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Abstract: The process of aluminothermic reduction of a mixture of calcined dolomite and calcined magnesite had been developed.
The mechanism of the process was studied by SEM and EDS. The reduction process was divided into three stages: 0<#,/#,<0.43+0.06,
0.43+0.06<#,/17,<0.9£0.02 and 0.9£0.02<#/n,<1, where 7, and # are the reduction ratio at time ¢ and the final reduction ratio obtained
in the experiment at temperature 7, respectively. The first stage included the direct reaction between calcined dolomite or calcined
magnesite and Al with 12Ca0O-7A1,05; and MgO-Al,O; as products. The reaction rate depended on the chemical reaction. The CA
phase was mainly produced in the second stage and the overall reaction rate was determined by both the diffusion of Ca*" with
molten Al and the chemical reaction. The CA, phase was mainly produced in the third stage and the reaction process was controlled

by the diffusion of Ca*".

Key words: magnesium; aluminothermic reduction; magnesite; dolomite; mechanism

1 Introduction

Magnesium is the lightest metal among the
commonly used structured metals and widely applied in
many fields, such as metallurgy, chemistry and
automobile industry [1,2]. Magnesium is produced by
two principal processes: electrolysis of molten
magnesium chloride and thermal reduction of magnesia.
The proportion of electrolysis is getting smaller due to
the high cost [3]. The Pidgeon process is widely used in
thermal reduction of magnesia, which has been in the
mature stage [4—6]. Although the cost of Pidgeon process
is lower than that of the electrolysis, the Pidgeon process
is characterized by high-energy consumption and serious
environmental pollution [7]. Some processes were
proposed in order to reduce energy consumption as well
as the cost. For example, the solid oxide membrane
(SOM) process [8] can be alternative to electrolytic
process. However, there are still several scientific
challenges in the SOM process. Several researchers
[9,10] proposed the process of carbothermic reduction of
magnesia. However, the well-known primary issue with
the carbothermal process is the easy reverse reaction.

CSIRO’s  MagSonic™  process [11,12], under
development in Australia since 2003, has achieved
minimal reversion by cooling the reaction products
(gases) at 10°°C/s by supersonic acceleration through a
Laval nozzle [13]. Some researchers [14,15] tried to use
other alloys as reductant, such as Al-Si—Fe and Si—Cu,
in thermal reduction processes which were still studied in
the lab scale.

Aluminothermic routes offer attractive choice over
other production methods since aluminum is a stronger
reducing agent compared with ferrosilicon and carbon.
However, this process can be only possible by finding a
route to cut down the cost.

FENG and WANG [16] proposed a new vacuum
aluminothermic reduction method by which magnesium
is produced through aluminothermic reduction of a
mixture of calcined dolomite and calcined magnesite.
The reduction residue can be reused to produce AI(OH);.
It can greatly cut down energy consumption and CO,
emissions as well as the reduction residue discharge
compared with the Pidgeon process. The optimal
parameters of this process have been studied by HU et al
[17] and WANG et al [18]. The kinetics of this process
was studied in our previous work [19]. The results
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showed that the reduction process was divided into three
stages. Both the first and second stages were described
by R3 model. The activation energy values of the two
stages were 98.2 and 133 kJ/mol, respectively. The D3
model could well explain the reduction process of the
third stage and the activation energy was 223.3 kJ/mol.

YANG et al [20] studied the mechanism of
aluminothermic reduction of calcined magnesite in the
inert atmosphere by a high-temperature optical
microscope, SEM and XRD analyses. The results
showed that the reduction proceeded after the penetration
of molten aluminum into the magnesium oxide phase.
Magnesium oxide was reduced by aluminum to form Mg
and MgO-Al,O; at first, and then the excess aluminum
reacted with spinel slowly.

The present work further studied the reduction
mechanism of extracting magnesium from the mixture of
dolomite and magnesite by XRD, SEM and EDS
analysis.

2 Experimental

2.1 Experimental procedures and apparatus

The raw materials used in this study were obtained
from Dashiqiao in Liaoning Province, China. Table 1
lists the major compositions of magnesite and dolomite.
The purity of aluminum power as reduction regent is
99%.

