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Abstract: The process of atmosphere-pressure acid leaching of laterites has attracted considerable
attention in the nickel industry in recent years. However, the leaching kinetics of laterite using
hydrochloride acid has not yet been fully researched. In this paper, the mineral analysis of the ore was
carried out, and the leaching mechanism of different minerals at different time was studied
comprehensively. The kinetics analysis of the leaching process of nickel, cobalt and manganese showed
that the kinetics model of diffusion controlling was suitable and could be described by the linear
equation, 1-3(1-a)/3+2(1-a)=kst. Based on the linear equation and the Arrhenius equation, the values of
activation energy of metal leaching can be deduced (11.56 k] /mol for nickel, 11.26 k] /mol for cobalt and
10.77 kJ/mol for manganese). Study of leaching mechanism shows that the order of these minerals
dissolution is: goethite, lizardite, magnetite and hematite. Due to the original or product of silica,
magnetite, hematite and talc, they can form the solid film which hinders the leaching of valuable metals.
Thus, the diffusion controlling step is inner diffusion, namely solid film diffusion controlling.
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1. Introduction

Nickel (Ni) is an important metal in modern infrastructure and technology, which has been widely used
in stainless steel (~58%), nickel-based alloys (~14%), casting and alloy steels (~9%), electroplating
(~9%) and rechargeable batteries (~5%) (Zhao et al., 2017; Li et al., 2015). Nickel can be commonly found
in two principal ore types-sulfide and laterite ores. Although about 70% of the world land-based nickel
resource is stored in laterite, only about 40% of world nickel production is from laterite in the past years.
Compared with processing of sulfide-laterite ores, nickel laterite processing requires extensive and
complex treatment to extract nickel, leading to higher costs (Kevin et al., 2011). Unlike sulfide ores,
laterite cannot be significantly upgraded and concentrated for processing, since the distribution of
nickel throughout the molecular lattice of the particles makes the production of a concentrate by
flotation or gravity separation impractical. It essentially means that nearly every tone of laterite ore
mined must be went through the entire process, resulting in higher operating costs (Norgate and
Jahanshahi, 2011). To meet future demand for Ni, however, an increasing amount of Ni has been mining
from laterite ores (Gavin M. Mudd, 2010; Ma et al., 2015; Nevill Matson Rice, 2016).

The hydrometallurgical treatment of laterite minerals is increasingly important, as it is expected that
the nickel and cobalt production will mostly obtained through hydrometallurgical processe in the future
(McDonald and Whittington, 2008a,b). Conventionally, sulfuric acid pressure leaching (PAL) process
has developed into the preferred route to extract nickel and cobalt from laterites (mostly limonite) due
to the easy precipitation of iron during the leaching process (BUYUKAKINCI and Topkaya, 2009;
MacCarthy et al., 2016). However, the major drawbacks of the PAL process are high capital cost, high
operating cost, plenty of residual acid and expensive materials construction at commercial level
(McDonald and Whittington, 2008a,b).
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In the leaching process, hydrochloric acid as the leachant is preferred because of comparatively
easier recovery of the useful free acid from its waste solution and solvent extraction (SX) in chloride
medium than does sulphuric acid (Lakshmanan et al., 2016). Although chloride-based commercial
leaching operations are not common, more and more relative researches have been introduced (Zhang
et al., 2016; Liu et al., 2010; Fan et al., 2011).

Kinetics study is an essential part in designing a leaching process, and the major models that have

been developed for kinetics of non-catalytic liquid-solid reactions are the shrinking (including shrinking
particle and shrinking core), homogeneous, grain, uniform pore and random pore models (Zhang et al.,
2017). Some groups have systematically studied the leaching kinetics mainly focusing on sulfuric acid
and some special minerals of laterite (Olanipekun, 2000; Liu et al., 2012; Luo et al., 2010).
In this investigation, the laterite ore from China is mixture from three layers of a mine, but not single
type laterite. It's noteworthy thatthis type of laterite ores has been used in many factories. In addition,
the leaching process using hydrochloride acid was applied by more and more factories. Therefore, the
results in this paper will substantially support the basis theory in industry. In this paper, this mixed
laterite ore was used in experiments to study kinetics, and the leaching conditions have been discussed
in previous work. The effects of several important parameters including temperature, stirring speed
and particle size were discussed. Mineralogical analysis of the raw laterite and the leaching residues
were carried out to study the leaching mechanism. The dissolution order of minerals was also
investigated to understand the function of the stability of different minerals in the kinetics analysis.

