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Abstract: The vacuum aluminothermic reduction of the mixture of calcined magnesite and calcined dolomite was studied. An
isothermal reduction method satisfying the vacuum aluminothermic reduction was proposed. The experiments were carried out at
4 Pa. The results indicate that the reduction rate is increased with increasing temperature, content of aluminum and pellet forming
pressure. The XRD patterns of pellets at different reduction stages confirm that the reduction process can be roughly classified into
three stages: the formation of MgAl,O,, and Ca;,Al 4053 phases; the phase transformation from MgAl,O, and Cj,A; to CaAl,Oy; the
formation of CaAl4O; phase. The experimental data were divided into three parts according to the kinetic models. The apparent
activation energies of the three parts were determined to be 98.2, 133.0 and 223.3 kJ/mol, respectively.
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1 Introduction

Magnesium is the lightest metal among the
commonly used structured metals, and its wide
application in many fields, such as metallurgy, chemistry,
automobile industry [1,2], implies the huge demands for
magnesium in the world. Magnesium is produced by two
principal processes: electrolysis of molten magnesium
chloride and thermal reduction of magnesia. The
proportion of electrolysis is getting smaller because this
process is characterized by high-energy consumption [3]
and high cost [4]. The Pidgeon process, which has been
in the mature stage [5—7], is widely used in thermal
reduction of magnesia. Although this process is better
than electrolysis in terms of energy consumption, cost,
etc, it is still disadvantaged in these parts [8]. Several
works [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. A new vacuum thermal reduction
method, by which magnesium is produced through
aluminothermic reduction of a mixture of calcined
dolomite and calcined magnesite, was proposed by

FENG and WANG [11]. Compared with the Pidgeon
process, this method can reuse the reduction residue and
greatly cut down energy consumption and CO, emissions.
The optimal parameters of this process were studied by

U [12] et al and WANG et al [13]. However, the
kinetics of this process is not well studied.

On the other hand, the kinetics of aluminothermic
reduction of magnesia was reported. By use of the
isothermal reduction, YANG et al [14] investigated the
effects of temperature, carrier gas flow rate, pellet
forming pressure on the reduction ratio of MgO. The
apparent activation energy of the pellets containing
magnesium oxide and aluminum at a molar ratio of 4:2
was calculated and the value was 109 kJ/mol. LAN et al
[15] used the non-isothermal reduction method to
calculate the apparent activation energy of the pellets
containing magnesium oxide and aluminum at a molar
ratio of 3:2, which was 151.2 kJ/mol. In addition, they
also proved that the lime addition accelerated the
reaction. However, the apparent activation energy of the
pellets with the lime addition was not calculated in their
work.

As for the conventional isothermal reduction
methods, such as aluminothermic reduction of titanium
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oxide [16], the reacting substances were preliminarily
placed in an alumina crucible and were preheated at a
lower temperature. Before starting an experiment, the
temperature was increased to the prescribed one as
quickly as possible by applying full power of induction
furnace. However, this method cannot be applied to a
rapid reduction process such as the aluminothermic
reduction of magnesium oxide. YANG et al [14]
proposed an isothermal aluminothermic reduction
method. They promptly inserted a graphite tube charged
with the samples into a high-temperature zone to start the
experiment and the tube was rapidly lifted up to a low
temperature zone to end the experiment. The inert
atmosphere was maintained in the furnace by blowing
argon gas. However, the method cannot satisfy the
vacuum reduction condition.

In this work, a method is proposed in order to obtain
the isothermal reduction process under the vacuum
condition. Effects of temperature, MgO-to-Al mole ratio
and pellet forming pressure on the reduction ratio are
investigated by the isothermal reduction method. The
apparent activation energy is obtained. The reduction
mechanism of extracting magnesium from the mixture of
dolomite and magnesite is preliminarily analyzed by the
X-ray diffraction.

2 Experimental
2.1 Raw materials

The raw materials used in this study were obtained
from Dashiqgiao in Liaoning Province, China. Table 1

shows the major compositions of magnesite and dolomite.

The purity of aluminum power used as reduction agent is
99% in mass fraction.

