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Abstract: The mineralogical phase transformation of a low-grade nickel laterite ore during pre-roasting process and the extraction of
silicon during alkaline leaching process were investigated. The results indicate that the reaction activity of nickel ores is effectively
improved by pre-roasting at 650 °C for 2 h, because of the transformation of lizardite into magnesium olivine and protoenstatite.
When finely ground ore samples (44—61 um) pre-roasted firstly react with sodium hydroxide solution (60 g/L) with a solid/liquid
ratio of 1:5 at 140 °C for 120 min, the extraction of silicon can reach 89.89%, and the other valuable elements of magnesium, iron
and nickel are accumulated in the solid residues. The leaching kinetics of nickel laterite ore can be described successfully by the
diffusion through the product layer control model. The activation energy is calculated to be 11.63 kJ/mol and the kinetics equation

can be expressed as 1—-3(1—x)**+2(1—x)=13.53x10 2exp[—11.63/(RT)]*.
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1 Introduction

In recent years, there has been an increasing
attention for the development and utilization of nickel
laterite ores, along with the rapid growth in stainless
steel demand and the gradual depletion of sulfide ore
reserves [1,2]. It is calculated that the laterite ore
reserves which account for about 70% of the world’s
land-based nickel resources can be used as the dominant
source of nickel [3,4]. However, only 40% of the
world’s nickel production is from nickel laterite ores
currently [5]. The main reasons for limiting the
development and utilization of the laterite ores are the
economic factors of treating processes. Therefore,
developing reasonable, feasible and economic techniques
for treating nickel laterite ores has become a very urgent
task.

Laterite ore deposits are formed by the chemical
weathering of nickeliferous peridotite rock under humid
climates [6,7]. Through long weathering processes, Ni*"

replaces Mg*" and Fe*" in the lattice of corresponding
silicates and ferric iron oxides, and is closely in
conjunction with iron oxide and silicate minerals [8]. The
concentration of nickel in an ore-body is very low, and
typical nickel content in Chinese laterite ore is less than
1%. The complex mineralogical structure has
prevented nickel grade from being preconcentrated by
some physical beneficiation means [9,10]. Thus, pyro-
metallurgical or hydrometallurgical methods are
exploited for processing low-grade laterite ores.

The pyrometallurgical techniques including
pre-reduction and reductive smelting in electric arc
furnaces (EAFs) for production of Fe—Ni alloys are well
suited for treating saprolitic laterite ores [l11]. The
primary disadvantage of these processes is that they
require considerable energy expenditure which is two to
three times higher than that for treating the sulfide
ores [12].

High pressure acid leaching (HPAL), atmospheric
(acid) leaching (AL) and heap leaching (HL) are referred
as the prevailing technologies for hydrometallurgical
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processing of laterite ores [13]. However, they are more
appropriate for treating limonite ore that has high iron
content but low garnierite content. The leach liquor
always contains significant concentrations of soluble iron
and magnesium or aluminium, and these metal impurities
need to be subsequently purified [14—16].

In recent years, ZHAI and MU [17,18] have
proposed an approach for treating Chinese nickeliferous
laterite ores. In this process, high concentration alkaline
or molten sodium hydroxide system, carbonation
decomposition and ammonia leaching are used for
sequential extracting and separating silicon, magnesium,
nickel and iron, so as to realize comprehensive utilization
of nickeliferous laterite ores. Contrast with acid leaching
methods, this process exhibits numerous advantages such
as high reactivity, elimination of SO,, high selectivity
and good application prospect. The dosage of alkaline is
a key factor for treating laterite ores, which determines
the economy and environmental protection of the whole
process. However, rare research results on alkaline
leaching of laterite ores have been reported so far, and
the transformation behavior and control steps of valuable
components are necessary to be studied further.

Thus, in this work, a Chinese low-grade nickel
laterite ore located in Sichuan Province, China, was used
as the raw materials. The pre-roasting of nickel ores was
conducted followed by leaching with sodium hydroxide
solution to extract silicon element for preparing silica.
The process can not only achieve the utilization of
silicon element to reduce the discharge of solid waste,
but also accumulate magnesium and nickel in the
leaching residues as an important secondary source. The
mineralogical phase transformation of nickel laterite ore
during pre-roasting was studied. The effects of different
variables, such as leaching temperature, leaching time,
sodium hydroxide concentration, particle size and
solid/liquid ratio (w/v) on the extraction of silicon were
investigated. Different kinetics models were used to
analyze the leaching kinetics of laterite ores to obtain
Arrhenius activation energies and kinetics equation.