2. Materials and methods
2.1. Material analysis

The ores tested in this study are khaki color and block, originated from Yunnan province in China,
where the laterite mainly consists of three layers in order of increasing depth: a hematite cap, a limonitic
laterite deposit and finally garnieritic ore. After drying in vacuum overnight at 105 °C, the ores were
ground to 100% passing different meshes. Chemical analysis of the dried lateritic ores was carried out
with chemical analysis, Inductively Coupled Plasma (ICP) and X-Ray Fluorescence (XRF). Mineralogical
study was carried out in main minerals using a Rint-2000 X-ray diffractometer (XRD) with Cu Ka
radiation from 5° to 85° (20) and a TSU-70C optical microscope.

2.2. Apparatus and procedures

A 50 g of ore was added into the leaching solution in a 500-mL three-necked, round-bottomed flask,
which were placed on a temperature controlled and magnetically stirred water bath equipped with a
digitally controlled thermometer (within+0.5 °C). A condenser was used to avoid evaporation losses
during leaching process as shown in Fig. 1.

el
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Fig. 1. Leaching equipment sketch (1. temperature-controlled bath with external flow, 2. magnetic stirrer, 3.tap

water-cooled condenser, 4. round-bottom flask with 3 holes, 5. water bath, 6. outlets for batch addition and
solution sampling, 7. thermometer)
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Prepared leach solution of the desired concentration of hydrochloric acid was placed into the glass
balloon. Once the desired temperature was reached, the ore sample was added from the feed opening
and stirred at a constant speed by a Teflon coated magnet for the required duration. At the end of
leaching, the leached ore was filtered and washed with distilled water using a Biichner funnel. Pregnant
and wash water solutions were collected and kept constant recovery. The effect of leaching duration on
different metals extraction was investigated comprehensively, and the result can be calculated using Eq.
1, where the leaching time was counted from the time of ore addition:

(V—ivijcm +iv,,cw (1)
XM = i=1 i=1
’ m(c,, /100)
where X is the metal dissolution, M represents metal, V is the initial volume (ml) of the solution, v; is
the volume (ml) of the sample i withdrawn each time, C,,;is the concentration of M in sample i (mg/L),
m is the initial mass of laterite (g) (on dried basis) added into the reactor and Cm is the concentration of
M in laterite (wt% dried solids).
The volumetric analysis (KoCr2Oy titration) was employed for Fe, Ni, Co and Mn were analyzed with
the help of ICP. Leach residues were dried at 105 °C, weighed and analyzed by XRD. Reagent grade
chemicals and de-ionized water were used in these experiments.

3. Results and discussion
3.1. Mineralogical analysis

The components of raw ore were identified by XRD from 5° to 85° (Fig. 2). As characterized by XRD,
the main minerals are lizardite (MgzSi2(OH)4Os), goethite (FeO(OH)), hematite (FexOs), magnetite
(Fe3O4) and quartz (SiO,). Analysis of optical microscope shows that about 0.002 mm particle size of
goethite is cocooned and distributes in magnetite minerals (Fig. 3), and maghemite (white) and limonite
(gray) located in other minerals are detected (Fig. 4). The size of maghemite is below 0.01 mm, and the
size of limonite is between 0.05 and 0.3 mm.
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Fig. 2. Powder XRD pattern of raw laterite

Fig. 3. Fine goethite (white) in magnetite mineral
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Fig. 4. Fine maghemite (white) and limonite (gray) located in gangue

The result of chemical analysis is shown in Table 1. It can be found that the main valuable metals of
Ni and Co are distributed in different minerals, such as goethite, limonite, sulfite and lizardite, shown
in Tables 2 and 3. Ni is mainly existed in iron minerals (about 86 %) and Co is about 65% in iron minerals,
which show that the leaching of Ni and Co would lead iron leaching correspondingly. Considering the
result of Figs. 3 and 4, the ore must be ground to small particle size, so as to increase the reaction
probabilities between iron minerals and the leaching solution.