Table 1 Major chemical composition of raw materials

Ore w/% Ignition

MgO CaO SiO, Fe,O; ALO; loss/%

Dolomite  21.73 30.62 039 0.09 0.08  46.88

Magnesite 4728 0.56 0.4 023 008 5127
2.2 Apparatus

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.

2.3 Procedures

The dolomite and magnesite were calcined at 1323
K and 1023 K for 90 min, respectively. They were
pulverized (10 pm 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

Fig. 1 Schematic of experimental apparatus: 1—Thermocouple;
2—Vacuum tube; 3 — Circulating water; 4— Water-cooled
jacket; 5—Condenser; 6—Briquettes bucket; 7—Briquettes;
8—Furnace; 9—Atmosphere gas inlet

follows:
CaO-MgO+5MgO+4Al—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 with an electronic balance with a detection
precision of 1 mg. The vacuum thermal reduction
experiments were carried out at 4 Pa. The reduction
residues at different stages of reduction were
qualitatively  investigated by XRD (PW3040/60
PANALYICAL B.V, using the Cu K, target).

The reduction ratio of magnesium oxide (7) is
defined as the ratio of magnesium mass loss in the
reduction (Am) to the initial magnesium mass in the
pellets (mg). Since release of the produced magnesium
vapor is the only reason of the change in the pellet mass,
the change in the pellet mass is taken as the magnesium
mass loss.

n= (Am/mg)x100% )

2.4 Isothermal reduction method

For the isothermal vacuum reduction, if the samples
are placed in the vacuum tube at the experimental
temperature, the reductant will be oxidized in the
operating time for sealing the tube. The other method is
that the samples are placed in the tube at the ambient
temperature and the atmosphere in the tube is adjusted to
the experimental vacuum. The tube is preheated at a
lower temperature. Before starting an experiment, the
temperature is increased to the prescribed one as quickly
as possible by applying full power of the furnace.
However, the elapsed time for temperature increasing
from the preheated one to the prescribed one is too long
to satisfy the isothermal reduction condition for rapid
reduction processes such as the aluminothermic
reduction.

In the present experiments, two same furnaces were
used. The temperature of the first one was kept at 1273 K.
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The temperature of the second one was at the
experimental one. The samples were placed in the tube at
room temperature. The tube was outgassed down to 0.5
Pa and then filled with argon to the pressure of 120 kPa.
After the temperature of the tube reached 1273 K, the
tube was promptly transferred into the second furnace.
The release valve was regulated to maintain the pressure
at 120 kPa during the heating process. The vacuum valve
was opened when the temperature reached the prescribed
one. The pressure in the tube was reduced to 4 Pa within
20 s by using the mechanical pump and the roots pump.
After the experiment, the pressure in the tube was
promptly recovered to 120 kPa by filling argon and the
tube was taken out of the furnace to end the reduction.
Figure 2 shows the relationship between the elapsed time
for elevating temperature from 1273 K to the
experimental one and the reduction ratio during this
process. The reduction reaction is so slow at 120 kPa
during the heating process that it is appropriate to
consider the method as an isothermal reduction one.

3.5F 1473 I.(

T

3.0
25T

2.0
1373 K

Reduction ratio/%

Lo 1323 K
0.5

1273 K

0 -’ 1 1 1 1 1 1 1 1 L 1 1

0 20 40 60 80 100120 140160 180 20022
Time/s

Fig. 2 Relationship between elapsed time from 1273 K to

experimental one and reduction ratio during this process
3 Results and discussion

3.1 Effect of temperature on reduction ratio

Figure 3 shows the changes in reduction ratio with
time at different temperatures. The compacting pressure
of pellets was 90 MPa. The lines are the calculated
results, which will be explained later.