2 Experimental

2.1 Materials

A low-grade nickel laterite ore collected from
Sichuan Province, China, was selected as the
representative ore samples in this study. The ore samples
were sieved and divided into four size fractions ranging
from 44 to 178 pum using Tyler standard sieve. The
chemical analysis of each size fraction conducted by
X-ray spectrometer is listed in Table 1. Analytical grade
sodium hydroxide was used as the leaching reagent in all
experiments.

X-ray diffraction equipment using Cu K, radiation

was employed to identify the mineralogical components
of ore samples from 10° to 70°. The results in Fig. 1
indicate lizardite (Mg;Si,05(OH)4) and quartz (SiO,) as
major mineral phases, as well as hematite (Fe,O3) and
trevorite (NiFe,O,) as minor phases.

Table 1 Main chemical compositions of nickel laterite ores at
different size fractions

Particle Mass fraction/%

size/um  Si0, MgO Fe,0; ALO; NiO  Cr0s

150-178 35.66 17.81 29.33 494 112 046

104-124 36.27 17.32 2946 487 1.16 043
74-89 36.74 1644 2975 468 1.15 0438
44-61 3629 17.79 29.80 4382 1.14 044

y 4 — Mg;Si,05(OH),
=—Si0,
+ — NiFe,0,
v — Fe,0;

]

Fig. 1 XRD pattern of nickel laterite ores

2.2 Experimental procedure

The ore samples pre-roasted at a desired
temperature in a muffle furnace for 2 h were used for
leaching silicon. The leaching experiments were
performed in a 1 L round-bottom, Teflon, three-neck
flask, which was fitted with a condenser, a mechanical
stirrer and a plastic funnel for adding the samples. Firstly,
a certain concentration of sodium hydroxide solution
(800 mL) was poured into the flask, which was heated in
a thermostatic oil bath at a stirring speed of 600 r/min.
Once the temperature reached predetermined value, the
desired amount of ore samples were added from the
plastic funnel into the flask. At definite time intervals,
I mL sample was withdrawn and immediately dissolved
into 100 mL deionized water. The slurry was filtered to
collect the liquid samples. The silicon concentration in
liquid samples was measured by standard titration
method.

The chemical compositions, mineralogical
components, specific surface area, DTA/TG curves, and
surface morphology of samples were detected using
X-ray spectrometer (S-max, Rigaku), X-ray diffraction
equipment (Rigaku-Ultima IV, Japan), BET surface area
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analyzer (SSA—4300, Shanghai), thermal gravimetric
analysis instrument (Diamond 6300, America) and
scanning electron microscopy (Supra55, Germany),
respectively.

3 Results and discussion

3.1 Thermal analysis studies

Differential thermal analysis (DTA) and thermo-
gravimetric analysis (TG) of low-grade nickel laterite
ores were conducted from 0 to 1000 °C in air at a heating
rate of 10 °C/min, and the results are presented in Fig. 2.
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Fig. 2 DTA/TG curves of low-grade nickel laterite ores

It can be seen from DTA curve that there are two
endothermic peaks at about 95 °C and 643 °C owing to
the release of adsorbed water from laterite ores and the
dehydroxylation of lizardite, respectively. Two large
mass loss values presented by TG curve in different
temperature ranges of 25-200 °C and 450-750 °C,
corresponding to these two processes, are 1.41% and
1.77%, respectively.

On heating, also two exothermic peaks displayed
from DTA at about 240 °C and 831 °C with relatively
low mass loss are assigned to the oxidation of trevorite
and the recrystallization of amorphous
respectively [19].

Ore samples pre-roasted at different temperatures
were detected by X-ray diffraction analyzer to figure out
the roasted products, and the results are shown in Fig. 3.

As seen from XRD patterns in Fig. 3, the diffraction
peak intensity of lizardite decreases as pre-roasting
temperature increases. This can be attributed to the
dehydroxylation of lizardite. When the pre-roasting
temperature reaches 650 °C, the diffraction peaks of
lizardite disappear, but the diffraction peaks of
magnesium olivine (Mg,SiO4) and protoenstatite
(MgSiO;) emerge, which indicates that lizardite has
decomposed almost completely. The results are
corresponding to the endothermic peaks at 643 °C from

mineral,

DTA curve in Fig. 2. The chemical reactions during
pre-roasting can be written as follows:

Mg3Sle5(OH)4:Mg2SIO4+MgSIO3+2H20 (1)
2Mg3S1205(OH)4:3MgzsIO4+SIOZ+4H20 (2)

