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Abstract: The leaching of magnesium from desiliconization slag of nickel laterite ores by carbonation process was studied. The
influence of various parameters was investigated to optimize the conditions and determine the kinetics of the reaction. The results
show that with increasing stirring speed, liquid-to-solid ratio and reaction time, and decreasing temperature, the leaching rate of
magnesium enhances. The leaching process of the desiliconization slag in the range of 288—298 K is controlled by the surface
chemical reaction model. The apparent activation energy is —20.45 kJ/mol, and the kinetics model is obtained.
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1 Introduction

Nickel laterite ores are formed by the chemical
weathering of nickeliferous peridotite rock under humid
climates[1-2], in which nickel is concentrated in
different secondary minerals in the form of oxide.
Because of the complex mineralogy and low nickel
content, the recovery of nickel from the nickel laterite
ores is quite difficult directly [3-4], and the technology,
which is economically viable, is limited.

In the recent years, there is an increasing focus on
the utilization of nickel laterite ores, along with the
growing demand for stainless steel and the declining of
sulphide ores[5—7]. The traditional methods for treating
nickel laterite ores are costly, especially the
pyrometallurgical treatment[8], and also generate huge
volumes of solid residuals containing valuable elements
of silicon and magnesium, and thereby bring enormous
burden to the environment.

Recently, a novel process for nickel laterite ores has
been developed by Institute of Metallurgical Physical
Chemistry, Northeastern University, China[9]. In this
process, nickel laterite ore was firstly treated by molten
NaOH under atmospheric pressure, then the Na,SiO;
solution obtained was used for preparing silica products
by carbonization, and the other elements such as

magnesium, iron, nickel were concentrated in the
desiliconization slag.

In this study, the desiliconization slag was used as
raw material to recover magnesium by carbonization
process. The objectives are to investigate the main
factors involved in the leaching such as stirring speed,
leaching temperature, reaction time and liquid-to-solid
ratio, and also to determine the leaching kinetics of the
desiliconization slag.

2 Experimental

2.1 Materials

The detailed chemical compositions of the
desiliconization slag were examined by ICP-OES, and
the results are presented in Table 1.

Table 1 Chemical compositions of desiliconization slag
expressed as oxides (mass fraction, %)

MgO FeZO3 A1203 SIOZ NiO CaO Cr203 MnO T102

39.78 23.87 542 651 141 1.06 028 024 0.21

The mineralogical analysis investigated by XRD
shown in Fig.1 indicates that the major mineralogical
constituents of the desiliconization slag are magnesium
hydroxide (Mg(OH),) and hematite (Fe,O;).
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Fig.1 XRD pattern of desiliconization slag

2.2 Leaching procedure

The leaching experiments were performed ina 1 L
three-necked flask equipped with a mechanical stirrer
and heated in a water bath kept constant with a
difference of 0.5 . After putting suitable liquid-to-
solid ratio of slag and water into the reactor, the system
was heated to the desired temperature under the
condition of continuous stirring. When the temperature
reached and remained stable, the carbon dioxide gas was
blew into the reactor at gas-flow rate of 0.5 L/min. The
mixture was intensively stirred under atmospheric
pressure. After selected time intervals, approximately 10
mL samples of the reaction mixture were taken out,
diluted by 100 mL deionized water and then quickly
filtered. The filtrate was analyzed by ICP spectrometry to
determine the content of Mg.

3 Results and discussion

3.1 Chemical reactions

The ionization of carbon dioxide dissolved in
aqueous medium depends on the concentration of H'
ions during carbonation process[10]. The pH value of
desiliconization slag is close to 8.0, so carbonate ionizes
in an aqueous medium according to the following
reactions:

CO,(g)—COx(aq) ey
CO,(aq)+OH (aq)— HCOJ (aq) )

The reaction of desiliconization slag in aqueous
medium is

Mg(OH),(s)—Mg*'(aq)+20H (aq) €)
The neutralization reaction between Mg®" and
HCOj3 occurs according to

Mg (aq)+2 HCO; (aq)—>Mg(HCO;)y(aq) “4)

Consequently, when carbon dioxide is blew into the
aqueous solution containing desiliconization slag, the

overall reaction taking place in the medium can be
written as follows:

Mg(OH)x(s)+2CO,(aq)—Mg(HCO3),(aq) (6))

Magnesium hydroxide dissolves into the liquid
phase continuously to generate magnesium hydrogen
carbonate during the carbonization process.

