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Abstract: The extraction of magnesium by prefabricated pellets with CaSi, as reductant was studied under relative
vacuum. The morphologies, chemical compositions and phases of the reduction slag were analyzed using scanning
electronic microscopy (SEM), energy dispersive spectrometry (EDS), and X-ray diffraction (XRD), respectively. The
results showed that a small amount of argon flow could greatly improve the reduction rate of MgO. The process of
extracting magnesium from prefabricated pellets under relative vacuum could be well explained by Model F;. The
process of reducing magnesium oxide by CaSi> was a solid—liquid reaction. This process was controlled by chemical
reaction, the temperature had a great influence on the reduction reaction, and the value of the apparent activation energy
was 108.99 kJ/mol. The phase analysis of reduction slag showed that the content of MgO had an effect on the crystal

transformation of CaSiOs.
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1 Introduction

Magnesium is one of the most common metals
in structural materials. It is also the lowest density
metal in engineering materials. As a lightweight
functional material, magnesium plays an important
role in the development of green, low-carbon and
high-quality materials [1]. Magnesium and its
alloys are widely used in the military, automobile
industry, metallurgy, mining and other fields [2—5].

In China, the Pidgeon process, a silicothermic
reduction of magnesium oxide wunder high
temperature and vacuum, is mainly used to produce
magnesium and its production accounts for 90% of
the magnesium production worldwide [6]. Although
the process is simple and flexible, with the
strengthening of people’s attention to environmental
protection, the process highlights the defects of
intermittent production, long cycle and large

emission [7,8]. In the Pidgeon process, the calcined
dolomite is first cooled to room temperature to
prepare pellets. Second, the calcined dolomite at
room temperature is reheated to 1423—1523 K. This
process causes a waste of energy. According to the
material balance calculation, nearly 10 t of standard
coal is consumed per ton of magnesium and nearly
30t of CO; is discharged [9]. Under the new
situation of rising prices of resources, energy and
bulk raw materials, the advantage of cost
performance in metal magnesium is gradually
highlighted; as a consequence, the innovative
development and application cases of production
technology of metal magnesium are emerging, such
as the aluminothermic method [10], carbothermic
method [11,12], MTMP method [13], one-step
method [14,15] magnesium
smelting [16], which provide new ideas for
industrial magnesium smelting.

In the view of the defects of high pollution,

and microwave
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high energy consumption and discontinuity in the
process of extracting metal magnesium by the
Pidgeon process, ZHANG et al [17] proposed the
process of using prefabricated pellets to produce
metal magnesium under flowing inert gas (rather
than vacuum conditions), which was also known as
magnesium smelting under relative vacuum. Some
researchers [18—20] also studied the extraction of
magnesium by silicothermic reduction in flowing
argon and proved that it was feasible to extract
metal magnesium in flowing argon, which could
give the pellets
comparison to conventional technology, complete
vacuum environment was not needed. The process
solved the problems of intermittent production, high
labor intensity, heavy pollution and low production
efficiency of the current magnesium smelting
method. In addition, the special calcination
equipment and a vacuum system were not needed.

In the past, MgCO3;—CaCOs;—Si system was
deeply studied, which included the quality of
prefabricated pellets, the decomposition rate of
dolomite in pellets and the compressive strength
of calcined pellets [21—23]. The reduction kinetics
of dolomite particles in prefabricated pellets
was studied by nonisothermal, argon-protected
gravimetric analysis [24-26] and isothermal
experiments. The apparent activation energies of the
reaction were 280 and 218.75 kJ/mol respectively,
which were lower than the apparent activation
energy data obtained by MORSI et al [18]
(306 kJ/mol) and WULANDARI et al [19]
(299-322 kJ/mol) wusing traditional dolime for
kinetic experiments. The possible reason was that
CaSi, was formed in the calcination process of
prefabricated pellets and was liquified in the
reduction process, which reduced the diffusion
resistance of silicon in the reduction process [27].
However, kinetic data on the reduction of MgO
by CaSi, in prefabricated pellets have not been
reported. Therefore, in this work, the kinetics of
extracting metal magnesium from MgCO;—
CaCO;—CaSi; pellets under relative vacuum system
was mainly focused on, and the effects of the
briquetting pressure, gas flow, temperature and
duration on the reaction process were also explored.
Parameters and a theoretical basis for the
industrialization of continuous magnesium smelting
were provided accordingly.

