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Abstract: At present, the predominant method for magne-
sium production relies on the Pidgeon process, a straight-
forward yet inefficient procedure characterized by high
energy consumption and substantial greenhouse gas emis-
sions. In order to foster advancements in magnesium pro-
duction technology, this study explored an approach that
consolidates silicon calcination and thermal reduction stages
into a single stage. The main raw material used in this process
is dolomite powder, which replaces the previously calcined
dolomite. The primary objective of this novel approach is to
streamline production timelines, enhance coherence between
stages, and curtail energy usage in magnesium production.
The investigation delves into the impact of dolomite decom-
position temperature and forming pressure on the efficiency
of the integrated process. Laboratory-scale experimentation
revealed that the optimal decomposition temperature is
800°C. While the forming pressure significantly influenced
the reduction rate, it did not markedly impact the final reduc-
tion efficiency. A forming pressure of 150 MPa yielded the
highest reduction rate. This decrease is attributed to the dis-
sociation of reactants during dolomite decomposition, indi-
cating a need for further research to address the reduction in
contact area during the degradation stage and enhance the
efficiency of this integrated process.
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1 Introduction

Production of Mg using the silicon heat method, typically
the Pidgeon process, is extensively employed for magne-
sium production across numerous countries worldwide.
This method is celebrated for its simplicity, eschewing
the need for modern equipment or intricate techniques,
and its adaptability allows for easy adjustments to meet
production demands, particularly suitable for the condi-
tions prevalent in developing countries [1,2]. However,
inherent drawbacks include batch production, resulting
in intermittent operation and subsequently lower produc-
tivity, substantial requirements for handling waste resi-
due’s environmental impact post-production, labor-inten-
sive operations, and notably high energy consumption
compared to alternative reduction methods [3,4]. Given
the endothermic nature of the dolomite reduction reaction
(AH = ~209 k]'mol ! Mg), the Pidgeon process demands a
significant level of heat input, necessitating substantial
energy provision for industrial reactors. Statistical analysis
conducted by Ramakrishnan and Koltun regarding the var-
ious stages of Mg production using the Pidgeon process,
from dolomite ore mining to Mg ingot production, revealed
significant energy consumption throughout the process [5].
Notably, the dolomite ore calcination and reduction phase
in the vacuum furnace emerged as the most energy-inten-
sive, accounting for approximately 70% of the total energy
consumption. It is reported that Mg production through the
Pidgeon process consumes 1.6 times more energy and emits
greenhouse gases compared to aluminum production and
1.5 times that of Mg production using the thermocarbon
method [6,7].

The Pidgeon method operates in batches, differing
from continuous processes like Mintek or Magnetherm
[8]. The dolomite calcination stage occurs in a separate
furnace. Upon completion, the furnace requires cooling
to remove the calcined dolomite, resulting in significant
heat release into the surroundings, leading to energy
wastage. Following grinding, mixing, and briquetting, the
mixture undergoes a reduction in a vacuum tube, necessi-
tating a substantial increase in furnace temperature from
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ambient levels [9]. This phase also consumes significant
heat energy, while some heat generated during dolomite
firing not being recycled. This inefficiency arises from the
process interruption between the calcination and reduc-
tion stages. Continuous integration of these stages would
enable the heat generated during dolomite heating to be
seamlessly utilized for the subsequent reduction stage,
minimizing heat loss to the environment. Additionally,
this process exhibits prolonged cycle times for individual
stages. Conversely, combining the calcination and reduc-
tion stages would streamline the process, reducing cycle
duration and enhancing productivity by enabling more
cycles within the same timeframe. To further enhance
the traditional Pidgeon process, improved pelleting
methods integrated with calcination and silicothermic
reduction have been developed [10-12]. In the integration
process, dolomite powder, derived from dolomite ore, is
mixed with ferrosilicon and CaF, to form pellets. The entire
calcination and thermal reduction occur within a retort.
The heat generated from dolomite decomposition will be
partially reused for silicothermic reduction, and the CO,
released during this process can be efficiently collected and
recycled through a vacuum system. Numerous studies
have demonstrated that altering the conditions for dolo-
mite decomposition results in mixtures with varying prop-
erties, which can influence the subsequent reduction stage
[13]. Additionally, increasing the hydration activity of cal-
cined dolomite has a significant effect on the reduction
cycle time and enhances the magnesium extraction yield
[14]. The calcination of dolomite is conducted at elevated
temperatures, which results in significant material loss due
to thermal decomposition. Furthermore, the ferrosilicon
reducing agent, when pre-mixed within the calcination
mixture, is susceptible to oxidation in the CO,-rich atmo-
sphere generated during the decomposition of dolomite.
The calcination of dolomite in two stages — a low-tempera-
ture stage for decomposing MgCOs followed by a high-tem-
perature stage for decomposing CaCOs — demonstrated a
significant reduction in dolomite loss due to combustion
[15]. This evidence suggests that operating the calcination
process at reduced temperatures may mitigate both the
oxidation of the ferrosilicon reductant and the loss of dolo-
mite. Such an approach can be realized by performing
calcination in a vacuum environment, which, as indicated
by thermodynamic analyses, establishes conditions that
lower the decomposition temperature of dolomite. Conse-
quently, the proposed methodology entails the calcination
of pre-prepared pellets under vacuum conditions in a two-
stage process.

