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Abstract: A novel process was proposed for the activation pretreatment of limonitic laterite ores by Na2CO3 roasting. 
Dechromization and dealumination kinetics of the laterite ores and the effect of particle size, Na2CO3-ore mass ratio, and roasting 
temperature on Cr and Al extraction were studied. Experimental results indicate that the extraction rates of Cr and Al are up to 99% 
and 82%, respectively, under the optimal particle size of 44–74 μm, Na2CO3-to-ore mass ratio of 0.6:1, and temperature of 1000 °C. 
Dechromization within the range of 600–800 ºC is controlled by the diffusion through the product layer with an apparent activation 
energy of 3.9 kJ/mol, and that it is controlled by the chemical reaction at the surface within the range of 900–1100 °C with an 
apparent activation energy of 54.3 kJ/mol. Besides, the Avrami diffusion controlled model with on apparent activation energy of 
16.4 kJ/mol is most applicable for dealumination. Furthermore, 96.8% Ni and 95.6% Co could be extracted from the alkali-roasting 
residues in the subsequent pressure acid leaching process. 
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1 Introduction 
 

The superior properties of Ni lead to an increased 
demand for the metal, which results in the depletion of 
the easily extractable Ni sulfide deposits. This has also 
prompted the mining industry to develop extraction 
technologies for lateritic Ni [1]. Of all the land Ni 
reserves, 30% exists as sulfide ores with the balance 
comprised of oxide ores [2]. The oxide ores account for 
about 40% of the world’s Ni production [3]. Lateritic Ni 
deposits occur as a result of prolonged chemical 
weathering of ultramafic rocks containing high 
proportions of Fe (III) oxide [4] and minor amounts of 
Ni, Co, Cr and Al [5]. Laterites are mainly divided into 
two types, i.e., limonitic laterite ores and silicon- 
magnesium ores. The primary mineral in the limonitic 
laterite ores is α-FeOOH [6] which forms needle-shaped 
particles rich in Ni [7]. 

It is impossible to physically beneficiate Ni due to 

the complex mineralogy and heterogeneous nature of 
limonitic laterite ores. In addition, Ni extraction from 
these ores by traditional pyro- and hydro-metallurgical 
technologies is costly because of their low Ni content 
[8−10]. Traditional metallurgical technologies include 
pyrometallurgical refining [11,12], reduction roasting- 
ammoniacal ammonium carbonate leaching [13], high- 
pressure acid leaching (HPAL) [14,15], and so on. 
Recently, the HPAL technology for processing limonitic 
laterite ores has become research and industrial 
application hotspots in hydrometallurgy. However, when 
this technology was used to treat limonitic laterite ores 
from Indonesia, the leaching rates of Ni and Co were 
both low, because some of the Ni and Co were embedded 
in the chromite or other minerals in the laterite ores [16]. 
Furthermore, large quantities of acid leach residues with 
impurities have become unexploited resources that are a 
serious burden to the environment. Thus, research has 
been carried out to recover hematite from the acid leach 
residues mainly containing hematite, quartz, gibbsite and 
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chromite and upgrade of the residues to a saleable Fe 
concentrate [17]. 

Keeping in mind the above situation, a new 
extraction technology called the alkali roasting–acid 
leaching (ARAL) process was developed by our research 
group to process limonitic laterite ores from Indonesia 
[18]. The general process flow of the ARAL technology 
is shown in Fig. 1. This technology comprehensively 
extracts all the valuable components of limonitic laterite 
ores. There are three advantages of the ARAL 
technology as follows [16]. First, it comprehensively 
extracts all the valuable components of limonitic laterite 
ores, and reduces costs by operating at milder acid 
leaching conditions and by recycling the alkali and acid 
media. Second, alkali-roasting activation pretreatment 
breaks the mineral lattices of laterites, exposing their Ni 
and Co, which leads to higher extraction of these two 
metals under milder operation conditions in the 
subsequent pressure acid leaching process. Lastly, the 
grade of pressure acid leaching iron residues is increased 
due to the removal of some impurities (such as Cr and Al) 
during the pretreatment, which makes iron-making 
easier. 

