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Abstract: A low-grade nickel laterite ore was reduced at different reduction temperatures. The morphology of metallic particles was 
investigated by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Experimental results indicate that 
the metallic nickel and iron gradually assemble and grow into larger spherical particles with increasing temperature and prolonging 
time. After reduction, the nickel laterite ore obviously changes into two parts of Fe−Ni metallic particles and slag matrix. An obvious 
relationship is found between the reduction of iron magnesium olivine and its crystal chemical properties. The nickel and iron oxides 
are reduced to metallic by reductant, and the lattice of olivine is destroyed. The entire reduction process is comprised of oxide 
reduction and metallic phase growth. 
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1 Introduction 
 

Nickel is an important metal used in the production 
of stainless steel and alloys [1]. Approximately 65% and 
12% of the overall nickel consumption worldwide are 
primarily consumed in stainless steel production and in 
super alloy or nonferrous alloy manufacturing, 
respectively [2]. Nickel laterite ores, which comprise 
73% of the world’s proven nickel reserves 
(approximately 160 million tons), are the dominant 
source of nickel [3]. However, only 42% of the world’s 
production of nickel comes from nickel laterite ores [4]. 
Nickel laterite ores are formed through long weathering 
of ultra-basic rocks containing iron and magnesium 
silicate minerals [5]. During weathering, nickel steeps 
out on the top layer deposit on the substratum. As a 
result, Mg2+ and Fe2+ in the lattice of corresponding 
silicates and ferric iron oxides are substituted by Ni2+. In 
laterite ores, nickel is closely associated with iron oxide 
and silicate minerals. It serves as an isomorphous 
substitute for iron and magnesium in the lattice. Nickel 
laterite ores are difficult to beneficiate by physical 
methods because of their complex mineralogy [6]. Thus, 
metallurgical technology is usually applied to extracting 
nickel from nickel laterite ores. 

In recent years, the rapid rise in stainless steel 

demand has dramatically increased the production of 
nickel metal by approximately 4.7% per year. Therefore, 
the recovery of nickel from laterite ores using 
pyrometallurgy has been extensively investigated. 
MICHAIL et al [7] investigated the microwave reduction 
of nickeliferous laterite ores. PURWANTO et al [8] 
recovered nickel and cobalt metals using selective 
reduction of laterite ores followed by acid leaching. LI et 
al [9] used reduction roasting followed by wet magnetic 
separation to beneficiate nickel and iron from 
nickeliferous laterites and investigated the effects of 
sodium sulfate. ZHU et al [10] upgraded low-nickel 
content laterite ores using selective reduction followed 
by magnetic separation. These previous studies 
demonstrated that coal-based reduction followed by 
magnetic separation is effective for the recovery of 
nickel and iron from nickel laterite ores. Ferronickel 
materials obtained from magnetic separation are directly 
used to manufacture stainless steels. During this process, 
the growth of metallic particles is critical because the 
particles must grow to a size large enough for subsequent 
magnetic separation [11,12]. However, most of these 
studies focused on the conditions during reduction and 
magnetic separation. The reduction mechanisms, 
especially the growth of metallic particles which is 
essential in separating Fe−Ni metallic iron phase and   
in controlling the reduction process, have not yet been 
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discussed well. Therefore, it is necessary to investigate 
the mechanisms of coal-based reduction of nickel laterite 
ore. 

In this study, the reduction of nickel from a 
low-grade nickel laterite ore was performed using 
coal-based reduction. The effects of reduction 
temperature and time on the growth of metallic particles 
were investigated. Moreover, the reduction mechanisms 
of nickel were analyzed based on the crystal structure 
properties of the nickel laterite ore and the reduction 
process. The present study aims to provide a basis for the 
utilization of nickel laterite ores. 
 
2 Experimental 
 
2.1 Materials 

A low-grade laterite ore from Burma was selected 
as the nickel-bearing ore. The chemical composition of 
the laterite ore is given in Table 1. Figure 1 shows the 
X-ray diffraction pattern of laterite. It can be seen from 
Table 1 and Fig. 1 that iron magnesium olivine is the 
essential mineral in the nickel laterite sample. The 
molecular formula is (Mg2+,Fe2+,Ni2+)2SiO4, where Mg2+, 
Fe2+, and Ni2+ are of isomorphism. The selected 
reductant is Shenfu coal from Shaanxi Province, China. 
The proximate analysis of the coal is listed in Table 2. 
The coal is a good reductant because of its high fixed 
carbon and volatile matter, low ash, and relatively low 
harmful element (S, P) content. The ore and coal were 
ground to 100% passing screen aperture of 2.0 mm 
before the reduction to increase the contact between 
them. 
 