In this study, Vietnamese dolomite powder was used in
an integrated process to evaluate the impact of the calcination
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stage on magnesium reduction efficiency. During the calcina-
tion stage, the pellets were calcined in a vacuum environment
with a low-temperature calcination stage to decompose
MgCO3 and a high-temperature calcination stage to decom-
pose CaCOs.

2 Materials and methods

2.1 Thermodynamics

When dolomite is calcined, the decomposition process pro-
ceeds as follows:

MgCOy) — MgO,) + COxg), @)
CaC03(S) - CaO(S) + COg(g). )

The database, implemented in FactSage 7.2 software,
was utilized to calculate the AG-T relationship for each
decomposition reaction under a vacuum of 1,000 Pa. As
shown in Figure 1, the Gibbs free energy of reactions (1)
and (2) decreased significantly with increasing tempera-
ture in the vacuum environment. MgCO; began to decom-
pose at approximately 300°C, while CaCOs; decomposition
occurred around 600°C. These temperatures were consid-
erably lower than the standard calcination temperatures
for dolomite, typically ranging from 900°C to 1,100°C. With
increasing temperatures, the decomposition reaction rates
increased; therefore, the calcination temperature for
MgCO;s; decomposition was set at 500°C, and for CaCOs
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Figure 1: Relationship between the Gibbs free energy of the decompo-
sition reactions and temperature under vacuum conditions of 1,000 Pa.
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decomposition, the temperature range of 700°C-1,000°C
was selected for evaluation.

2.2 Raw materials and experimental
procedure

This study used dolomite ore and ferrosilicon alloy (75%)
produced in Vietnam and CaF, (98%) produced in China as
raw materials. The chemical composition of dolomite ore
and ferrosilicon alloy is shown in Table 1.

The dolomite ore was pulverized into a fine powder
and combined with ferrosilicon and fluorite alloy in a ratio
of 86.7:11.5:1.8, corresponding to a 20% silicon ratio as per
the Pidgeon process. Subsequently, the mixture underwent
milling in a planetary ball mill model NQM-4 of Yangzhou

Table 1: Chemical elements of dolomite ore and ferrosilicon alloy

Magnesium reduction process = 3

Nuoya Machinery until reaching a particle size of 100
mesh. Following milling, the mixture was briquetted into
pellets under different pressures of 60, 80, 100, 120, and
150 MPa, with each pellet weighing approximately 20 g.
The experimental procedure was carried out
according to the flow diagram in Figure 2. In the first
step, the sample consisting of five pellets is placed in an
alumina boat, which is then placed in the retort and
securely covered. The second stage is the calcination pro-
cess, in which the furnace is raised to the first calcination
temperature of 500°C for 0.5h. To study the effect of the
decomposition temperature during the calcination stage
on the reduction efficiency, the second calcination tem-
perature is gradually increased to 700, 800, 900, and
1,000°C for an additional 0.5h. Throughout this process,
the vacuum pump and pressure regulator are activated
to maintain a pressure of 1,000 Pa, facilitating the removal
of CO, gas generated within the retort via the vacuum
pipeline system. After calcination, the temperature was
gradually transitioned to the reduction stage. To accurately
measure the reduction rate, argon gas was introduced into

Dolomite ore the furnace to restore atmospheric pressure, and the
MgO CaO SiO, Fe,0; Al,O; Others Loss of ignition vacuum pump system was halted. This step prevents
2025 308 036 053 012 021 4773 l%nwanted reduction reactions during the the_rma'I transi-
tion. The retort was then heated from the calcination tem-
Ferrosilicon alloy perature to 1,250°C for the reduction stage. Upon reaching
si Fe C p s Mn Al 1,250°C, the cooling water system and vacuum pump were
activated to lower the pressure in the retort to 100 Pa.
74.4 241 01 0.04 0.01 0.35 1.0 . .
Subsequent to the conclusion of the reduction process,
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Figure 2: Process comparison of (a) Pidgeon, (b) integrated process, and (c) integrated vacuum calcination process of this study.
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the products within the crystallization zone and any
remaining residue are collected and subjected to analysis.

The reduction efficiency in the integrated process is
determined using the following formula:

w
reduction efficiency (%) = WZ&OO,
1

where w; is the mass of Mg in the initial mixture and w; is
the mass of metallic Mg obtained in the cooling zone.