The purpose of the present work is to obtain 
essential information on the effect of particle size, 
Na2CO3-to-ore mass ratio, and roasting temperature on 
Cr and Al extraction by Na2CO3 roasting and then 

leaching with water. Moreover, the dechromization and 
dealumination kinetics are also investigated in the 
present work. 

 
2 Experimental 
 
2.1 Materials 

The limonitic laterite ores used in the present work 
were collected from Indonesia. Indonesia is estimated to 
have this type of laterite ore reserves of around 
150 million. The results of the typical composition 
analysis by inductively coupled plasma-optical emission 
spectrometry (ICP-OES, Optima 5300DV, PerkinElmer, 
USA) are presented in Table 1. The mineralogical 
analysis of the samples by XRD (Philips 1140, Cu Kα, 40 
mA current, 30 kV) indicates that the major crystalline 
mineral of the laterite ores is goethite, with minor 
amounts of hematite, magnetite, chromite, gibbsite, and 
manganite (see Fig. 2). The laterite ores are collected for 
SEM observation (Electron Corporation, JSM−6700F), 
as shown in Fig. 3. Goethite, presenting a stalactitic 
shape, is the major Ni-bearing mineral. Spheroidal 
particles are mainly Ni oxide grains that are rich in the 
goethite lattice. Water for the experiment and analysis 
was purified using a water super-purification machine 
(Milli-Q, Millipore). The solid Na2CO3 was of reagent 
grade (Beijing Chemical Plant). 

 

 
Fig. 1 General process flow sheet of ARAL technology for processing laterite ores from Indonesia 
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Table 1 Composition analysis results of limonitic laterite 
samples from Indonesia (mass fraction, %) 

Fe Ni Co Cr2O3 Al2O3 MgO SiO2 Mn

47.04 0.55 0.037 5.01 7.68 0.50 1.53 0.34

 

 
Fig. 2 XRD pattern of laterite samples from Indonesia 
 

 
Fig. 3 SEM image of laterite samples from Indonesia 
 
2.2 Experimental equipment and procedures 

The laterite samples were dried, ground, and 
dry-sieved to various narrow-range fractions. The 
alkali-roasting tests were performed in a muffle furnace 
using corundum crucibles with the temperature of the 
muffle furnace controlled using a programmable 
temperature controller with a precision of ±1 °C. The 
calculated Na2CO3 and laterite samples according to a 
certain Na2CO3-to-ore mass ratio were homogeneously 
mixed in the corundum crucibles and then placed into the 
muffle furnace and heated to a preset temperature for a 
required time with free access of air. 

The Na2CO3-roasting reaction could be described as 
follows: 

 
Na2CO3=Na2O+CO2                           (1) 

 
Na2O+1/2Cr2O3+3/4O2=Na2CrO4                 (2) 

 
Na2O+1/2FeO·Cr2O3+7/8O2=Na2CrO4+1/4Fe2O3    (3) 

 
Na2O+Al2O3=2NaAlO2                         (4) 

Na2O+SiO2=Na2SiO3                          (5) 
 

2NaAlO2+nNa2SiO3=Na2O·Al2O3·nSiO2+nNa2O    (6) 
 
To calculate the degree of Cr and Al extraction, the 

molten product was removed rapidly at selected time 
intervals during a run and then cooled at room 
temperature. The cooled alkali-roasting clinker was 
ground and then put into glass beakers with water to 
form a slurry with liquid-to-solid mass ratio of 2:1. The 
beakers were placed in an electrical heating oil-bath 
vessel equipped with a continuous agitating device, and 
leached with water at 90 °C. After complete leaching 
with water, the slurry was separated by Buchner funnel 
into filtrate rich in Cr, Al and filter cake rich in Ni, Co, 
and Fe. The filter cake was dried and then dissolved in 
diluted HCl solution and analyzed for its Cr and Al 
content by ICP-OES. Leaching was calculated using the 
following formula: 
 