a vacuum environment. In

2 Experimental

2.1 Raw materials

The raw materials used in this experiment
were magnesite (i.e. purchased from Haicheng,
Liaoning Province, China) and analytical grade
calcium carbonate. Magnesite and calcium
carbonate were mixed according to the molar ratio
of calcium to magnesium of 1:1 instead of dolomite.
The chemical composition of magnesite is given in
Table 1. In the experiment, the reducing agent was
silicon—calcium alloy and the additive was calcium
fluoride. The silicon—calcium alloy was purchased
from Henan Province, China. The phase analysis of
the silicon—calcium alloy through XRD is shown in
Fig. 1. The results showed that the silicon—calcium
alloy mainly contained CaSi, and Si with a small
amount of SiO,, FeSi, and SiC. After chemical
analysis, it could be seen that the content of CaSi,
was 63.36%. Morcover, calcium fluoride was a
chemical reagent purchased from Sinopharm
Chemical Reagent Co., Ltd.

Table 1 Chemical composition of magnesite ore (wt.%)
Ignition loss  SiO,  ALO; Fe;O3 CaO  MgO
51.92 075 019 074 090 4550

+—3Si

e —CaSi,
0 —SiC
v —Si0,
A —FeSi,

v

10 20 30 40 50 60 70 80 90
20(°)

Fig. 1 XRD pattern of silicon—calcium alloy

2.2 Experimental apparatus

The experiment was carried out in a resistance
furnace. The maximum furnace temperature of the
resistance furnace reached 1873 K and the diameter
of the furnace tube was 70 mm. The schematic
diagram of the resistance furnace equipment is
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shown in Fig.2. The equipment could be
vacuumized. Before the experiment, the furnace
tube could be vacuumized and filled with argon to
discharge the air in the furnace tube to reduce the
extent of oxidation of the reducing agent and
minimize the experimental error.

—1
 I—

7

Fig. 2 Schematic diagram of equipment: 1—Water jacket;
2—Silicon—molybdenum bar; 3—Porous crucible; 4—
Vacuum display instrument; 5 — Control dial; 6 —
Thermocouple; 7—Vacuum pump

2.3 Experimental procedures

Magnesite and silicon—calcium alloy were
crushed and ground to 74 um at maximum, and then
the pellets were prepared. Although magnesium
oxide, calcium oxide and calcium disilicide can
react with Reactions (2) and (3), Reaction (2) using
CaSi; as reactant to generate CaSi, Mg and Ca;SiO4
has lower Gibbs free energy [27]. Therefore,
according to the molar ratio of magnesite, calcium
carbonate and calcium disilicide being 2:2:1, the
reaction was expected to be as follows (Reactions
(1) and (2)):

2CaC03-MgC0O;=2Ca0-Mg0+4CO; )
2Ca0-MgO+CaSi;=Ca,SiO4+CaSi+2Mg(g) (2)
2MgO+2/5CaSir+6/5Ca0=2Mg(g)+4/5Ca,Si04 (3)

Subsequently, 3% of the total mass of calcium
fluoride was added to the mixed raw material.
Finally, the mixed powder was pressed into
cylindrical pellets with a diameter of 15 mm by
hydraulic equipment with controllable pressure. The
prefabricated pellets were placed in the corundum
crucible with holes and calcined in the furnace
at 1273 K for 1h. After calcination, the pellet

appearance remained intact without cracks. The
XRD patterns of the products at different
calcination temperatures are shown in Fig. 3. There
was no CaySiOs in the product when the pellet was
calcined below 1273 K, which indicated that there
was no reduction reaction in the calcination stage.
After that, the crucible was lifted 25 cm away from
the reaction zone and the furnace continued to be
heated up. It should be emphasized that the pellets
would not carry out the reduction reaction during
the heating process of the furnace. After reaching
the reduction temperature, the crucible was returned
to the original position for the reduction experiment.
The specific isothermal reduction operation method
has been described in detail in the previous
literature [25]. After the experiment, the phase
analysis and magnesium content in the cooling slag
were determined by X-ray diffraction (XRD,
Bruker D8, Germany) and inductively coupled
plasma emission spectrometry (ICP-OES, Optima
8300DV, Perkin-Elmer, USA), respectively. The
reduction rate of magnesium was calculated by
_ma—m-p