3.2 Effect of stirring speed

The influence of stirring speed on the magnesium
recovery was studied in experiment conducted at 288 K
for 36 h with 20:1 of liquid-to-solid ratio. The results are
shown in Fig.2.

It is evident from Fig.2 that the magnesium
extraction increases sharply with stirring speed (ranging
from 300—600 r/min) and thereafter remains constant. As
expected, after leaching for 36 h, 80.97% Mg at 500
r/min, 91.57% Mg at 600 r/min, and 92.43% Mg at 700
r/min are extracted. This means that there is an adequate
suspension of the solid particles and adequate
distribution of carbon dioxide when the stirring speed is
600 r/min. Thus all subsequent experiments are carried
out at a stirring speed of 600 r/min in order to eliminate
the stirring speed as a variable in the rate study.
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Fig.2 Effect of stirring speed on magnesium extraction

3.3 Effect of liquid-to-solid ratio

The influence of liquid-to-solid ratio on magnesium
extraction was carried out at 288 K, with a stirring speed
of 600 r/min and reaction time of 36 h.

The effect of liquid-to-solid ratio on the magnesium
extraction is presented in Fig.3. It can be seen that the
extraction of magnesium increases with increasing
liquid-to-solid ratio. The reason may be that larger
liquid-to-solid ratio decreases the solid pulp density, and
therefore decreases the mass transfer resistance on the
liquid-solid interface, and finally accelerates the
carbonation leaching reaction. In order to investigate the
other leaching parameters, liquid-to-solid ratio of 20:1 is
chosen.
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Fig.3 Effect of liquid-to-solid ratio on magnesium extraction

3.4 Effects of temperature and reaction time

The effects of temperature and reaction time (0—36
h) on the extraction of magnesium were studied under
the conditions of stirring speed of 600 r/min and
liquid-to-solid ratio of 20:1, and the results are shown in
Fig4.

According to the results given in Fig.4, the
temperature and the reaction time have large influence
on the extraction of magnesium. It can be see that the
magnesium extraction increases steadily with increasing
reaction time and decreasing temperature. The increase
of temperature would decrease the solubility of carbon
dioxide, and render the decomposition of magnesium
hydrogen carbonate generated during the carbonization
leaching. The decomposition reaction of magnesium
hydrogen carbonate is presented as follows:

Mg(HCO;),(aq)+2H,0(aq)—>

MgCO5:3H,0(s) | +COx(g)1 (6)
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Fig.4 Effects of temperature and reaction time on magnesium
extraction

3.5 Kinetics analysis
In order to determine the kinetic parameters and the
rate controlling step of the leaching of desiliconization

slag in carbonatation process, the experimental data of
Fig.4 in the range of 288—298 K were analyzed by the
shrinking unreacted-core model.

In the heterogeneous solid-liquid reactions, the
soluble reactants diffuse across the interface and/or
through the porous solid layer. Afterwards, chemical
reactions occur. The reaction rate is controlled either by
the diffusion of reactant through the solution boundary
layer, or through a solid product layer, or by rate of the
chemical reaction at the surface of the core of unreacted
particles[11-12].

It is assumed that the particles of desiliconization
slag have a spherical geometry, the simplified equations
of the shrinking unreacted-core model when either
diffusion or the surface chemical reactions are the
slowest step can be expressed as follows, respectively.

1-(1-a)'” = kit (7
1-3(1—a) " *+2(1-a) = kgt ®)
where « is the magnesium fraction reacted at time t

(min); k; (m/min) and kg (m/min) are the apparent rate
constants.

The rate constant values and their correlation
coefficients for each temperature are given for the
diffusion through the product layer and the chemical
reaction controlled models in Table 2. Furthermore, the
linear relation between 1—(1-a)"?
can be seen in Fig.5 for the reaction temperature. In

and the reaction time

Table 2 Apparent rate constant correlation coefficient values

Surface chemical Diffusion through
reaction, product layer,
Temperature/ I 3
K 1-(1-@) 1-3(1-)"+2(1- )
Ky/(mmin™'
k/mmin) R} (m)mm R
288 0.0157  0.9983 0.006 1 0.9856
293 0.013 1 0.997 8 0.0046 098638
298 0.0118  0.9980 0.0039 09805
0.8
= — 288K
*— 293K
06F  a—298K
s
1o04r
T
0.2f
0 ; ; . !
0 10 20 30 40

Reaction time/h
Fig.5 Plots of 1—(1-@)"* versus time at different reaction
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temperatures

accordance with these results, the equation representing
the kinetics of this process was determined to obey the
surface chemical reaction model, which is consistent
with the results studied by LIU et al[13].