X=100−(V×ρ)/(mi/ml×mp×w)×100              (7) 
 
where X is the fractional conversion of impurity (Cr or 
Al); ρ is the impurity concentration in the HCl solution 
(measured by ICP-OES) after dissolution of the filter 
cake; ml and mi are the total mass of the filter cake and 
laterite samples, respectively; mp is the mass of the 
filter cake dissolved in HCl solution; w is the mass 
fraction of metal in the laterite sample; V is the volume 
of HCl solution used. 
 
3 Results and discussion 
 
3.1 Effect of particle size 

The dependence of the particle size on Cr and Al 
extraction was investigated by alkali roasting at 1000 °C 
and a Na2CO3-to-ore mass ratio of 0.6:1, using the three 
particle size fractions of the laterite samples, namely, 
100−125, 74−100, and 44−74 μm. The results presented in 
Figs. 4 and 5 show that Cr and Al extraction both increase 
with the decrease in the particle size. This indicates 
 

  
Fig. 4 Effect of particle size on leaching rate of Cr 
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Fig. 5 Effect of particle size on leaching rate of Al 
 
that decreasing the clinker size increases the specific 
surface and its reactivity. Thus, subsequent experiments 
were performed using laterite sample fractions of 
44–74 μm particle size. 
 
3.2 Effect of Na2CO3-to-ore mass ratio 

Na2CO3 acts as a fluxing agent in the reaction 
mixture. Excess Na2CO3 is necessary to ensure sufficient 
extent of reaction. This amount of Na2CO3 does not 
significantly affect the economy of the whole process 
because of the recycling procedure in the overall process. 

The influence of the 0.4−0.8 Na2CO3-to-ore mass 
ratio on the leaching rates of Cr and Al at 1000 °C was 
investigated. As shown in Fig. 6, the leaching of Cr 
improves with an increase in the Na2CO3-to-ore mass 
ratio from 0.4:1 to 0.8:1, whereas little increase occurs 
between the ratios 0.8:1 and 0.6:1. The extent of leaching 
considerably increases at the initial stages of roasting and 
stabilizes after 1 h. Besides, it can be seen from Fig. 7 
that the leaching rate of Al also improves with an 
increase in the Na2CO3-to-ore mass ratio, whereas   
little decrease occurs with the extended roasting time, 
mainly due to the generation of sodium aluminosilicate 
 

 
Fig. 6 Effect of Na2CO3 to-ore mass ratio on leaching rate of Cr 

 

 
 
Fig. 7 Effect of Na2CO3-to-ore mass ratio on leaching rate of Al 
 
(Na2O·Al2O3·nSiO2) [16]. The optimal ratio is found to 
be 0.6:1, at which leaching rates up to 99% and 82% for 
Cr and Al can be obtained, respectively. 
 
3.3 Effect of roasting temperature 

The roasting temperature dependence of the 
alkali-roasting process can be used to estimate the 
apparent free energy and elucidate the macro-kinetics of 
the process. The influence of roasting temperature on the 
leaching rates of Cr and Al was examined at 600− 
1100 °C and a Na2CO3-to-ore mass ratio of 0.6:1. The 
results in Figs. 8 and 9 show that the leaching rates of Cr 
and Al both increase with the increase in roasting 
temperature from 600 to 1000 °C, whereas considerable 
decrease for Al occurs at 1100 °C. Results of SEM 
observation of alkali-roasting residues at 1100 °C    
(see Fig. 10) indicate that increasing temperature leads to 
serious sintering of the residues, which results in a lower 
leaching rate of Al during the water leaching process. 
The other reason could be attributed to the fact that 
Na2CO3 reacts with the silicate compounds in the laterite 
ores to form Na2SiO3 (reaction (5)), and then with the 
 