Table 1 Chemical composition of nickel laterite ore (mass 
fraction, %) 

TFe Ni Mn Co SiO2 

14.24 2.26 0.24 0.05 41.41 

MgO Al2O3 CaO Cr2O3 Fe2O3 

17.24 1.99 0.26 1.99 20.00 

 

 
 
Fig. 1 XRD pattern of nickel laterite ore 

Table 2 Proximate analysis of pulverized coal (mass fraction, 
%) 

FC VM Ash P S Al2O3 SiO2 CaO

56.10 30.40 5.44 0.003 0.022 0.57 1.27 1.83
FC—Fixed carbon; VM—Volatile matter 
 
2.2 Reduction experiment 

The equipment for reduction was a SX-8-16 muffle 
furnace with a working chamber (200 mm× 200 mm × 
150 mm). The heating rate of the furnace ranged from 10 
°C/min to 20 °C/min, and the upper temperature limit 
was 1600 °C. Approximately 50 g of ore was used for 
each reduction experiment. The C/O ratio (i.e., the 
amount of coal addition in terms of gram-atomic ratio of 
the fixed carbon in the coal added to the combined 
oxygen in nickel and iron oxides) was 2.5. The dried 
mixture of ore and coal was placed in a ceramic crucible, 
which was then placed in a muffle furnace when the 
temperature of the furnace reached the reduction 
temperature. Once the reduction experiments were 
finished, the samples were taken out of the furnace and 
cooled to room temperature by water quenching. The 
reduced product was dried in a vacuum oven for SEM 
analysis. 
 
2.3 Measuring method 

To understand the changes in iron and nickel status 
during reduction, the microstructures of reduced 
materials of the nickel laterite ore under certain reduction 
conditions were investigated using SSX−550 SEM 
(SHIMADZU). The reduced product was ground to 
approximately less than 2.0 mm. To avoid the charging 
problem, gold film of a few nanometers was deposed on 
the reduced product powders placed on a conductive 
adhesive prior to SEM observation. Composition 
analysis was carried out by energy dispersive 
spectrometry (EDS) on an Inca X-ray spectrometer 
combined with an SEM. 

 
3 Results and analysis 
 
3.1 Effect of reduction temperature on growth of 

metallic particles 
Reduction temperature is a key effective factor in 

metallic particle growth. The nickel laterite ore was 
reduced at various temperatures between 1200 and 1300 
°C while keeping a reduction time of 40 min. The 
morphological features of the reduced material are 
shown in Fig. 2. The bright and white crystal points are 
Ni and Fe, which are the metal phases produced by 
reduction. The main grey points are Si, Mg, and      
Ca, which remain the original states before entering the 
furnace. SEM images show that metallic iron and nickel 
are melted and associated homogeneously in the form of  
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Fig. 2 SEM images and EDS patterns of reduction materials at different reduction temperatures: (a1, a2, a3) 1200 °C; (b1, b2, b3) 1250 °C; 
(c1, c2, c3) 1300 °C 
 
Fe−Ni metallic phase. 

More nickel and iron particles are produced, and the 
particle size increases as temperature is increased from 
1200 °C to 1300 °C. Meanwhile, the nickel and iron 
particles become increasingly spherical with increasing 
reduction temperature. More nickel and iron particles are 
chained at 1300 °C. The probable reason for this is that 
the fluidity of nickel and iron is better at high 
temperatures. 

The increase in reduction temperature favors the 
cohesion between nickel and iron as well as the growth 
of metallic crystal particles. The purity of metallic 

particles increases. During metallic particle growth, 
metallic phases are produced firstly and then regenerated. 
As a result, the particles become purified gradually. 
 
3.2 Effect of reduction time on growth of metallic 

particles 
Tests at different reduction times were conducted to 

further realize the aggregation growth behaviors of 
metallic particles during the reduction process. 
Reduction temperature was fixed at 1275 °C. The 
morphological features of the reduced material are 
shown in Fig. 3. The SEM images and EDS analyses 
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Fig. 3 SEM images and EDS patterns of reduction materials at different reduction times: (a1, a2, a3) 20 min; (b1, b2, b3) 40 min; (c1, c2, 
c3) 60 min; (d1, d2, d3) 80 min 
 
indicate that the main elements of the bright and white 
crystal particles are Ni and Fe and that the basal 
corpuscle portion is mainly based on Si, Mg, and Ca. 