At the temperature of 1473 K, the reduction ratio
increased very fast at first, reached 77.11% at only 10
min and increased slowly at subsequent soaking time.
The final reduction ratio was 85.39%. With decreasing
temperature to 1423 K and 1373 K, the reduction ratio
became slow. The reduction ratios were 71.13% and
60.36% at 15 min, and 78.1% and 70.29% at the end of
the experiments. When the temperature was further
decreased to 1323 K, the reduction behavior was quite
different from that at the higher temperatures. The

reduction ratio rose fast in the initial 2 min, and then
turned into a gradual increase until 5 min, but the
reduction accelerated after Smin. The final reduction
ratio was 63.46%. The difference in the reduction pattern
may be explained by the results of YANG et al [17].
They observed the pellets at the different reduction
stages by SEM at 1373 K and considered that alumina
film formed on the surface of aluminum particle reduced
the aluminothermic reduction ratio in the initial several
minutes. The reduction was improved in the subsequent
time due to the elimination of the alumina film. However,
the phenomenon was observed at 1323 K in the present
study. This is because calcium oxide contained in the raw
materials reacted with the alumina film, which resulted
in the phenomenon observed at a lower temperature.
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20 A T=1423K
L v 7=1473 K
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0" 10 20 30 40 50 60

Time/min

Fig. 3 Effect of temperature on reduction ratio

3.2 Effect of magnesia-to-aluminum mole ratio on
reduction ratio

Figure 4 illustrates the effect of the magnesia to
aluminum mole ratio on the reduction ratio. There was
no apparent increase of the reduction ratio in the first 2
min with the increase of aluminum content. The
reduction ratio increased evidently after 2 min. The finial
reduction ratio was 68.2% at the magnesia-to-aluminum

90
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_70+
=
260Ff
E
E 50
S 40+
32 = n(MgO):n(Al)=3:1.9
~ 30 o n(MgO):n(Al)=3:2.0 (theoretical ratio)

& n(MgO):n(Al)=3:2.1
201§ #(MgO):n(Al)=3:2.2
10 T=1423 K
Compacting pressure: 90 MPa
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Time/min

Fig. 4 Effect of MgO-to-Al mole ratio on reduction ratio
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mole ratio of 3:1.9. With magnesia-to-aluminum mole
ratio reaching 3:2.0 and 3:2.1, the finial reduction ratio
increased to 78.1% and 82.2%. The reduction ratio
increased slowly when magnesia to aluminum mole ratio
was further increased to 3:2.2. The contacting area
between magnesia and aluminum increases with the
increase of aluminum content in the mixture, which
accelerates the reaction.

3.3 Effect of pellet forming pressure on reduction

ratio

Figure 5 shows the effect of the pellet compacting
pressure on the isothermal reduction. The reduction ratio
increased evidently when the pellet forming pressure
increased from 60 MPa to 90 MPa. The reduction ratios
were 70.92% and 78.1% at 60 min, respectively. This is
because increasing the pellet forming pressure increases
the contact area between magnesia and aluminum, and
thus improves the penetration of molten aluminum into
the magnesium oxide phase [14]. The final reduction
ratio only reached 80.5% when the pellet forming
pressure was increased to 120 MPa. The escape of the
produced magnesium vapor from the reaction site was
hindered since the increase of the compacting pressure
raised the pellet density. This resulted in the slow
increase of the reduction ratio.
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Fig. 5 Effect of compacting pressure on reduction ratio

4 Kinetics and reaction mechanism of
isothermal reduction

4.1 Reaction mechanism

The pellets at different reduction stages were
analyzed by XRD to clarify the mechanism of the
aluminothermic reduction. The results are shown in
Fig. 6. The reduction experiments were carried out under
the conditions of 1423 K, n(MgO):n(Al) of 3:2 and pellet
forming pressure of 90 MPa.

Before the reduction, the XRD pattern shows
that the pellets contained MgO, CaO and Al. After the
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Fig. 6 XRD patterns of reduction residues prepared at 1423 K
for different reduction time

reduction, the main phases in the residue were Al, MgO,
MgAlL,O,, CaAl,0, (CA), CaAl,O; (CA,) and
CappAl40;53 (CpA;). The changes with time in the
intensities of peaks of Al (111), MgO (200), MgAl,04
(311), CA (123), CA,(311) and C,A;(211), which are
the strongest peaks of these substances, are presented in
Fig. 7. It is clear that the intensities of magnesium oxide
and aluminum peaks decreased as the reduction
proceeded. This indicated that magnesium oxide and
aluminum were continuously consumed by the reduction
reaction. The intensity of the C;,A; peak increased only
in the first 1.5 min, and then decreased until the end of
the experiment. The intensity of the CA peak increased
rapidly in the first 15 min, changed slowly in the
subsequent 30 min and decreased in the last 15 min. The
intensity of the spinel peak increased rapidly in the first
10 min and decreased slowly in the subsequent time. The
CA, phase appeared after 15 min and the peak intensity
increased until the end of the experiment.