4 — Mg;8i,05(OH), =—SiO, + — NiFe,0,

v—Fe,0, »—Mg,Si0, <«—MgSiO,
o e vvamt 44 »750°C
eoel ey e i » 650 °C
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Fig. 3 XRD patterns of nickel laterite ores pre-roasted at
different temperatures

3.2 Pre-roasting of nickel laterite ores

The laterite ore samples pre-roasted at different
temperatures ranging from 350 to 850 °C for 2 h were
leached with sodium hydroxide solution for investigating
the effects of pre-roasting temperatures on the extraction
of silicon. The leaching conditions were fixed as follows:
sodium hydroxide concentration of 60 g/L, solid/liquid
ratio of 1:5, leaching time of 105 min, leaching
temperature of 120 °C and particle size of 44—61 pm.
The specific surface area of the ore samples pre-roasted
at different temperatures was detected by a BET surface
area analyzer. The variation of silicon extraction with
pre-roasting temperature and specific surface area of ore
samples is presented in Fig. 4.

As shown in Fig. 4, we can observe that the
extraction of silicon increases rapidly from 30.3% to
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Fig. 4 Effect of pre-roasting temperature on silicon extraction
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82.8% with pre-roasting temperature increasing from 25
to 650 °C. When the pre-roasting temperature is beyond
650 °C, the extraction of silicon almost keeps constant.

On the one hand, the rise of silicon extraction
depends on the increase of ores’ specific surface area. A
large number of pores and fine particles of laterite ores
can be obtained by pre-roasting to increase the specific
surface area of ores. The numerical value of a sample
without pre-roasting is 16.8 m*/g, which is increased to
51.59 m%g after pre-roasting at 650 °C for 2 h, as
presented in Fig. 4. Nevertheless, the specific surface
area decreases due to the agglomeration of fine particles
when pre-roasting temperature varies from 650 to 850 °C,
the balance between the increase of temperature and the
decrease of the specific surface area of the particles leads
to the constant value of silicon extraction.

On the other hand, the increase of silicon extraction
is closely related to the reaction activity of minerals. The
dehydroxylation reaction of lizardite at 650 °C results in
the destruction of crystal structure to form magnesium
olivine (Mg,SiO,) and protoenstatite (MgSiO;). They
have higher reaction activity than lizardite because of
their independent silicon oxygen anions. Thus, the
pre-roasted temperature is chosen as 650 °C, and the ore
samples pre-roasted at 650 °C for 2 h are used as the raw
materials in the subsequent leaching experiments.

The main chemical reactions during the leaching
process of ores can be typically represented as follows:

Mg3S1205(OH)4+4NaOH=3Mg(OH)2+2Na28103+H20

3)
Mg,Si0+2NaOH+H,0=2Mg(OH),+Na,Si0;  (4)
MgSiO;+2NaOH=Mg(OH),+Na,SiO; )
Si0,+2NaOH=Na,Si0;+H,0 (6)

3.3 Leaching of nickel laterite ores
3.3.1 Effect of leaching temperature

Under the condition of 60 g/L sodium hydroxide
and solid/liquid ratio 1:5, the ores with 44—61 um in size
pre-roasted at 650 °C for 2 h were leached for 0—120 min
at different temperatures (100—160 °C). The results from
Fig. 5 show that the increase of leaching temperature
effectively improves the extraction of silicon. At 100 °C,
75.89% silicon is extracted after 105 min, increasing to
89.86% at 160 °C. This is because increasing
temperature can increase both chemical reaction rate and
diffusion rate of reactants and products. In addition, a
steadily rising trend of silicon extraction with leaching
time can be seen from Fig. 5. After 15 min, a silicon
extraction of 47.58% at 160 °C is achieved, and then
goes up to 93.39% when the leaching time is 120 min. At
the initial leaching stage, high sodium hydroxide
concentration in the leaching system will accelerate

leaching reaction. With the increase of leaching time,
sodium hydroxide concentration decreases and the
silicon anion concentration increases gradually, thus the
extraction of silicon rises slowly until equilibrium of
system is reached finally.
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Fig. 5 Effect of leaching temperature on silicon extraction