4

nMg m - o
where 7w is the reduction rate of magnesium, m; is
the initial mass of prefabricated pellets, o is the
magnesium content of the prefabricated pellets,
my is the mass of magnesium slag, and f is the
magnesium content of magnesium slag.

v e —MgO
+ —CaO

1373 K

v — CaSi,
a—Si
v — Ca,Sio,

1323 K

10 20 30 40 50 60 70 80 90
200(°)
Fig. 3 XRD patterns of products calcined at different
temperatures for 1 h
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3 Results and discussion

3.1 Kinetic analysis

The pellets containing 15% excess calcium
silicide were calcined at 1273 K for 1h. The
reduction experiments were carried out at 1423,
1473, 1523 and 1573 K. During calcination and
reduction, there was argon with a flow rate of
0.2 m*h in the furnace tube throughout the process.
Figure 4(a) expresses the effects of reduction
temperature and reduction time on the reduction
rate.

The kinetic formula is expressed as follows:

dx

—=k(T)f(x) (5)
dt
where x is the reaction degree, which is defined by

n, —My (6)

X=—
e =M

where 7, is the reduction ratio at time ¢, #ris the
final reduction ratio at the end of the experiment
and 7o is the initial reduction ratio. In the present
case, x=7, can be obtained since n=1 and #¢=0.
Integration of Eq. (5) gives the relationship between
x and ¢. The functions F(x) are given in Table 2.

x 1

F(x)=| ——dx=k(T)t 7
=] o =k (7
The function F(x) in Table 2 was substituted
into Eq. (6). The relationship between F{(x) and ¢ at
different temperatures could obtain the fitting line
by using the reduction rate in Fig. 4(a). According
to the fitting lines, Adj. R? values could be obtained.
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Figure 4(c) shows the Adj. R? values of the fitting
lines. The reduction stage can be explained by
Function F;. According to Fig. 4(b), the values of
k are determined to be 0.00041, 0.00065, 0.00085
and 0.00098 s! at temperatures of 1423, 1473,
1523 and 1573 K, respectively, indicating that
the reduction was greatly enhanced at higher
temperature. In addition, the results also showed
that the reduction reaction taking place on the
surface of magnesium oxide particles was one of
the rate controlling steps of the reduction of
magnesium oxide. Consequently, the reduction
stage was controlled by the chemical reaction in
1 h.

According to the fitting results, the reduction
rate of metal magnesium under different conditions
was calculated, and the experimental value and
calculated value are compared in Fig. 4(a). It can be
seen that the calculated values of reduction rate
were close to the actual conversion rate of the
reaction, which also showed that the selected
kinetic model was appropriate.

The activation energy of this reaction was
calculated by plotting In £ with 1/7, based on the
following formula:

szexp(—R—ij (8)

where A is the preexponential constant (s™!), R is
the molar gas constant (J/(mol-K)) and E is the
apparent activation energy (J/mol). The results are
shown in Fig. 4(d). The apparent activation energy
of magnesium oxide reduction by calcium silicide
in a flowing argon atmosphere is 108.99 kJ/mol.
The results showed that the apparent activation

Table 2 Different reaction models used to describe reduction kinetics

Symbol fx) F(x) Kinetic characteristics of reaction process
D1 1/(2x) x? One-dimensional diffusion
D2 [~In(1—x)]! x+(1—x)In(1—x) Two-dimensional diffusion; cylindrical symmetry

D3 1.5(1_x)2/3[1_(1_x)1/3]*1 [l_(l_x)l/B]Z

D4 LS[(1—x) =17 (1-2x/3)~(1—x)>?