 
Fig. 8 Effect of roasting temperature on leaching rate of Cr 
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Fig. 9 Effect of roasting temperature on leaching rate of Al 
 

 
Fig. 10 SEM image of Na2CO3-roasting residues of laterite ores 
 
continued increase in roasting temperature, it 
subsequently reacts with NaAlO2 to form an insoluble 
complex called Na2O·Al2O3·nSiO2 precipitate (reaction 
(6)), which results in a loss of soluble Al. Consequently, 
1000 °C is the favorable roasting temperature for the 
leaching of Cr and Al. 
 
3.4 Dechromization kinetics 

Activation pretreatment of limonitic laterite ores by 
Na2CO3 roasting at 600–1100 ºC is a heterogeneous 
liquid–solid reaction process that could be analyzed with 
the shrinking-core model [19]. Assuming ideal 
conditions, the reaction rate of dechromization may be 
controlled by one of the following steps: diffusion 
through the boundary or product layers, and the chemical 
reaction on the surface. Assuming that the particles of 
laterites have spherical geometry, the following kinetic 
equations apply for different rate-controlling steps. 

Boundary layer diffusion-controlled process:  
x=k1t                                       (8)  

Product layer diffusion-controlled process:  
[1−(1−x)1/3]2=k2t                             (9)  

Chemical reaction-controlled process: 

1−(1−x)1/3=k3t                               (10) 
 

where x is the Cr fraction reacted at time t; k1, k2 and k3 
are the apparent rate constants of Eqs. (8)−(10), 
respectively. 
3.4.1 Diffusion-controlled process 

Based on the Cr fractional conversion x at time t 
given in Fig. 8, x, [1−(1−x)1/3]2, and 1−(1−x)1/3 were 
calculated and subsequently plotted against reaction time 
t, according to Eqs. (8)−(10). The results show that the 
diffusion-controlled model is suitable for the leaching of 
Cr within the range of 600−800 °C. The rate constants  
(k) and correlation coefficients (R2) for the diffusion- 
controlled model are listed in Table 2. Furthermore, plots 
of [1−(1−x)1/3]2 versus t (see Fig. 11) indicate that the 
leaching rate of Cr at 600–800 °C within 2 h has good 
correlation with the diffusion-controlled kinetics derived 
from Eq. (9). The apparent rate constant was determined 
from the straight lines of Fig. 11, and plotted according 
to the Arrhenius equation, as shown in Fig. 12. The 
calculated apparent activation energy is found to be 
3.9 kJ/mol. The activation energy of a diffusion- 
controlled process is usually less than 20 kJ/mol [20]. 
Research results by CHANDRA et al indicated that 
melting oxidization of chromite at 600−650 °C was 
controlled by the diffusion through the product layer 
with an apparent activation energy of 61.49 kJ/mol [21]. 
The above results confirm that dechromization within the 
range of 600−800 °C is controlled by diffusion through 
the product layer. 
 
Table 2 Rate constants and correlation coefficients for 
diffusion-controlled model 

θ/℃ T−1/10−3K−1 k lnk R2 

600 1.145 0.07924 −2.535 0.993

700 1.028 0.10818 −2.224 0.999

800 0.932 0.14603 −1.978 0.994

 

 
 
Fig. 11 Plots of [1−(1−x)1/3]2 vs time 
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Fig. 12 Arrhenius plot for leaching rate of Cr from laterite ores 
at 600−800 °C 
 