Table 1 Major chemical composition of raw materials (mass
fraction, %)

Component MgO CaO SiO, Fe,O; Al,O; Ignition loss
Dolomite 21.73 30.62 0.39 0.09 0.08 46.88
Magnesite 47.28 0.56 0.24 0.23 0.08 51.27

The dolomite and magnesite were calcined at 1323
and 1023 K for 90 min, respectively. They were
pulverized (10 um in average diameter) and mixed at a
molar ratio of calcined magnesite to calcined dolomite to

aluminum to be 5:1:4 since the reaction was expected as
follows:

Ca0-MgO+5MgO+4A1—>Ca0-2A1,05+6Mg? (1)

The mixed powders were compacted into 25
mm-diameter and 23 mm-height cylindrical pellets under
a compacting pressure of 90 MPa using a cold isostatic
press. The pellet mass was (20+£0.2) g before reduction
and the change in pellet mass after reduction was
measured by using an electronic balance with a detection
precision of 0.001 g. The vacuum thermal reduction
experiments were carried out at 4 Pa and 1323—-1473 K.
The isothermal reduction method was applied, which
was introduced in detail in the previous paper [19]. The
reduction ratio of magnesium oxide (7) is defined as the
ratio of the mass change of the pellet (Am) to the initial
magnesium mass in the pellets ().

n=(Am/mg)x100% ©)

The experimental apparatus is shown in Fig. 1. A
resistance furnace with SiC heating elements was used to
heat the tube which was made of high-temperature
alloyed steel. The temperature was measured with
NiCr—NiSi thermocouple. The inert atmosphere can be
blown into the tube by the atmosphere gas inlet.

2.2 Samples preparation and characterization

In order to study the cross-section of the reduction
residue powder, the method for SEM sample preparation
introduced by MIAO et al [21] was used in this work. A
small amount of reduction residue powder was mixed
with the hot mosaic powder (HMI, produced by
Shanghai Wanheng Precision Instruments Co. Ltd.). The
mixture was hot-pressed into pellet of 30 mm in diameter
and 15 mm in height at 408 K by XQ-1 laboratory press.
The pellet was lightly polished on the 6.5 um sandpaper
and coated with gold by sputtering. The reduction

residue  was studied by XRD (PW3040/60

PANALYICAL B.V) and SEM (SSX—550, SHIMADZU,
Japan).

Fig. 1 Schematic diagram of experimental apparatus: A—Thermocouple; B—Vacuum tube; C—Circulating water; D—Water-cooled
jacket; E—Condenser; F—Briquettes bucket; G—Briquettes; H—Furnace; [——Atmosphere gas inlet
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3 Thermodynamic considerations

The production phases in the reduction residue
12Ca0-7A1,0;, CaO-Al,0;, CaO-2A1,0; and

MgO-AlL,O; according to our previous paper [19].

Therefore, the possible reactions are listed in Table 2.

were

Table 2 Possible reactions during reduction process

No. Possible reaction
2/3A1(1)+MgO(s)—> 1/3A1,05(s)*+Mg(g)
2/3A1(1)+4/3MgO(s)—> 1/3(MgO- Al,03)(s)+Mg(g)
4/7Ca0(s)+2/3A1(1)+MgO(s)—> 1/21C,A4(s)+Mg(g)
1/3Ca0(s)+2/3A1(1)+MgO(s)— 1/3CA(s)+*Mg(g)
1/6Ca0(s)+2/3A1(1)+MgO(s)—> 1/6 CA,(s)+Mg(g)
1/15CapA4(s)+2/3Al(1)+MgO(s)—4/5CA(s)+Mg(g)
1/51Ca;A7(s)+2/3A1(1)+MgO(s)—>4/17CA,(s)+Mg(g)
1/3CA(s)+2/3Al+MgO(s)—> 1/3CA,(s)+Mg(g)
2/3A1(1)+MgO-Al,O;(s)—>4/3A1,05(s)+Mg(g)
4/3Ca0(s)+2/3A1()+MgO-Al,O3(s)—
4/3CA(s)+Mg(g)
2/3Ca0(s)+2/3A1(1)+MgO-Al,O3(s)—
2/3CA,(s)+Mg(g)
16/7Ca0(s)+2/3Al(1)+MgO-Al,O3(s)—>
4/21C1,A4(s)+Mg(g)
4/15CappA-(s)+2/3A1(1)+MgO-Al,O5(s)—
16/5CA(s)+Mg(g)
4/51CappA4(s)+2/3A1(1)+MgO-Al,O5(s)—
16/17CA,(s)+Mg(g)
4/3CA(s)+2/3A1(1)+MgO-Al,O3(s)—>

4/3CA,(s)tMg(g)

C12A7*12C30'7A1203; CA*CaOA1203, CAZ*CB.OZAIQO;;, C—
CaO; A_A1203

=09 - O [P ] o &

—

o

The basic reactions and the thermodynamic data [22]
are expressed as follows:

2/3A1(1)+MgO(s)—> 1/3ALO5(s)+Mg(g),

AG®=171733.3-98.2T (3)
A1203+Mg0—>MgO'A1203,

AG®=—35600-2.1T (4)
7A1,044+12Ca0—>12Ca0-7A1,0;,

AG®=-38585-202.4T (5)
A1203+C30—>C30‘A1203,

AG®=—18000—18.8T7 (6)
2A1L,05+Ca0—>Ca0-2AL,0s,

AG®=—16700-25.5T (7)

According to the reactions (3)—(7), the equilibrium
partial pressure of magnesium during the reactions in
Table 2 can be calculated as shown in Fig. 2. All of the

reactions in Table 2 are possible to take place in the
experimental conditions which are 1323—-1473 K and 4
Pa. It is clear that reaction (1) occurs more probably than
reaction (i) because it has higher equilibrium partial
pressure of magnesium vapor.
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Fig. 2 Changes of equilibrium partial pressure of Mg with
temperature

4 Results and discussion

4.1 XRD analysis

Figure 3 shows the changes in reduction rate with
time at different temperatures. The higher reduction rate
was obtained at the higher reduction temperature. The
reduction rate increased very fast in the initial 10 min.
The details were discussed in our previous paper [19].
According to the kinetics calculation, the reduction
process was divided into three parts: 0<#,/7:<0.43+0.06,
0.43£0.06<#,/1:<0.9+£0.02 and 0.9+0.02<#,/n<1, where 5,
is the reduction rate at temperature 7 at time #; #y is the
final reduction rate at the temperature 7 in the
experiments. From the first part to the third part, the
reaction rate was decreased and the apparent activation
energy was increased.
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Fig. 3 Effect of temperature on reduction rate
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Figure 4 shows the section of the pellet after
reduction at 1473 K for 15 min. It is clear that the sample
includes three layers marked as A, B and C, respectively.
The XRD analyses of layers A, B and C in Fig. 5 indicate
that there are the same phases in the three layers. The
changes with time in the intensities of peaks of
MgO(200), MgO-ALO5(311), CA(123), CA,(311) and
C2A7(211), which are the strongest peaks of these
substances, are presented in Fig. 6. The intensity of
magnesium oxide peaks increased from C to A. This
indicated that the reaction rate of the outside part of the
pellet was larger than that of the inside part. The
decreasing peaks of MgO-Al, O3, C,A7 and CA from the
inside to out indicated that these phases were produced at
first and consumed later. On the other hand, the peaks of
CA, were increased from the inside to out. Hence, one
can deduce that the phase transformation occurs from
MgO-Al,O;, Cj,A; and CA to CA,. According to SCIAN
et al [23], the calcium aluminate phases transformed in
the sequence of Cj,A;—CA—-CA,. It was deduced that
CA,; was produced from CA.

Fig. 4 Section image of pellet after reduction at 1473 K for 15
min

4.2 SEM and EDS analyses

The residue should include two types of particles:
the reduction particles of calcined dolomite and calcined
magnesite. Therefore, it is necessary to distinguish two
types of particles in the microcosmic scale. To solve this
problem, the distribution of Mg, Ca and O elements on
the surface of calcined dolomite particles was studied by
EDS as shown in Fig. 7. There are the same distribution
patterns of Mg and Ca since the phase is CaO-MgO in
the calcined dolomite. According to this result, particles
including Mg and Ca in the same region should be the
calcined dolomite particles, whereas particles in the
Mg-rich region without Ca element are the calcined
magnesite particles.

The residue after reducing at 1423 K for 10 min was
used to prepare the sample for SEM and EDS analyses.
The distribution of Mg, Ca, Al and O elements on the
cross-section of reduction residue powder was studied
as shown in Fig. 8. Figure 8(a) shows particle after

(a) s — Ca0-Al0;
. v — Mg0-ALO;

«— 12Ca0-7ALO;
«— CaO'2A1203
= — MgO
+— Al

10 20 30 40 50 60 70 80 90

200(°)
(b) + — Ca0-AlLO,
“ vy — MgD‘A]ED:;

¢ — 12Ca0-7AlL,0,
«— Ca0-2Al1,0,
=— MgO

- . +«+ — Al

20(%)
{C) 4 — CaO‘A1203
) v — MgO-ALO,

¢ — 12Ca0-7AlL,0,
«— Ca0-2Al,0,
= — MgO

« +— Al

10 20 30 40 50 60 70 80 90
20/(%)
Fig. 5 XRD patterns of pellet after reduction at 1473 K for 15
min: (a) Layer A; (b) Layer B; (c) Layer C