Fl 1—x ~In(1-x)
A2 2(1-x)[-In(1-x)]" [In(1-x)]'"2
A3 3(1-x)[-In(1-x)]* [~In(1-x)]"?
R2 2(1-x)"? 1-(1-x)"?
R3 3(1-x)? 1-(1-x)?

Three-dimensional diffusion; spherical symmetry; Jander equation

Three-dimensional diffusion; spherical symmetry;
Ginstling—Brounstein equation

First order reaction
Random nucleation; Avrami I equation
Random nucleation; Avrami II equation
Phase boundary reaction; cylindrical symmetry

Phase boundary reaction; spherical symmetry
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Fig. 4 Reduction rate of magnesium oxide at different time and temperatures (a); Fitting line of F; model at different
temperatures (b); Adj. R? values of fitting lines (c); Relationship between In k and 1/7 (d)

energy of magnesium oxide reduction by calcium
silicide in flowing argon atmosphere was lower
than that of the traditional pellets with ferrosilicon
as a reducing agent, which was between 299 and
322 kJ/mol [17,18]. The apparent activation energy
was similar to that of aluminothermic reduction
magnesium oxide, which was 109 kJ/mol [28].
Therefore, it could be inferred that CaSi, was
highly similar to aluminum, and its reaction with
magnesium oxide was a liquid—solid reaction,
which could accelerate the reaction speed. To prove
this conjecture, when CaSi, powder was heated at
1423 K for 1 h, CaSi, powder melted into liquid, as
shown in Fig. 4(d).

3.2 Effect of argon flow on CaCQO3;—MgCO;—
CaSi, system
Since the whole experimental process was
carried out in a flowing argon atmosphere, the
magnesium vapor generated on the pellet surface
was carried to the condensation zone through the
flowing argon, and the reaction continued to occur

by reducing the magnesium vapor partial pressure
on the pellet surface. Therefore, the gas flow has a
certain
magnesium vapor. In this work, the influence of gas
flow on the reaction process of magnesium oxide in
the system was explored. The pellets were calcined
at 1273 K for 1 h and reduced at 1573 K for 1h
with an argon flow rate from 0.1 to 0.5 m*h.
Figure 5(a) shows the reduction rate of magnesium
oxide under different argon flow rates.

When the argon flow rate was from 0.1 to
0.2 m*h, the reduction rate of magnesium oxide
increased by 5.16% from 91.55% to 96.71%. When
the gas flow rate was 0.2 m*h, the reduction rate
reached the maximum. The trend showed that a
small amount of argon flow can greatly improve the
reduction rate of magnesium oxide. When the
carrier gas flow increased, the partial pressure of
magnesium vapor in the furnace tube decreased,
and the magnesium vapor escaping from the
reaction zone was not hindered; therefore, the
reduction rate of magnesium oxide increased. This

influence on the partial pressure of
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showed that gas film mass transfer had a certain
impact on recovery of metal magnesium [24,28].
When the gas flow rate was increased from 0.2 to
0.5 m*h, the reduction rate of magnesium oxide
decreased slightly, which was inconsistent with the
expected results. According to the above kinetic
analysis, the reaction control step of extracting
magnesium from dolomite by using CaSi, was a
chemical reaction and the effect of temperature on
the reduction rate was greater than that of gas flow.
Due to the increase in the gas flow rate, preheating
in the furnace tube was not sufficient to reach the
temperature of the pellet placement position. When
the gas flowed through the pellet surface, the pellet
temperature was reduced, resulting in a low
reduction rate of magnesium oxide. By fitting and
calculating the reduction rates of pellets under
different carrier gas flow rates, the apparent rate
constants of reactions under different flow rates
were obtained, as shown in Fig. 5(b). It can be seen
that when the carrier gas flow was 0.1, 0.2 and

0.4 m*/h, the corresponding apparent rate constants
were 5.20x107%, 6.49x10* and 5.00x107*s7!,
respectively. It can also be seen from the apparent
rate constant that the effect of gas flow on the
whole reduction process was consistent with the
above results.