From the slope of Fig.5, constants k. at different
temperature are calculated. According to the Arrhenius
equation, k. =keexp[—E./(RT)], a plot of In k; versus 1/T is
a straight line with a slope of —E,/(RT) and an intercept
of Inky (see Fig.6). Using the Arrhenius equation, the
following values were calculated, E, = 20.45 kJ/mol, ko =
3.08><10°s"

4.1
In k,=-2.46/T-12.69
R=0.9897
_4‘2.
= -43f
4.4}
45 ' : : ' '
$33 336 339 342 345 348 35l

T7/1073 K™
Fig.6 Arrhenius plot for leaching of magnesium

Generally speaking, the surface chemical-reaction-
controlling processes have an activation energy above 40
kJ/mol[14—15]. However, if the rate is very sensitive to
the temperature variation, chemical reaction may be
considered to be the rate-controlling factor[16]. It can be
seen from Fig.4 that the temperature has a large
influence on the extraction of magnesium, thus the
leaching process of desiliconization slag is controlled by
the surface chemical reaction and the kinetic model for
the leaching process (Eq.(5)) can be expressed as

1-(1—@)"*=3.08><10"® exp{[20 450/(RT)]t}

3.6 Analysis of leaching residue

The characterization of the solid residues after the
carbonation leaching process includes chemical analysis,
XRD analysis and SEM analysis. The leaching residue,
obtained at 288 K under the conditions of stirring speed
of 600 r/min, liquid-to-solid ratio of 20:1, reaction time
of 36 h and gas-flow rate of carbon dioxide of 0.5 L/min,
was chosen for chemical compositions, XRD and SEM
analyses.

The chemical compositions of leaching residue are
listed in Table 3. As expected, the elements of iron and
nickel have been further enriched after extracting
magnesium from desiliconization slag, of which the
content of nickel oxide is improved from 1.41% to

2.96%.
Table 3 Chemical composition of leaching residue expressed as
oxides (mass fraction, %)

F6203 MgO SIOZ A1203 NiO CaO MnO Cr203 T102
51.11 822 1252 588 296 207 0.66 0.57 0.52

The XRD pattern of the leaching residue is shown
in Fig.7. Fig.7 indicates that the main phase is hematite,
and only a small amount of magnesium hydroxide peaks
can be seen. Furthermore, it is proved indirectly that the
reaction takes place between slag and CO, as shown in
Eq.(5) during the carbonation leaching of the
desiliconization slag.

The morphologies of the desiliconization slag and
leaching residue were examined by SEM. It can be seen
from Fig.8(a) that the desiliconization slag of the nickel

*— Mg(OH),
+— Fe,04
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Fig.7 XRD pattern of leaching residue
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Fig.8 SEM images of desiliconization slag and leaching residue
laterite ores presents a rough surface, many small
particles are found on the surface of the larger ones. The
SEM image of leaching residue shown in Fig.8(b) shows
a progressive increase in the roughness and porosity of
the solid, and the particle surface does not present a
reaction product layer. The morphology of the leaching
residue implies that the carbonation leaching process of
desiliconization slag is controlled by the surface
chemical reaction.

4 Conclusions

1) The influence of the several parameters on the
dissolution rate of magnesium was examined. The
magnesium extraction increases with increasing stirring
speed, liquid-to-solid ratio and reaction time, and
decreasing reaction temperature.

2) The extraction of magnesium is up to 91.57%
under the conditions as follows: reaction temperature of
288 K, reaction time of 36 h, liquid-to-solid ratio of 20:1
and stirring speed of 600 r/min. The elements of iron and
nickel are further enriched, and the content of nickel
oxide is improved from 1.41% to 2.96%.

3) The leaching kinetics of desiliconization slag in
carbonatation process was investigated. The carbonatation
leaching process of the desiliconization slag is controlled
by the surface chemical reaction in the range of
288—298K. The apparent activation energy is found to be
20.45 kJ/mol, and the kinetics model can be expressed as
1-(1-@)"?=3.24> 10’ exp {[-20 450/(RT)]t}.
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