The experimental apparatus used is shown in Figure 3.
The apparatus consists of a vacuum pump ULVAC PX-202
using an SM-ZSE30 gauge and an argon gas cylinder con-
nected to a retort. The retort, constructed from 310S stain-
less steel, is heated by a furnace using a SiC heating rod
controlled by a platinum/rhodium thermocouple. The
retort head, where magnesium crystallizes, is equipped
with a water-cooling system.

3 Results and discussion

3.1 Magnesium products

The reconstituted product derived from the combined pro-
cess is depicted in Figure 4, showcasing granular magne-
sium crystals reminiscent of those obtained through the
Pidgeon process. In the initial region of the crystallization
zone adjacent to the reduction area, sizable magnesium
crystals ranging from 0.5 to 2 mm are observed. The scan-
ning electron microscopy (SEM) image of metallic magne-
sium in Figure 4(b) reveals the presence of impurities on
the surface of the magnesium particles.

Heater
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The results of energy-dispersive X-ray spectroscopy
(EDS) analysis indicate that these surface impurities pri-
marily consist of magnesium, oxygen, and trace amounts
of carbon. Upon comprehensive analysis, it is evident that
the product obtained from this integrated process closely
resembles that of the Pidgeon process. Analysis of Mg con-
tent in product samples reached 98.56%.

3.2 Effect of decomposition temperature on
reduction efficiency

In the Pidgeon process, the calcination stage operates inde-
pendently of the reduction stage. However, in the com-
bined process, these stages occur consecutively within
the same retort; thus, the calcination temperature is antici-
pated to exert a significant influence on reduction
efficiency.

The pellets used to determine the effect of decomposi-
tion temperature were briquetted at a pressure of 60 MPa.
The time taken in the reduction phase is 3h. The highest
reduction efficiency recorded during the experiment
examining the influence of calcination temperature was
73.5%, which was achieved with a first-step calcination
temperature of 500°C followed by a second-step tempera-
ture of 800°C over a total duration of 1h. This efficiency
is 4.1% lower than that of the Pidgeon process under
equivalent reduction temperature conditions of 1,250°C
[3]. Figure 5 illustrates a slight increase in magnesium pro-
duction efficiency from 71.2 to 73.5% when increasing
the second-step calcination temperature from 700 to
800°C, while a notable decrease is observed with further

Pellets

&0

Cooling Water

Mg
Condenser

Heater

ALt

\

Argon gas

Figure 3: Experimental equipment layout.
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Figure 4: SEM image of the Mg crystal: (a) at the crystallization region and (b) impurities on the Mg crystal surface.
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Figure 5: Effect of stage 2 decomposition temperature on reduction
efficiency.

increases to 1,000°C. Reduction efficiency at 1,000°C heating
is only 32.7%. This decline in efficiency at higher calcination
temperatures is attributed to the accelerated carbonate
decomposition reaction. At elevated temperatures, the gener-
ated CO, gas diffuses rapidly through the pellet, causing

structural disruption and increased porosity or fragmenta-
tion. Consequently, reactant proximity decreases, impeding
reaction rates during the reduction phase.

To elucidate this phenomenon, select experiments
involved rapid cooling of pellets with Ar gas after a 1-h
heating period, allowing observation of pellet morphology.
The results depicted in Figure 6 reveal that pellets calcined
at 700 and 800°C have the same color and shape as the
initial pellets, with minimal alteration in size. Conversely,
pellets subjected to 900 and 1,000°C heating exhibit yellow
and brown discoloration, accompanied by surface cracks.
Particularly at 1,000°C, pellets undergo fragmentation,
diminishing the likelihood of reactant contact during the
reduction phase.

Figure 7 presents SEM images illustrating the micro-
structures of the pellets before and after calcination. Prior
to calcination, the pellets exhibit a well-connected struc-
ture, with ferrosilicon particles in close contact with the
surrounding dolomite particles. However, following calci-
nation at 800 and 1,000°C, a significant increase in porosity
is observed, particularly in the sample calcined at 1,000°C.
This increase in porosity results in reduced contact
between the reactants, which may adversely affect the sub-
sequent reduction stage. During this stage, the reducing
agent reacts with dolime to produce Mg vapor. Since this
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Figure 6: Images of pellets: (a) initial and after decomposition in step 2 at (b) 700°C, (c) 800°C, (d) 900°C, and (e) 1,000°C.

is a solid-solid reaction, maintaining adequate contact
between the reactants is essential to facilitate the reduc-
tion process. This partially explains the significant decline
in reduction efficiency observed when the calcination step
is conducted at elevated temperatures.