3.3 Effect of briquetting pressure on CaCQOs;—

MgCO;—CaSi; system

The briquetting pressure of pellets directly
affects density and strength of pellets. Therefore, in
this work, the effect of the briquetting pressure on
the reduction rate was investigated when the
pressure indicators of the briquetting equipment
were 5, 10, 15, 20 and 25 MPa. The actual pressure
values of the briquetting equipment were 69.69,
139.38, 209.07, 278.76 and 348.45 MPa, since the
diameter of the pellets was different from that of the
briquetting equipment. The pellets were calcined at
1273 K for 1 h and then reduced at 1573 K for 1 h.
During the experiment, the argon flow was 0.2 m*/h.
The experimental results are shown in Fig. 6(a).

(a) 2.20
97 | —s— Reduction rate ' 215
—— Density / .
© 96 2.09 1210 a
2 1205 §
= P &
S 12.00 3
g 94 lg
ks r J
) *1.94 1.95 8
Calcination at 11.90
93+ 1273 K for 1 h, an :
reduction at
ol 1573K for 1h _Lss
5 10 15 20 25
Briquetting pressure/MPa
25 (b) k=6.49x107*s!
2.0} — Linear fit of 5 MPa
—— Linear fit of 15 MPa N %,\
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—_ A Q
= 25 MPa <
= L
0.5
ol Calcination at 1273 K for 1 h, and
reduction at 1473 K
0 1 2 3 4

Time/ks
Fig. 6 Reduction rate of magnesium oxide under

different briquetting pressures (a), and apparent rate
constants at different briquetting pressures (b)
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The results showed that the pellet density
increased with increasing briquetting pressure.
When the briquetting pressure was 25 MPa, the
pellet density was 2.16 g/cm?®. It can also be seen
intuitively from Fig. 6(a) that with the increase
of briquetting pressure, the reduction rate of
magnesium oxide first increased, and then
decreased. When the briquetting pressure was
15 MPa, the reduction rate of magnesium oxide
was the maximum at 96.71%. This was because
increasing the briquetting pressure enlarged the
contact area between magnesium oxide and CaSi»,
which improved the penetration of molten CaSi,
into the magnesium oxide phase and the reduction
of magnesium oxide. However, if the briquetting
pressure was too high, the molten CaSi» and
reaction products would prevent the diffusion of
metal magnesium vapor and reduce the recovery of
metal magnesium, thus affecting the reduction rate
of magnesium oxide. By calculating the reduction
rates of pellets under different briquetting pressures
and performing regression analysis at 1473 K, the
apparent rate constants of pellets under different
briquetting pressures were obtained, as shown in
Fig. 6(b). When the briquetting pressure was 5, 15
and 25 MPa, the apparent rate constants were
4.50x107%, 6.49x10* and 4.14x107*s™!, respectively.
The reaction rate was again larger when the
pelletizing pressure was 15 MPa. This experimental
phenomenon also showed that the appropriate
briquetting pressure was also very important to
obtain a higher reduction rate of magnesium oxide.

3.4 Effect of temperature and time on CaCQs—

MgCO;—CaSi; system

The reduction rate of magnesium oxide of
prefabricated pellets with CaSi, as a reducing agent
was investigated in the temperature range of
1423-1573 K for 0—4 h. Since the crucible for
placing pellets was placed in the reaction zone after
the furnace temperature reached the set temperature,
the reduction rate of pellets was zero at the start.