From these results, it is deduced that the C;,A;
phase was transferred into the CA phase from 1.5 min to
15 min. The CA phase was consumed and transferred
into the CA, phase after 15 min, but the CA peak
increased slowly in the subsequent 30 min due to the
phase transformation from Cj,A; to CA. It can
be believed that the calcium aluminate phases in the
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Fig. 7 Changes in intensities of Al(111), MgO(200),
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patterns with time

C1A,(211) in XRD

reduction residue were formed in the sequence of
C,A;—=CA—CA,. The results are consistent with that
reported by SCIAN et al [18]. The formation rate of
spinel was slower than its consumption rate after 10 min.
Therefore, the reduction process can be roughly
classified into three stages. In the first stage, MgAl,O,,
and C,A; phases were formed rapidly in the initial of
1.5 min. In the second stage, the phase transformation
occurred from MgAl,O4 and CA; to CA with the fast
increase of the reduction ratio. In the third stage, the
magnesium oxide and part of the spinel were further
reduced. The CA, phase was formed with the slow
increase of the reduction ratio.

As well known, spinel is the main product of the
aluminothermic reduction of magnesium oxide. And
CpA, the main phase in the residue of
aluminothermic reduction of calcined dolomite according
to LIU et al [19]. The reaction mechanism is summarized

was

Table 2 Mechanism functions of reduction process

as follows. 1) Molten aluminum penetrates into calcined
magnesite and calcined dolomite [17] in which the
magnesium oxide is reduced to form MgO-Al,O; and
Ci2A, respectively. 2) MgO-AlL,O; and Ci,A; transfer
into CA and further into CA,. The description of the
reaction mechanism is superficial and simple. The more
specific mechanism needs to be studied further in the
future.

4.2 Kinetics
The kinetic formula is expressed as follows:

d"‘ — K(T)f (@) 3)

where a is the reaction degree, which is defined by

— =M ( 4)
e — 1o

where 7, is the reduction ratio at time ¢, #; is the final
reduction ratio at the end of the experiment, and 7, is the
initial reduction ratio. In the present case, a=#, can be
obtained since #y =1 and #,=0. Integration of Eq. (3)
gives the relationship between o and ¢. The functions F(«)
and f{a) are shown in Table 2.

Flay=| Of(—da KTt ()

The function F(a) in Table 2 is substituted into
Eq. (5). Table 3 shows the Adj. R-square values of the
fitting lines by using the reduction ratios at 1373 K. The
linear relationship is poor in the scale of 0—60 min. If the
scale of time is reduced, the linear relationship will
become stronger. In the scale of 0—2 min, the linear
relationship obtained from the functions Al, R2 and R3
is better than that from other functions. The same method
was used to determine the scale of time at temperatures

Symbol fa) Fla) Rate-controlling process
D1 1/Q2a) o One-dimensional diffusion
D2 [~In(1-a)]™" ot(1—a)In(1-a) Two-dimensional diffusion; cylindrical symmetry
D3 1100 (- (-0 pherica symmetey: Jander agiton
I KRS (S e s e
F1 I-a —In(1-a) Random nucleation; only one nucleus on each particle
A2 2(1-a)[ —In(1-a)]"? [—In(1-a)]"? Random nucleation; Avrami I equation
A3 3(1-a)[ ~In(1-a)]** [—In(1-a)]"? Random nucleation; Avrami II equation
R2 2(1-a)"? 1- 1-a)'? Phase boundary reaction; cylindrical symmetry
R3 3(1-a)*? 1-(1-a)"? Phase boundary reaction; spherical symmetry
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Table 3 Values of Adj. R-square obtained from reduction ratios at 1373 K