3.3.2 Effect of solid/liquid ratio

The influence of solid/liquid ratio on the extraction
of silicon was studied in the range of 1:3—1:6 at 140 °C
in 60 g/L of sodium hydroxide solution by using
44-61 um of samples pre-roasted at 650 °C for 2 h, and
the results are shown in Fig. 6. It can be seen that the
extraction of silicon is improved gradually with the
decrease of solid/liquid ratio. The silicon extraction can
reach 72.33% and 89.42% after 120 min leaching at 1:3
and 1:6 solid/liquid ratio, respectively. It is well known
that reaction rate R=kD; where Dg=[Si].—[Si], denotes
the reaction driving force, [Si]eqq is the equilibrium
concentration of Si and [Si]; is the concentration of Si at
time ¢. As solid/liquid ratio decreases, [Si]; decreases and
thus Dr increases, causing an increase of the reaction rate.
It is obvious at the initial reaction stage where the initial
reaction rate increases as the solid/liquid ratio decreases.
However, the excess sodium hydroxide can significantly
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Fig. 6 Effect of solid/liquid ratio on silicon extraction
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affect the economy of the whole process because of the
complex recycling procedure [20]. Considering this fact,
the solid/liquid ratio of 1:5 is considered to be
appropriate.
3.3.3 Effect of sodium hydroxide concentration

The influence of
concentration on the silicon was
investigated by experiments conducted at 140 °C, 1:5 of
solid/liquid ratio and 44—61 pum of samples pre-roasted at
650 °C for 2 h. The results in Fig. 7 show that the
extraction of silicon increases from 77.48% to 92.11%
after 120 min when the concentration of sodium
hydroxide is increased from 40 to 70 g/L. This may be
attributed to the fact that the increase of sodium
hydroxide concentration causes the increase of the
dissolution rate and dissolution degree of silicon, thereby
increases silicon extraction.

sodium hydroxide initial

extraction of
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Fig. 7 Effect of sodium hydroxide concentration on silicon
extraction

3.3.4 Effect of particle size

The ore samples at four different size fractions
pre-roasted at 650 °C for 2 h were used as the raw
materials in order to investigate the influence of sample
particle size on the extraction of silicon. The leaching
experiments were conducted at 140 °C while keeping
solid/liquid ratio at 1:5 and sodium hydroxide
concentration at 60 g/L. The results are presented in
Fig. 8, where we can observe that the extraction of
silicon increases from 75.5% to 89.89% with a decrease
of particle size from 150—178 to 44—61 pm after 120 min
of leaching time. This observation may be explained by
the fact that the smaller the size of the particles is, the
larger the contact area is, and the faster the reaction rate
is. However, the ultrafine particles are difficult to obtain
because of the technical limit and economic reasons [21].
3.3.5 Characterization of solid residues

The solid residues, obtained by roasting 44—61 pm
of ore samples at 650 °C for 2 h and then leaching with
60 g/L of sodium hydroxide solution under the following

conditions: leaching temperature 140 °C, leaching time
120 min, stirring speed 600 r/min and solid/liquid ratio
1:5, were chosen for XRD, SEM and chemical analyses.
The XRD pattern shown in Fig. 9 indicates that the major
mineral phase of the solid residues is magnesium
hydroxide (Mg(OH),), hematite (Fe,O3) and trevorite
(NiFe,;O4). The main chemical reactions occur in the
leaching process just as Eqgs. (3)—(6) presented, while
hematite and trevorite do not react with sodium
hydroxide under the leaching conditions above.
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Fig. 8 Effect of particle size on silicon extraction
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Fig. 9 XRD pattern of solid residues

The chemical compositions of solid residues are
shown in Table 2. Compared with Table 1, it can be seen
that the contents of magnesium, iron and nickel elements
are significantly increased, so the accumulation of other
valuable elements by extracting silicon from nickel
laterite ores can be achieved, which also create beneficial
conditions for the recovery of valuable elements.

Table 2 Main chemical compositions of solid residues (mass
fraction, %)

MgO

F6203 A1203 S102 NiO Cr203

27.65 42.62 6.74 5.64 1.78 0.61
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The SEM images of ore samples and solid resides
are presented in Fig. 10. It can be seen that the
morphology of ore samples (Fig. 10(a)) is severely
damaged due to the corrosion of sodium hydroxide and a
large number of small particles eventually form and
agglomerate together to become larger clusters after
being leached at 140 °C for 120 min (Fig. 10(b)).

3.3.6 Kinetics analysis

The extraction of silicon from nickel laterite ores by

sodium hydroxide solution leaching is a typical

liquid—solid reaction, which could be analyzed with the
shrinking core model [22,23]. According to this model,
the reaction rate between solid particle and the reaction
reagent may be controlled by one of the following steps:

diffusion through the fluid film, diffusion through the
product layer, or the chemical reaction on the surface.
The integral rate equations for these models can be
expressed as 1—(1—x)" =k, 1-3(1—x)**+2(1—x)=kqyt, and
1-(1-x)"*=kt, respectively [24—27], where x is the
extraction of silicon, k; is the apparent rate constant for
diffusion through the fluid film, &4 is the pore diffusion
rate constant, k. is the apparent rate constant for the
surface chemical reaction and ¢ is the leaching time.