The experimental results shown in Fig. 7
indicated that the reduction rate of magnesium
oxide changed rapidly within 45 min at different
temperatures. The corresponding reduction rates at
45 min from 1423 to 1573 K were 61.27%, 83.35%,
90.41% and 93.11%, respectively. The reduction
rate increased by 22.08% from 1423 to 1473 K,
7.06% from 1473 to 1523 K and 2.7% from 1523 to

100 F I
80 1 —=— 423K
° : —e— 1473 K
§ 60 ! —&a— 1523 K
s | —~—1573K
g |
S 40 |
=] 1
= 1
Q 1
%20 !
! Calcination at 1273 K for 1 h
09 \
|

0 05 10 15 2.0 25 3.0 35 40 45
Time/h

Fig. 7 Reduction rate of magnesium oxide at different

temperatures and time

1573 K. At 1473, 1523 and 1573 K, the reduction
rates of magnesium oxide were 36.96%, 58.4%
and 65.06%, respectively, with ferrosilicon as the
reducing agent at the same reduction time, which
was obviously lower than the reduction rate of
magnesium oxide when CaSi, was used as the
reducing agent [25]. With the elevation in
temperature, the increase rate of reduction slowed
down. This was because the reaction rate was larger
at high temperature. Meanwhile, for pellets at
higher temperatures, the reaction was closer to the
reaction end point and the reaction rate became less;
therefore, the increasing rate of reduction slowed
down. At the same temperature, from 1 to 4 h, the
reduction rate of magnesium oxide increased by
17.28%, 10.97%, 4.92% and 3.03% at 1423, 1473,
1523 and 1573 K, respectively. This was because
the chemical reaction is the rate determining step
rather than diffusion. At high temperature, the
reaction rate was larger in the early stage of the
reaction, which consumed a large amount of
reducing agent, resulting in less available reducing
agent, less reaction rate and the slowdown in the
increasing rate of reduction in the later stage of the
reaction.

According to the above results, XRD analysis
was carried out on the reduction slag with different
reduction time at 1473 K. The results shown in
Fig. 8 suggested that the slag contained CaO, MgO,
CaSi, and Ca;SiO4 after reduction for 15 min. In
addition, it could be found that with the extension
of reduction time, the MgO peak decreased
gradually. After 120 min, the intensity of the MgO
peak was very low, indicating that the reduction
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Fig. 8 XRD patterns of magnesium slag with different
reduction time at 1473 K

was complete. According to XRD analysis, no CaSi
phase was found in the product, which was
probably due to the instability of CaSi. Under the
experimental conditions, CaSi was re-decomposed
into Ca and CaSi, to participate in the reduction
reaction of magnesium oxide. According to the
data [29], in a liquid phase CaSi alloy, the vapor
pressure of Ca could reach 13 Pa at 1423 K and was
higher with the increase of temperature. Therefore,
the generated Ca vapor was sufficient to reduce
MgO. Compared with ferrosilicon, this could also
be one of the reasons why CaSi, had a larger
reduction rate in reducing MgO.

According to the XRD standard diffraction
peak of dicalcium silicate, the 26 values of the
strongest peak and secondary peak of f-Ca,SiO4 are
32.156° and 32.762°, respectively, while those of
the strongest peak and secondary peak of y-Ca,SiO4
are 32.788° and 29.635°, respectively, so it can be
distinguished by the secondary peak and other
peaks in the f and y phases. Figure 8 shows that
with the extension of reduction time, [-CazSiOs4
gradually disappeared and transformed into
y-Ca;Si0s4. After reduction for 120 min, there was
only the y-Ca,Si0;4 phase in the reduction slag, and
the MgO content in the reduction slag was 2.03%.

Previous studies [30—32] have shown that,
foreign ions can cause dicalcium silicate to present
different crystal types. The solid solution of foreign

ions into the dicalcium silicate crystal could prevent
the transformation of the high-temperature crystal
type to the low-temperature crystal type in the
process of temperature drop, thus stabilizing
S-CasSi04 to room temperature. It was speculated
that the reason could be that a certain amount of
MgO had a stabilizing effect on [-Ca;SiOs. With
the decrease of MgO content in slag, less than
2.03%, MgO lost its stabilizing effect on 5-Ca,SiOs.
Eventually, f-Ca,SiOs was transformed into
y-Ca,Si0s4. Figure 9 shows SEM images and EDS
results of magnesium slag after reduction at 1473 K
for different time. It can be seen from the figure
that when reducing for 15 min, a large amount of
MgO was attached to CaSiOs4 and the reduction
was not complete. With the increase of reduction
time, the MgO content gradually decreased and the
surface of Ca,SiO4 was smooth, lamellar and well-
crystallized.