3.4.2 Chemical-reaction controlled process 

Besides, the calculated results show that the 
chemical reaction-controlled model is suitable for the 
leaching of Cr within the range of 900−1100 °C. The rate 
constants (k) and correlation coefficients (R2) for the 
surface chemical reaction-controlled model are listed in 
Table 3. Furthermore, plots of 1−(1−x)1/3 versus t     
(see Fig. 13) indicate that the leaching of Cr at 900–1100 
°C within 1 h has good correlation with the chemical 
reaction-controlled kinetics derived from Eq. (10). The 
apparent rate constant was determined from the straight 
lines of Fig. 13, and plotted according to the Arrhenius 
equation, as shown in Fig. 14. The calculated apparent 
activation energy is found to be 54.3 kJ/mol. The 
activation energy of a chemically controlled process is 
usually greater than 41.8 kJ/mol [22]. Traditional 
oxidization roasting of chromite using Na2CO3 within the 
range of 900−1100 °C is controlled by the chemical 
reaction on the surface with an apparent activation 
energy of 75.36−142.35 kJ/mol [23]. Research results by     
LI et al [24] indicated that oxidization roasting of 
chromite within the range of 950−1100 °C was 
controlled by the chemical reaction on the surface with 
an apparent activation energy of 68.7 kJ/mol. The above 
results confirm that dechromization within the range of 
900−1100 °C is controlled by the chemical reaction on 
the surface. 

Consequently, Cr extraction from the laterite ores is 
 
Table 3 Rate constants and correlation coefficients for 
chemical reaction-controlled model 

θ/℃ T−1/10−3K−1 k ln k R2 

900 0.853 0.45809 −0.7807 0.998

1000 0.786 0.74629 −0.2926 0.999

1100 0.728 1.02809 0.0277 0.999

 

 
Fig. 13 Plots of 1−(1−x)1/3 vs time 
 

 
Fig. 14 Arrhenius plot for leaching rate of Cr from laterite ores 
at 900−1100 °C 
 
a diffusion-controlled process within the range of 600−   
800 °C and a chemical reaction-controlled process within 
the range of 900–1100 °C, respectively. 
 
3.5 Dealumination kinetics 

Based on the Al fractional conversion x at time t 
given in Fig. 9, the kinetic Eqs. (8)−(10) are not suitable 
for the leaching of Al within the range of 600−1100 °C. 
Therefore, it is assumed that the Al extraction applies for 
the Avrami diffusion controlled model: 

 
ln[−ln(1−x)]=ln k4+nln t                        (11) 

 
where x is the Al fraction reacted at time t, and k4 is the 
apparent rate constants of Eq. (11). 

The results show that the Avrami diffusion- 
controlled model is suitable for the leaching of Al within 
the range of 600−1100 °C. The rate constants (k) and 
correlation coefficients (R2) for the Avrami diffusion- 
controlled model are listed in Table 4. Furthermore, plots 
of ln[−ln(1−x)] versus ln t (see Fig. 15) indicate that the 
leaching of Al at 600–1100 °C has good correlation with 
the Avrami diffusion-controlled kinetics derived from  
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Eq. (11). Therefore, Al extraction from the laterite ores is 
an Avrami diffusion-controlled process at the 
Na2CO3-to-ore mass ratio of 0.6:1. The apparent rate 
constant was determined from the straight lines of    
Fig. 15, and plotted according to the Arrhenius equation, 
as shown in Fig. 16. The calculated apparent activation 
energy is found to be 16.4 kJ/mol. Research results by 
XIAO et al [25] indicated that the leaching process of 
bauxite sintering clinker was controlled by the internal 
diffusion with an apparent activation energy of     
11.77 kJ/mol, which are similar to the results reported in 
this work. 

 
Table 4 Correlation coefficients of ln[−ln(1−x)] vs ln t at 
different temperatures 

θ/℃ Equation R2 

600 ln[−ln(1−x)]=−3.22467+0.4062ln t 0.999

700 ln[−ln(1−x)]=−2.93802+0.4299ln t 0.993

800 ln[−ln(1−x)]=−2.81736+0.57845ln t 0.99

900 ln[−ln(1−x)]=−2.64138+0.54912ln t 0.993

1000 ln[−ln(1−x)]=−2.5098+0.63684ln t 0.99

1100 ln[−ln(1−x)]=−2.37218+0.54663ln t 0.996

 

 
Fig. 15 Plots of ln[−ln(1−x)] vs ln t 
 

 
Fig. 16 Arrhenius plot of lnk vs 1/T 

3.6 Experiments on leaching of Ni and Co by pressure 
acid leaching 
The subsequent pressure acid leaching experiments 

of the residues pretreated with alkali roasting were 
performed to evaluate the effect of pretreatment on the 
leaching of Ni and Co and the grade of acid leach iron 
residues. 