12

Intensity/103

ChA, CA, CA, MgO MgO-AlO,
(211 (123)  (311) (200) (311)
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Fig. 6 Intensity changes of the strongest peak of main phases in
different parts
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Fig. 7 SEM image and EDS analyses of calcined dolomite: (a) SEM image; (b) Mg distribution; (c) Ca distribution; (d) O

distribution.

reduction, which includes the light exothecium and the
dark endothecium. Comparing Figs. 8(a) with Fig. 8(b)
and Fig. 8(c), it is deduced that the Ca is rich in the
exothecium and Mg is rich in the endothecium. There is
almost no Ca in Mg-rich region. Therefore, this particle
is a calcined magnesite particle. In Fig. 8(a), the Mg-rich
region in the middle of the particle is the unreacted core.
In Fig. 8(c), a large number of Ca has diffused into the
calcined magnesite. This result is in agreement with the
previous studies [24—28] in which the authors described
the phase formation of CA resulting from the diffusion of
the lower oxygen affinity ions, Ca>". According to results
by YANG et al [20], the reduction reaction occurred due
to the penetration of molten aluminum into the
magnesium oxide phase. This phenomenon can be easily
found in Fig. 8(d). In Figs. 8(c) and (d), the same
distribution patterns of Al and Ca indicate that the
diffusion of Ca is accompanied with molten Al

The authors tried to find a calcined dolomite
particle with unreacted core. But it is difficult due to the
little content (only 10% in molar fraction) of calcined
dolomite in the raw material. Figure 9 shows an
unreacted particle and a completely reacted particle. It is
easily deduced that the particle 4 is an unreacted

calcined magnesite particle. The particle B is a
completely reacted particle since there is almost no Mg
in the region. The distribution patterns of Al and Ca in
the particle B are different from that in the calcined
magnesite particle. In Fig. 9(c), the content of Ca is less
in the middle of the particle B than in the edge. The
distribution of Al is opposite to Ca distribution in
Fig. 9(d). Since the raw material only contained calcined
dolomite particles and calcined magnesite particles, it is
guessed that the particle B is a calcined dolomite particle
before reduction. The out-diffusion of Ca®" led to the
decreasing content of Ca in the middle of the particle.

4.3 Description of reaction mechanism

According to the previous paper [19], the reduction
process can be roughly divided into three stages. The
phases MgAl,O4 and Cj»A; were mainly produced in the
first stage. The second stage included the phase
transformation from MgAl,O4 and Cj,A; to CA. The
phase CA, was mainly formed in the last stage. The
mechanism of each stage is described as follows.

1) The first stage

The reaction rate of this stage is the fastest in
the three stages. According to the kinetic study [19], the
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stage is controlled by chemical reaction and the apparent
activation energy is 98.2 kJ/mol. The results are similar
to those reported by YANG et al [29]. According to their
results, the apparent activation energy is 109 kJ/mol and
the reaction is controlled both by the penetration of
molten aluminum into the magnesium oxide phase and
by the reduction reaction.

Figure 10 shows the reaction mechanism of the first
stage. The molten aluminum penetrates into particles of
calcined magnesite and calcined dolomite. According to
our previous paper [19], the contents of 12CaO-7Al1,04
and MgO-ALL,O; rapidly increased in this stage.

Fig. 8 EDS analyses and SEM image
of reduction particles of calcined
magnesite: (a) SEM image; (b) Mg
distribution; (c) Ca distribution; (d) Al
distribution; (e¢) O distribution

Therefore, it is deduced that reactions (8) and (9) occur
in this stage.

12Ca0(s)+14Al(1)+21MgO(s)—>

12Ca0-7AL05(s)+21Mg(g) (8)
2A1(1)+4MgO(s)—MgO-Al,05(s)+3Mg(g) )
2) The second stage

This stage is considered the formation stage of CA.
The reaction rate in this stage is slower than that in the
first stage. The apparent activation energy is 133 kJ/mol.
The values of the activation energy for formation
of CA from CaCO; and Al(OH)s, are 303 kJ/mol [30],
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Boundary of particles

Calcined \
dolomite Al
T e R i, i e o, s
Molten aluminum

Fig. 10 Reduction mechanism of the first stage

Calcined
magnesite

Fig. 9 EDS analyses image and

SEM image of unreacted calcined
magnesite and completely reacted
calcined dolomite: (a) SEM image;
(b) Mg distribution; (c) Ca
distribution; (d) Al distribution; (e)
O distribution

376 kJ/mol [31] and 205 kJ/mol [27], respectively. It is
seen that the activation energy in the present work is less
than that reported in other papers. This is attributed to
Ca’" diffusion with molten aluminum that decreases the
activation energy.