The XRD analysis results of the decomposed samples
are depicted in Figure 8, revealing distinct phases based on
the calcination temperatures. Samples subjected to second-
step calcination temperatures of 700 and 800°C predomi-
nantly exhibit phases consistent with the original mixture
composition, including Ca0O, MgO, and Si. Additionally, the
appearance of the Ca(OH), phase was observed, which was
attributed to the hydration of CaO in ambient humidity.
Consequently, the reduction efficiency of these samples is

lower compared to the traditional Pidgeon process, as the
release of CO, gas increases pellet porosity.

Conversely, samples calcined at 900 and 1,000°C
exhibit main phases comprising MgO, CaSiy, and Ca,SiO,.
This indicates substantial CaO reacting with Si to form
CaSi, and Ca,SiO4, consequently increasing the residual
waste levels in the mixture pre-reduction. Notably, the
sample subjected to 1,000°C calcination displays the pre-
sence of the Fe,05 phase, accounting for its brown colora-
tion. Weak intensity diffraction peaks of SiC further sug-
gest the occurrence of oxidation reactions between CO,
and ferrosilicon at 1,000°C in a vacuum of 1,000 Pa,
resulting in SiC and Fe,0; product formation. It can be
predicted that the oxidation reaction of ferrosilicon with

Figure 7: SEM images of pellets (a) before calcination, (b) after calcination at 800°C, and (c) after calcination at 1,000°C.
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Figure 8: XRD analysis of pellets after calcination at different
temperatures.

CO, occurring during calcination at 1,000°C affects the effi-
ciency of the reduction stage. Ferrosilicon 75% mainly con-
sists of two phases: Si and FeSi, [3]. From the formation of
phases in the coal pellet after calcination, it is inferred that
CO, reacts with ferrosilicon according to the following
reactions:

COyg) + 28i(5) = SiCs) + SiOys), €))
COyg) + FeSiys) = Fe + SiC) + SiOxy), 4
COy) + Fegy = Fey03 + COy), )
CaO) + SiOys) — CaySiOys). 6)

During the calcination stage, CO, gas generated from
the decomposition of dolomite diffuses through the pores
of the coal pellet and reacts with the Si and FeSi, phases in
ferrosilicon, forming Fe, SiC, and SiO, according to reac-
tions (3) and (4). The SiO, product then readily reacts with
CaO to form Ca,SiO, according to reaction (5), and Fe con-
tinues to oxidize in the CO, environment, forming Fe,053
according to reaction (6). This explains why phases of Fe,05
and Ca,Si0, with high diffraction intensity were observed,
while CaO diffraction was almost absent in pellets calcined
at 1,000°C. The occurrence of these reactions consumes a
significant amount of reducing agent and CaO, which greatly
impacts the reduction efficiency in the subsequent stage.

Thus, lower decomposition temperature can reduce
the oxidation of ferrosilicon by CO, and conserve the
amount of reductant for the next reduction stage. Within
the decomposition temperature range studied, the optimal
decomposition temperature for the second step in this inte-
grated process is determined to be 800°C. This temperature

Magnesium reduction process = 7

ensures complete dolomite decomposition without indu-
cing reactions between CO, and the reducing agent while
also preserving the bonding ability between reactants.

3.3 Effect of forming pressure on reduction
efficiency

The study on the influence of forming pressure was con-
ducted with samples subjected to a first-step decomposi-
tion temperature of 500°C and a second-step temperature
of 800°C, with reduction times ranging from 0.5 to 3h. As
shown in Figure 9, the reduction rate changed significantly
when the forming pressure increased from 60 to 150 MPa.
After 1 h, the reduction efficiency of pellets with a forming
pressure of 150 MPa exceeded 60%, while pellets with a
pressure of 60 MPa only achieved slightly over 40%. This
indicates that the release of CO, gas during heating creates
voids, reducing the pellet density. Increasing the forming
pressure enhances the compressive strength of the pellets
and increases the contact area between the reacting parti-
cles, leading to a higher reduction rate for pellets with
higher pressure.

However, between 1 and 3 h, the reduction rate of the
120 and 150 MPa pellets began to show signs of slowing
down. After 3 h, the reduction efficiency for all five samples
with varying forming pressures converged, ranging from
73 to 77%. This suggests that while forming pressure influ-
ences the rate of the reduction reaction, it does not impact
the final reduction efficiency of the overall process.
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Figure 9: Effect of forming pressure on reduction efficiency.
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4 Conclusion

The study assessed the feasibility of the integrated process.
On an experimental scale, the integrated method produced
satisfactory results, with only a slight decrease in reduction
efficiency compared to the traditional Pidgeon method. A
key finding was that the calcination temperature during
the integrated process had a significant impact on reduc-
tion efficiency. The optimal reduction efficiency was
achieved with calcination temperatures of 500°C for the
first step and 800°C for the second step. While forming
pressure greatly influenced the reduction reaction rate, it
did not significantly affect the final reduction efficiency.
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