The pressure acid leaching experiments were 
carried out under a liquid-to-solid mass ratio of 3.5:1, 
free acid concentration of 50 g/L, leaching temperature 
of 200 °C, leaching time of 1.5 h, and leaching pressure 
of 1.6 MPa. The experimental results show that the 
leaching rates of Ni and Co from the water leach residues 
of the alkali-roasting clinker are 96.8% and 95.6%, 
respectively, in the subsequent pressure acid leaching 
process. The pressure acid leaching operation conditions 
of the ARAL technique for processing limonitic laterite 
ores are milder compared with those of traditional HPAL 
(250−270 °C, 5−6 MPa). This is because alkali-roasting 
activation pretreatment breaks the mineral lattices of the 
laterite, which makes Ni and Co more exposed and then 
easily leached. Meanwhile, the grade of acid leach iron 
residues can reach 62.33% due to the removal of 
impurities in the laterite ores by the alkali-roasting 
pretreatment. 
 
4 Conclusions 
 

1) The experimental results on activation 
pretreatment of laterite ores by Na2CO3 roasting indicate 
that increasing the Na2CO3-to-ore mass ratio and roasting 
temperature, and decreasing the particle size increase Cr 
and Al extraction rates. Approximately 99% Cr and 82% 
Al in the laterite ores can be extracted under the optimal 
temperature of 1000 °C, Na2CO3-to-ore mass ratio of 
0.6:1, and particle of size of 44−74 μm. 

2) The results on dechromization kinetics indicate 
that dechromization within the range of 600–800 ºC is 
controlled by the diffusion process with an apparent 
activation energy of 3.9 kJ/mol, and that it is controlled 
by the chemical reaction process within the range of 
900–1100 °C with an apparent activation energy of 
54.3 kJ/mol. 

3) The results on dealumination kinetics indicate 
that dealumination within the range of 600−1100 °C is 
controlled by the Avrami diffusion model with an 
apparent activation energy of 16.4 kJ/mol. 

4) 96.8% Ni and 95.6% Co can be extracted from 
the alkali-roasting residues in the subsequent pressure 
acid leaching process. Meanwhile, the grade of acid 
leach iron residues can reach 62.33%. The iron residues 
with low Cr content are more suitable raw materials for 
iron making. 
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摘  要：开发碳酸钠碱熔焙烧预处理红土镍矿的新工艺，对红土镍矿碱熔脱除铬和铝动力学以及矿石粒度和碱矿

质量比、焙烧温度等影响铬和铝浸出率的因素进行系统研究。结果表明：在矿石粒度为 44~74 μm、碱矿质量比为

0.6:1 和焙烧温度为 1000 °C 的条件下，铬和铝的浸出率分别达到 99%和 82%以上。在 600−800 °C 温度范围内，

除铬反应受产物层扩散控制，其表观活化能为 3.9 kJ/mol；在 900~1100 °C 温度范围内，除铬反应受表面化学反应

控制，其表观活化能为 54.3 kJ/mol。此外，在 600~1100 °C 温度范围内，除铝反应受 Avrami 内扩散控制，其表观

活化能为 16.4 kJ/mol。在后续对碱熔渣进行加压酸浸过程中，镍和钴的浸出率分别达到 96.8%和 95.6%。 

关键词：除铬；除铝；动力学；碳酸钠焙烧预处理；红土镍矿；镍；钴                    (Edited by Yun-bin HE) 