Time/ Mechanism function
min D1 D2 D3 D4 Al A2 A3 R2 R3
0-60 0.856 0.879 0.902 0.887 0.816 0.671 0.596 0.775 0.789
0-5 0.964 0.967 0.979 0.988 0.922 0.803 0.749 0.907 0.912
0-2 0.970 0.964 0.958 0.962 0.999 0.977 0.959 0.999 0.999
Table 4 Values of Adj. R-square obtained from reduction ratios at 0—2 min
Temperature/ Mechanism function
K D1 D2 D3 D4 Al A2 A3 R2 R3
1423 0.988 0.983 0.977 0.981 0.995 0.967 0.950 0.992 0.996
1473 0.967 0.965 0.971 0.990 0.984 0.954 0.941 0.979 0.987
of 1423 K and 1473 K. Good linear relationship is 0.18 (a) 1=0.09068 min-
. . . . L =u. min -
obtained in the scale of 0—2 min and the values of Adj. 0.16
R-square are shown in Table 4. According to the Adj. 0.14r- = 7=1373K \ 2 %
R-square values, the function R3 is the best to explain the - 0.121 : ;;%3% E .
experimental results in the scale of 0—2 min. = 0.10F 0</£<(0.43+0.06)
According to the same principle, the experimental %\_’ 0.08 -
results are divided into three parts. The second and third — 0.06 £=0.07 min!
parts are well explained by the functions R3 and D3, L -
. T 0.04 k=0.05059 min™!
respectively. The relationship between F(a) and ¢ at 0.021
different temperatures is shown in Fig. 8. ol
A parameter S is defined as follows: 5 X 5 '3 55
a Time/min
B= ” : (6) 0
Rf 0401 5=0.02843 min"!
where a, is equal to 7, which is the reduction ratio at time 0.36 - 5_0‘101_54
t; ory is the final reduction ratio in the experiments. In 032} i‘; ggéggg min
Figs. 8(b) and (c), the linear relationship between F(a) 028k
and ¢ is expressed by Eq. (7) since the intercepts are not 7;; '
equal to zero. L, 0241 ~
T 020l %=0.01285 min™!
F(a)=kt+b (7) : b=0.07751
0.16 =
The increasing k values with temperature indicate :};:=i£§ E
that the reduction is greatly enhanced at a higher 0.12¢ AT=1473 K
. 0.08 . (0.4340.06)< ££(0.9£0.02)
temperature. From the obtained apparent rate constants, 0 2 4 6 8 10 12 14 16
the change in reduction ratio with time can be calculated Time/min
according to Eq. (5) and Eq. (7), which are plotted in
Fig. 3. The inflection points of the curves can be 0.22 _(i)?"=l K
attributed to the errors of the different parts. The | *T=1423 K
0207 ar 143K k=0.00145 min"*
1 1 - =L min
calcul.ated results are in good agr.eerrllent with the o1sl 09F0.02)< A1 0.13546
experimental ones. Therefore, the kinetic models are i
lid for explaining th t imental results. S 0.16f
valid for explaining the present experimental results s 0.16 1=0.000911 min-!
According to the Arrhenius equation, the T o4l h=0.1035
relationship between the apparent rate constant (k) and =
the absolute temperature (7) is given b 0.12r 1=0.0003857 min™
P g y s b=0.08726
E 0.10} L
k = Aexp(——) ®)
RT 0.08 , ; : , ,
5 15 25 35 45 55 65

where 4 is the pre-exponential constant (min '), R is the
gas constant (J/(mol'K)), and E is the apparent activation
energy (J/mol). Figure 9 shows the relationship between
In k and 1/T at the temperatures of 1373, 1423 and

Time/min
Fig. 8 Relationship between F(a) and time at different
temperatures: (a) 0<p<(0.43+0.06); (b) (0.43+£0.06)<p<
(0.9£0.02); (c) (0.9+0.02)<p<1
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-2+ E=98.2 kl/mol

-3t '\-\.
“4T E=133.0 kJ/mol
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Fig. 9 Relationship between In £ and 1/T

1473 K. The apparent activation energy values are
determined from the slopes of the straight lines to be
98.2, 133.0 and 223.3 kJ/mol for the three stages,
respectively. According to the kinetic models, the
reduction process of the first and second stages are
controlled by phase boundary reaction, while the
diffusion process determines the reaction rate of the third
stage. The differences of the apparent activation energy
for the three stages are due to the different reaction
mechanisms.