Table 1. Chemical composition of raw ore

Constituent NiO CoO MnO Fe,O3 CuO MgO  ALO;  SiO;
Content (wt.%) 0.60 0.042 0.171 15.01 0.007 26.4 0.34 57.43

Table 2. The distribution of nickel in main minerals of the ore

Ni phase Goethite Limonite Sulfide Lizardite Total
Content 0.46 0.25 0.02 0.14 0.87
(Wt.%)
Distribution 69.18 16.97 1.64 12.21 100.00
rate(%)

Table 3. The distribution of cobalt in main minerals of the ore

Cobalt phase Goethite Limonite Sulfide Lizardite Total
Content 0.0306 0.017 0.0081 0.0053 0.061
(wt.%)
Distribution 4955 15.23 9.20 26.02 100.00
rate(%)

3.2. Kinetics Analysis

In previous work, the optimum leaching conditions have been studied comprehensively. The
dissolution of nickel, cobalt, manganese, magnesium and iron were 92.3 wt.% and 61.5 wt.%, 93.5 wt.%,
95.5 wt.% and about 56.3 wt.% at the leaching conditions of acid concentration (8 mol/L), particle size
of samples (100% passing 0.15 mm), agitating rate (300 rpm), the temperature (353 K), S/L ratio (1:4)
and leaching time (2 hours). Taking into account that the ore consisted of essentially dense grains which
could be viewed as nonporous particles, and that the ore grains gradually shrunk and the product layer
formed around the unreacted grains during leaching, shrinking core model was selected in this study.
Because it was more suitable to the leaching of nonporous solids, and the other models such as
homogeneous, grain and pore models were usually applied to the porous solid-liquid system.

To determine the activation energy of main metals, a series of leaching experiments were carried out.
The results presented in Figs. 5, 6 and 7 show that the leaching rates were influenced by temperature.

For main metals dissolution kinetics, one previously established shrinking core models were used,
expressed by the following equations:

1-(1-a)1/3=kit @)
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1-3(1-a)2/3+2(1-a)=kat (3)
where a is the fraction of metal dissolved at time t, k1 and k; are the overall rate constants. Eq. (2) assumes

that the rate-controlling step of the leaching is the chemical reaction taking place on the surface of the
mineral, and Eq. (3) assumes that the controlling step is the diffusion through the product layer.
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Fig. 5. Leaching duration on Ni dissolution at different temperatures
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Fig. 6. Leaching duration on Co dissolution at different temperatures
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Fig. 7. Leaching duration on Mn dissolution at different temperatures
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Fig. 8. Plots of 1-3(1-a)2/3+2(1-a) vs. leaching duration of Ni for different temperatures
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Fig. 9. Plots of 1-3(1-a)2/3+2(1-a) vs. leaching duration of Co for different temperatures
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Although the optimum leaching duration was 2 hours, the leaching rate increased slowly after 40
minutes which were shown in Figs. 5, 6 and 7. So the emphasis of kinetics research was focused on the
former period. And the leaching rate increased obviously with the raise of temperature for nickel, cobalt
and manganese in the same reaction duration. Examination of the plots of the above kinetics equations
as functions of time showed that only Eq. (3) gave perfect straight lines as shown in Figs. 8, 9 and 10.
However, other kinetics model failed to give straight lines in function vs. time plots.

Through liner regression of plots of 1-3(1-a)2/3+2(1-a) vs. leaching duration of metals for different
temperatures, rate constants could be calculated as shown in Tables 4, 5 and 6.

Table 4. The apparent rate constants of nickel at different temperatures

Apparent rate constant

i 1 /KA Ink
Leaching Temperature /K T1 /K k/min
323 3.096x103 1.73x10 -6.36
333 3.003x103 2.41x10 -6.03
343 2.915%x1073 3.15%x10 -5.76
353 2.833x103 4.01x10-3 -5.52
Table 5. The apparent rate constants of cobalt at different temperatures
. Apparent rate constant
1 /KA Ink
Leaching Temperature /K T1 /K k/min
323 3.096x103 4.57x104 -7.69
333 3.003x1073 6.36x10+4 -7.36
343 2.915%x1073 8.01x10+4 -7.13
353 2.833x103 1.19%x10 -6.73
Table 6. The apparent rate constants of manganese at different temperatures
. Apparent rate constant
1 /KA Ink
Leaching Temperature /K T1 /K k/min
323 3.096x103 2.71x103 -5.91
333 3.003x103 4.17x103 -5.48
343 2.915%x103 5.04x10- -5.29
353 2.833x103 6.81x10 -4.99