Although the reaction rate is determined by
chemical reaction according to the kinetics, the diffusion
of Ca’ has an important effect on the reactions of this
stage according to SEM and EDS analyses. Therefore, it
is appropriate to consider that the second stage is
controlled both by reduction reactions and by Ca®'
diffusion with molten aluminum.

Figure 11 shows the reaction mechanism of the
second stage. The out-diffusion of Ca* may result in
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Boundary of particles

Ca?*

Calcined
magnesite

Calcined
dolomite

Al

Molten aluminum
Fig. 11 Reduction mechanism of the second stage
(interrogation mark indicates that the process is uncertain in the
present study but it was reported by other papers)

phase transformation from CaO-MgO to MgO in the
calcined dolomite. And the content of C,A; was
decreased in this stage according to the previous paper
[19]. Therefore, it is deduced that both reactions (10) and
(11) may occur in the calcined dolomite. On the other
hand, reactions (12) and (13) may occur in particles of
calcined magnesite due to the diffusion of Ca*" into it.

CaO-MgO(s)+2Al(1)+2MgO(s)—>

Ca0-ALO5(s)+3Mg(g) (10)
12Ca0-7AL,05~5Ca0—>7(Ca0-Al,05) (11)
4Ca0(s)+3MgO-AlLOs(s)+2Al(1)—>

4(Ca0-AlL05)(s)+3Mg(g) (12)

CaO(s)+3MgO(s)+2A1(1)—>CaO-ALOs(s)+3Mg(g) (13)

Several previous studies [23,32,33] about formation
of CA, proposed that AI’" diffusion into the Ca-rich
phases, though to a less extent, was also observed.
However, it is hard to determine that AI*" diffuses into
the calcined dolomite in the present study. Therefore, the
existence of the following reaction (14) is uncertain from
the present results.

12Ca0-7ALO5+5A1,0;—>12(Ca0-AL03) (14)

3) The third stage

The CA, phase is formed in this stage. The
reduction rate is the slowest in the three stages.
According to the kinetics, the diffusion process
determines the reaction rate and the apparent activation
energy is 223.3 kJ/mol. This value is similar to the
activation energy reported for Ca’" diffusion into CaO
(142268 kJ/mol) [33], much less than that reported for
the diffusion of A’ into ALO5 (478 kJ/mol) [33]. Such
considerations have usually been used [27,34] to suggest
a mechanism that involves the diffusion of Ca*" in

preference to that of AI’*. Therefore, the third stage is

controlled by the diffusion of Ca*".

The reduction rate increased slowly and reached
about 80% in this stage. This result indicated that most of
molten aluminum was exhausted, which limited the
diffusion of Ca’" with molten aluminum. It is thus
deduced that the diffusion of Ca®" mainly occurs inside a
particle or at the edges of two close particles. Figure 12
shows the diffusion process in a particle.

Boundary of any particle

Fig. 12 Reduction mechanism of the second stage in particle

In Fig. 12, calcium ions diffuse into MgO and
MgO-ALL,O; from Ca-rich phases (CA and CjA5).
According to XRD analysis, the calcium aluminate
phases transformed in the sequence of C,A;—CA—CA,.
Therefore, the Cj,A; phase transforms into CA phase due
to the loss of Ca®" according to the reaction (11). The CA
phase loses Ca®" to form CA, phase. The reaction (15)
may be the main one in this stage.

2(Ca0-AlL0;)-Ca0—>Ca0-2A1,0; (15)
5 Conclusions

1) XRD analysis of the section of a pellet indicated
that MgO-AL,O3, CpA; and CA phases were formed at
first and CA, phase was produced later from CA phase.

2) SEM observation and EDS analysis of the section
of reduction particles confirmed that the diffusion of
Ca®" was accompanied with molten aluminum. It was
uncertain if AI’* diffused into Ca-rich phases.

3) The phases MgO-Al,O3, and C,A; were formed
in the first stage. The process was controlled both by the
penetration of molten aluminum into the magnesium
oxide phase and by the chemical reaction between Al and
MgO. The CA phase was formed in the second stage.
This stage was controlled both by reduction reactions
and by Ca®" diffusion with molten aluminum. The third
stage was considered the formation stage of CA,. The
reaction rate in the third stage depended on the diffusion
of Ca*".
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