The apparent activation energy of the
aluminothermic reduction of magnesium oxide was
151.2 kJ/mol obtained by LAN et al [15] without the
lime addition. According to their results, the lime
addition can reduce the activation energy. However, the
average value of activation energy is 151.5 kJ/mol in this
work which is almost equal to that obtained by LAN et al
[15]. This may be attributed to the different size of the
pellets. The diameter of the pellets used in this study was
25 mm, which was 5 times larger than that used in the
study of LAN et al. In addition, LAN et al [15] made
experiments under the non-isothermal condition and used
the different kinetic equation.

Figure 10 shows the relationship between F(a) and
time at the different MgO-to-Al mole ratios. The gaps

between the values of k increase with the increasing time.

For example, the values of k are 0.06295, 0.07, 0.07252
and 0.07367 min " at the stage of 0</<(0.44+0.03). With
the decreasing MgO-to-Al mole ratios, the value of &
increases by 11%, 15.2% and 17%, respectively.
However, the increase of the k values are 45.3%, 81.8%
and 272.7% at the stage of (0.9+0.02)<p<1. With the
increasing aluminum content, the increase of the
reduction rate in the latter stage is more marked than in
the early stage. By use of the obtained apparent rate
constants, the calculated changes in reduction ratio with
time accord well with the experimental ones at different
MgO-to-Al mole ratios as shown in Fig. 4.

0.16

= (MgO):n(A)=3:1.9, &=0.09068 min™' , (a)
0.14 e n(MgO):n(Al)=3:2.0, k=0.07 min™!
A n(MgO):n(Al)=3:2.1,
012 =0.07252 min™!
01017 n(MgO):n(A])=_3:2,2,

: k=0.07367 min™!
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0.321(0.44+0.03)<4<(0.940.02
< 028f
N oal A001856 min™!
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Fig. 10 Relationship between F(a) and time at different
MgO-to-Al mole ratios: (a) 0<56<(0.44+0.03); (b) (0.44+0.03)<
£<(0.940.02); (c) (0.9+0.02)<p<1

The relationship between F(a) and time for different
pellet forming pressures is shown in Fig. 11. Good linear
relationship is obtained. The increasing pellet forming
pressure is conducive to enhance the mass transport
which has an advantaged effect on the reduction rate.
Therefore, the values of k increase with the increasing
pellet forming pressure. By use of the obtained apparent
rate constants, the calculated reduction ratios are in
agreement with the experimental results for the different
pellet forming pressures shown in Fig. 5.
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Fig. 11 Relationship between F(a) and time at different pellet
forming pressures: (a) 0<$<0.43+0.02; (b) (0.43+0.02)<
£=<(0.9+0.02); (c) (0.9£0.02)<p<1

5 Conclusions

1) In the sealed tube, air is replaced by argon gas
and the pressure is maintained at 120 kPa. The
aluminothermic reduction rate is so slow in this
condition that there is enough time to elevate the
temperature. This method can satisfy with the isothermal
aluminothermic reduction.

2) The reduction ratio is increased with the increase
of temperature, content of aluminum and pellet forming

pressure.

3) The reaction mechanism is summarized as
follows. Molten aluminum penetrates into calcined
magnesite and calcined dolomite in which the
magnesium oxide is reduced to form MgO-Al,O; and
Ci,A,, respectively; MgO-Al,O; and Cj,A; transfer into
CA and further into CA,.

4) The experimental data can be divided into three
parts according to the kinetic calculation. The reduction
process of the first and second stages is controlled by
phase boundary reaction, while the diffusion process
determines the reaction rate of the third stage. The
apparent rate constants of the three parts are calculated
by using the kinetic models. The results indicate that the
apparent rate constants increase with the increase of
temperature, aluminum content and pellet forming
pressure. The apparent activation energy values of the
three parts are determined to be 98.2, 133.0 and 223.3
kJ/mol, respectively.
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