The rate constant is a function of temperature. The relationship of rate constant k and temperature T
could be expressed with Arrhenius equation:

Ink=InA—La 4
RT

where A is the frequency factor and Ea is the apparent activation energy. The Arrhenius plots, which
describe the relationship of rate constant and temperature, are shown in Figs. 11, 12 and 13. It can be
found that the plots in these figures of Ink against 1/T giving a straight line, which proves that the model
applied is suitable. And the values of the activation energy calculated from the slope of these lines are
11.56 kJ/mol for nickel, 11.26 kJ/mol for cobalt and 10.77 kJ/mol for manganese, respectively. As
verified in previous work, the optimum speed value is 300 rpm, and valuable metals extraction
enhanced with the increase of the agitation speed from 100 to 300 rpm. However, less enhacement was
obtained in higher speed (more than 300 rpm). It suggests that that the external diffusion effect is
negligible at 300 rpm or above. Therefore, 300 rpm was chosen for the all experiments to ensure that the
measured leaching rate was free from diffusion through the liquid film. In view of the negligible
external diffusion effect at 300 rpm, we can speculate that the diffusion through the product layer is the
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controlling step in the dissolution process of Ni, Co and Mn. Namely, the controlling step is diffusion

through solid film.

3.3. Leaching Mechanism
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As we all know, studing the mechanism benefits the kinetics analysis of valuable metals leaching.
Through mineralogical analysis of the ore, it can be found that nickel and cobalt are distributed in
different minerals and mainly in iron mineral and silicate mineral.

The leaching residues XRD diagram of different leaching time are shown in Fig. 14. Lizardite

characteristic peaks at 20 angle of 12.1°, 24.2° and 60.1° as shown in Fig. 14 are observed to become
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weaker with the increase of leaching time. Composition analysis of the ore reveals that there is plenty
of silicate in the ore, but only one characteristic peak at 20 angle of 26.8° as shown in Figs. 2 and 14,
which demonstrates that silicate is the amorphous phase or existed in weak crystal phase. What’s more,
it can be found there are bread peak from 14° to 30° in the XRD diagram of raw ore in Figs. 2 and 14.
With the decomposition of lizardite, more and more silica releases, existing in new characteristic peak
at 20 angle of 20.1°. At the same time, the peak of 26.8° become sharper than before. And goethite
mineral characteristic peaks at 20 angle of 21°, 33.2°, 36.8° and 54.1° nearly disappear, when leaching
duration is 0.5 h. It proves that goethite dissolves faster than lizardite under these leaching conditions.

Hematite is detectable in the residue by XRD at 20 angle of 33.6° and 54.1°, which indicates that some
hematite peaks can be observed only after the partially dissolution of goethite. The peaks of magnetite
and hematite become weak but still exist in Fig. 14, even increasing the leaching duration upto 2 h. The
absence of the goethite peak implies that goethite dissolves in preference to magnetite and hematite.
Therefore, the order of the effect of these minerals dissolution is: goethite>lizardite>magnetite ~
hematite.

Due to the existence of silica, magnetite, hematite and talc, and some of them generated in the
leaching process can form solid film, which hinder the leaching of valuable metals. Therefore, the rate-
controlling step is inner diffusion in the leaching process of laterites, namely solid film diffusion
controlling.
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Fig. 14. The XRD diagram of leaching residues of different leaching time

4. Conclusions

The ore employed in this paper was mixture from three layers of a mine, and the main valuable metals
of nickel and cobalt are distributed in different minerals, such as goethite, limonite, sulfite and lizardite.
The content of nickel and cobalt are not high in the above-mentioned ore. Analysis of optical microscope
shows that the ore must be ground to small particle size, so as to increase the dissolution of valuable
metals. Kinetics analysis shows that equation of 1-3(1-a)2/3+2(1-a)=kt is suitable, and the values of
activation energy calculated from the Arrhenius plots of k; are 11.56 kJ/mol for nickel, 11.26 k] /mol for
cobalt and 10.77 kJ /mol for manganese. Combined with the analysis of leaching conditions and leaching
mechanism, the controlling step is solid film diffusion controlling.
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