It can be found that the best linear relationship is
obtained from the equation 1-3(1—x)**+2(1—x)=kqt after
the experimental data collected at different temperatures
are evaluated by the shrinking core model, as shown in
Fig. 11(a).
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Fig. 11 Plots of 1-3(1—x)**+2(1—x) versus leaching time ¢ at different leaching temperatures (a), solid/liquid ratios (b), sodium

hydroxide concentrations (c) and particle sizes (d)
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Furthermore, the linear relation between
1-3(1-x)**+2(1-x) and ¢ can also be seen in
Figs. 11(b)—(d) for solid/liquid ratio, sodium hydroxide
concentration and particle size, respectively. In
accordance with these results, the equation representing
the kinetics of this process is determined to obey the
diffusion through the product layer.

In addition, if the diffusion through the product
layer controls the reaction rate, the relation between the
apparent rate constant and the inverse of the square of
particle radius must be linear. This relationship is given
in Fig. 12. Figure 12 confirms that the diffusion through
the product layer model can be the rate controlling step
for the leaching process of nickel laterite ores.

4.5F
_ 40f
=
E R=0.99655
& 3.5}
<

3.0t

2.5 . . \

0 0.1 0.2 0.3 0.4
d 41073 um™

Fig. 12 Plot of ky versus d > for different particle sizes

The apparent rate constants determined from
Fig. 11(a) are plotted according to the Arrhenius
equation, ks=koexp[—E./(RT)] as shown in Fig. 13. Using
the Arrhenius equation, the apparent activation energy
and the rate constant are calculated as 11.63 kJ/mol and
13.53x10 7% min "', respectively. After the evaluation of
activation energy and pre-exponential factor, the kinetics
model for the leaching process of nickel laterite ores can

52+
54+
g
E
< 5.6
E
lnzkd=—2.0—] .399897!
sgl  R=099776
_60 1 1 L I 1
23 2.4 2.5 2.6 2.7
T7/1073K™!

Fig. 13 Arrhenius plot for extracting silicon from nickel laterite

ores

be expressed as 1-3(1-x)**+2(1—x)=13.53%x10 *x

exp[~11.63/(RD)].
4 Conclusions

1) The reaction activity of nickel ores in alkaline
solution can be effectively improved by pre-roasting at
650 °C for 2 h, which can be attributed to the formation
of high reactive minerals including magnesium olivine
and protoenstatite from the dehydroxylation of lizardite,
and the increase of ores’ specific surface area.

2) The extraction of silicon increased with
increasing leaching temperature, leaching time and
sodium hydroxide concentration, but decreased with
increasing solid/liquid ratio and particle size. It is
estimated that 89.89% silicon could be extracted when
ore samples (44—61 um) were pre-roasted at 650 °C for
2 h firstly, and then reacted with sodium hydroxide
solution (60 g/L) with a solid/liquid ratio of 1:5 at
140 °C for 120 min, the other elements such as
magnesium, iron and nickel were accumulated in the
solid residues.

3) The kinetic study indicates that the leaching
process of nickel laterite ores is controlled by the
diffusion through the product layer. The activation
energy was calculated to be 11.63 kJ/mol and the
kinetics equation can be expressed as 1-3(1-x)**+
2(1-x)=13.53x10exp[—11.63/(RT)]t.
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1. RZAER%¥ ZE SR RIFESHERE, ZEH 066004;
2. ZEBWHFHEEHEMSSMFHESLRE, ZES 066004;
3. IR &b, TLBH 110819

1 . PRSI A G TR P R A (R AR I R 3R . 5 SRR, L4 650 °C Tikske
2 h, HT RGO H A BN A A SO A S e R, AN R (44~61 im) A TGRS, 5
AN T(60 /L) R 1:5 IR IR A TE 140 °C 32 H 120 min, FEFIIRECE AR 89.89%, 5. k. H%H
W R EE B R E L. 4280 1R M3 Ry Bl = E R AR R, THEAR RS R EA
AEN 11.63 kI/mol, B/ 072N 1-3(1-x)*+2(1-x)=13.53x 10 Zexp[—11.63/(RT)]t.
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