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Introduction

As the lightest structural metal, magnesium has promising
applications in energy intensive sectors such as automobile
and aerospace industry. China produces most of primary
magnesium. In 2018, the amounts of primary magnesium
produced by China were about 800,000 tons, which accounts
for about 80% of the world’s total production [1]. As the
dominant process of primary magnesium production in
China, Pidgeon process suffers several technical drawbacks,
such as high labor intensity, low production efficiency, high
energy consumption, and serious environmental pollution
[2]. One of the most important origins of these problems is
the fact that Pidgeon process requires vacuum, which makes
the continuous and automated production very difficult.
Once the terminal application markets of magnesium-based
materials fully open, which will require a large amount of
primary magnesium, such backward process will hamper the
development of entire magnesium industry. Therefore, a new
magnesium production process that can achieve continuous,
automated and low pollution is pressingly needed. Recently,
some efforts have been made to modify the reduction tank
[3–5] and reducing agent [6–11] to improve the thermal
reduction process. However, problems such as low effi-
ciency, low automation, and high pollution are not fully
solved because these modified processes still require vac-
uum. The method for the preparation of magnesium under
inert gas proposed by J.R. Wynnyckyj et al. is of great value
in achieving efficient, automated, and continuous production
[12–16]. However, this method has not been able to develop
into an industrial production process for magnesium.
Moreover, only limited number of studies attempted to
investigate the kinetics of the reaction of individual pellet
[17–19]. The current work mainly targets on the develop-
ment of this new magnesium production process under at-
mospheric pressure.
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Analyses of Reaction Principle Under
Atmospheric Pressure

To reduce magnesium from magnesium oxide by silicon
under atmospheric pressure, the temperature needs to exceed
2373 °C [20]. Such high temperature will dramatically
increase the cost of heating devices and the materials of
reduction tank. By introducing calcium oxide into the slag,
the reaction temperature decreases to 1750 °C. Some efforts
have to be made to produce primary magnesium under the
atmospheric pressure at such applicable temperature
[21–27]. However, such a method still suffers ultra-high
energy consumption and cost. Most of these efforts stopped
after China built large number of primary magnesium plants
using the low cost Pidgeon process.

As for the formation of magnesium oxide with magne-
sium vapor, the standard Gibbs free energy change (DGh) of
the reaction between magnesium and oxygen is related to the
pressure of vapor [20],

DGh
Real ¼ DGh � RT ln

PMg

Ph
ð1Þ

where DGh
Real is the real standard Gibbs free energy change

(DGh), and R is the gas constant equal to 8.314 J= mol � Kð Þ.
T is the absolute temperature.

DGh
Real is larger than DGh when magnesium partial pres-

sure (PMg) is lower than standard atmosphere (Ph). That is to
say, by reducing the magnesium partial pressure, the tem-
perature of reaction can decrease effectively. That is why
in vacuum the Pidgeon process can be proceeded even
the temperature is 1200 °C, which is much lower than the
2373 °C mentioned above [28, 29]. Figure 1 shows the
schematic diagram of magnesium partial pressure (PMg)
around the surface of reactants reduced by vacuum and
flowing argon. PMg is reduced in vacuum mainly through the
pressure gradient between reactants zone and condensation
zone (the condensation zone is the place where magnesium
crown forms, and this place is close to the vacuum pump).

Under flowing argon, magnesium atoms generated from pel-
lets collide with argon atoms and move to condensation zone
together with the flowing argon atoms. In the latter case, the
PMg around reactants can also be significantly decreased.

Methods

The raw materials used in our experiments, including cal-
cined dolomite, ferrosilicon, and calcium fluoride, are pro-
vided by Fugu JingFu Coal Chemical Co. LTD (Yulin,
Shaanxi Province, China). The chemical component in
weight is 49.85% CaO, 30.67% MgO, 12.63% Si, 4.19% Fe,
and 2.5% CaF2. The experiment of reduction is conducted in
a vertical tube furnace with 700 mm heating zone and
500 mm uniform temperature zone, which can achieve
temperature up to 1500 °C. The experimental setup is shown
in Fig. 2a. A series of sealable graphite tubes with different
length are placed inside the corundum tube. The flowing
rates of argon are controlled by the flowmeter and reducing
valve. Argon is heated to 1200 °C in the preheating zone
and blew through the surface of reactants. High purity argon
(99.99%) is used in all experiments. The air in the tube is
pumped before experiment, and the pumping is stopped
when heating started. The purity of collected pure magne-
sium is analyzed by arc spark optical emission spectroscopy
(OES, GNR, S5).

One typical result is shown in Fig. 2b. Most of the pro-
duced magnesium vapor condensed on the condenser. The
condensed products grow mainly in the form of dendrites,
which shows fresh and reflective surface without obvious
impurities and oxidation. A magnesium ingot was melt using
these dendritic magnesium in an induction furnace with a
high purity graphite crucible (>99.99%) under argon atmo-
sphere. The surface of the magnesium ingot was polished by
the lathe. The final product is shown in Fig. 2c.

Surprisingly, the magnesium produced by this method is
very pure. Table 1 compares the purity and main impurities
of industrial crude magnesium produced under vacuum and

Fig. 1 Schematic diagram of
how to reduce the magnesium
partial pressure (PMg) around the
reactants. a Vacuum. b Flowing
argon
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the ingot produced in this work. It can be seen that mag-
nesium with higher purity of 99.97 wt% can be directly
produced under atmospheric pressure. The contents of main
impurities in our study like Ca, Mn, Si, Al, and Fe are much
lower than that in industrial crude magnesium. Therefore,
the production method developed in this work is expected to
produce high purity magnesium.

We effectively achieved the heating of large flow rate of
argon. By reacting at 1200 °C for 2 h, we achieved the
reduction efficiency of 82.36%, which is comparable to the
reduction efficiency in industry that uses Pidgeon method
under vacuum. We also found that increasing argon flow rate
could effectively enhance the reduction efficiency.

This new method for the production of pure magnesium
using carrier gas is expected to solve the problems in con-
ventional vacuum-based approach. Although such process
will incur some additional costs due to the use of argon, it is

estimated that the industrialization of such process will
reduce the overall cost by about 15–20% because this pro-
cess can achieve large-scale and continuous production, and
the argon can be recycled.

Summary

Magnesium partial pressure is the key factor in silicothermic
process and can be effectively decreased by vacuum or
flowing argon. By conducting the silicothermic reduction
under flowing argon at atmospheric pressure, we achieved
the production efficiency of 82.36%, which is comparable to
industrial efficiency under vacuum condition. And high
purity of magnesium with 99.97 wt% was produced by the
method developed in this work.

Fig. 2 Experimental setup of
magnesium reduction under
atmospheric pressure with
flowing argon and the collected
pure magnesium. a Experimental
setup. b Condensed magnesium
dendrites on the condenser.
c Magnesium ingot made by
melting the magnesium dendrites

Table 1 Chemical component of
industrial crude magnesium and
magnesium ingot made in this
work

Purity (wt%) Impurity element content (ppm)

Mg Ca Si Mn Al Sn Zn Fe Ni Cu

Industrial 99.67 2122.54 114.12 219.67 819.07 6.84 15.83 30.84 <10 <5

Our study 99.97 85 87.75 22.75 40.75 9.25 15.5 <10 <10 <5
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