According to the method in Refs. [18,19], the
actual magnesium vapor pressure difference
between the pellet surface and argon was calculated.
It is assumed that the magnesium vapor diffuses
into the gas and mixes uniformly with the inert gas.
The mass transfer process of magnesium vapor can
be expressed as follows:

. M
]:Ekc(PB -K) )
Equation (9) can be arranged into
= RT N (10)
Mk, S

where j is the magnesium mass transfer flux,
g/(cm?'s), M is the atomic mass of magnesium,
24.3 g/mol, Pg and Ps are magnesium partial
pressures in the inert gas and on the pellet surface,
respectively, Pa, N is the generation rate of
magnesium, g/s, S is the pellet surface area, m?, k. is
the mass transfer coefficient, and AP=Pg—PFs.

Since the gas stream passes through an annulus
formed by the cylindrical pellet and crucible, k. can
be calculated.

According to Egs.(9) and (10), the mass
transfer coefficients of magnesium vapor in flowing
argon at temperatures between 1423 and 1573 K
can be obtained. When the argon flow was 0.2 m*/h,
mass transfer coefficients at different temperatures
were 0.054, 0.057, 0.060 and 0.063 m/s, respectively.
Based on the mass transfer coefficient, the
difference between the magnesium partial pressure
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Fig. 9 SEM images and EDS result of magnesium slag after reduction at 1473 K for different time: (a) 15 min;

(b) 60 min; (c) 120 min

on the pellet surface in flowing argon and the
partial pressure in argon gas flow could be
estimated, as shown in Fig. 10.

Due to the continuous flow of argon, the argon
near the pellets was constantly updated and the
magnesium partial pressure in argon was negligible
compared with the magnesium partial pressure on
the pellet surface. Therefore, the magnesium partial
pressure in argon near the pellets could be
considered to be zero, and AP was the actual
magnesium partial pressure on the pellets surface. It
can be seen that the higher the temperature is, the
greater the partial pressure on the pellet surface,
indicating that the reaction was violent. When the
reduction time was 0.25h at 1573 K, the partial
pressure on the pellet surface was 5.35 kPa. With
the extension of reaction time, the partial pressure
of magnesium vapor continuously decreased to
0.519 kPa at 4 h. Figure 10 also shows that the
magnesium partial pressure on the pellet surface
decreased with decreasing temperature. When the
reduction temperature was 1423 K and reduction
time was 0.25 h, the partial pressure of magnesium

6
—— 1423 K
5t >3 ——1473K
—— 1523 K
—— 1573 K
4+
< 3.46 Inert gas surface
= 3
E N 2.55 T }‘ﬁDv——‘
®
2k N 1.99 \ Bnquette /
1.03 I"eﬂ gas
il 0,079 o519
0 I

0 05 1.0 1.5 20 25 3.0 35 4.0 45
Time/h

Fig. 10 Calculated differential (AP) of
magnesium vapor on surface of briquette and bulk phase
at 1423-1573 K

pressure

on the pellet surface was 2.82 kPa. Compared with
1573 K, the partial pressure of magnesium on the
pellet surface was reduced by nearly 50%, which
indicated that the temperature had a great influence
on the reduction reaction, which also reflected that
the reaction could be controlled by chemical
reaction.
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4 Conclusions

(1) The reduction process of magnesium oxide
by CaSi, was a solid—liquid reaction. The process
of extracting magnesium from prefabricated pellets
in flowing argon can be explained by Model F;.
This process was controlled by chemical reactions
instead of diffusion. The apparent activation energy
was 108.99 kJ/mol.

(2) A small argon flow rate could greatly
improve the reduction rate of magnesium oxide and
gas film mass transfer had a certain impact on the
recovery of magnesium. In addition, the appropriate
briquetting pressure could obtain better recovery of
magnesium.

(3) As a reducing agent, CaSi, had a large
reduction rate of magnesium oxide. The reaction
process was close to the end point after reduction
for 1 h. The content of MgO in the reduction slag
could affect the crystal form of Ca,SiOa.
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