The metallic particles continuously grow as the reduction 
time in deep reduction is prolonged and the degree of 
sphericity is increased. Some nickel and iron particles  
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rupture when the reduction time is prolonged to 80 min. 
When the reduction time is prolonged to a critical value, 
the fluidity of nickalloy will increase, which causes the 
rupture of spherical particles. 

The EDS patterns of the spots show that the peak 
values of the impurity elements of Si, Ca, and Al on the 
metallic surface continuously decrease as the reduction 
time is prolonged. Particularly, the peak value of nickel 
increases more significantly. This indicates that the 
purity of metallic particles increases as the reduction 
time is prolonged. 

Comprehensive analyses show that the crystal grain 
size, sphericity degree, nickalloy particle impurity, nickel 
and iron liberation, and nickel matrix increase as the 
reduction time is prolonged. These results are beneficial 
for the magnetic separation of nickel and iron. However, 
over prolonged reduction time weakens the reduction 
atmosphere and oxidizes the metallic particles in the 
reduced material. 

 
3.3 Reduction process 
3.3.1 Crystal chemistry of nickel-containing minerals 

The main chemical bonds in silicate minerals are 
ionic and covalent bonds. As the formation of ionic 
bonds among atoms in the mineral structure is increased, 
the polarity of bond increases, and the bond fractures 
easily. By contrast, as the formation of covalent bonds is 
increased, the degree of nonpolarity increases, and the 
bond fractures difficultly. 

According to the Pauling’s rules, λ is the ratio of 
bond power, and expresses the polarity of bond. In iron 
olive palygorskite, the λ values of Fe—O and Si—O are 
0.94 and 0.63, respectively. In magnesia olivine 
palygorskite, the λ values of Mg—O and Si—O are 0.93 
and 0.63, respectively. Hence, when iron magnesium 
olivine suffered from exogenic action, the prior fractured 
bond should be Fe—O and Mg—O. The Ni—O of iron 
magnesium olivine also belongs to the prior fractured 
bond [13,14]. 

The crystal chemical properties of nickel laterite ore 
show that Ni—O, Fe—O, and Mg—O fracture prior to  
Si—O. Therefore, Ni2+ and Fe2+ are reduced to metallic 
phase existing in the pore of the lattice prior to Mg2+ 
during reduction. Si exists in the slag phase because   
Si—O does not break. 
3.3.2 Thermodynamic basis for nickel reduction 

The reduction reactions of nickel oxide by solid 
carbon are shown as follows: 
 
NiO+C=Ni+CO                             (1) 
 
2NiO+C=2Ni+CO2                                         (2) 
 

The relative proportion of the products CO and CO2 
depends on system balance. According to the Boudouard 
reaction and the relationship between the equilibrium 

concentration of CO and the temperature under the 
standard atmospheric pressure, both CO and CO2 are 
present in the equilibrium composition of carbonic 
gasification reaction when the reduction temperature is 
below 1000 °C. Thus, the reactions (1) and (2) occur 
simultaneously, indicating that NiO reacts with C to form 
Ni, CO, and CO2. However, at higher temperatures 
(>1000 °C), CO2 mostly transforms into CO in the 
C−CO−CO2 system. Hence, in the present study, reaction 
(2) basically does not exist. The main reactions of nickel 
oxide to metallic nickel are shown as follows: 
 
NiO+CO=Ni+CO2                                         (3) 
 
CO2+C=2CO                               (4) 
 
NiO+C=Ni+CO                             (5) 
 

The standard formation free energies (ΔGΘ) of 
carbon oxide and nickel oxide are shown in Fig. 4. It can 
be seen that 725 K is the lowest temperature for NiO 
reduction by fixed carbon under the standard 
atmospheric pressure. In addition, the ΔGΘ line of CO2 
generated by oxidized CO is always below the ΔGΘ line 
of NiO, and the ΔGΘ value of reaction (3) is negative at 
the standard atmospheric pressure. This indicates that 
NiO is easily reduced by CO. 
 

 
Fig. 4 Standard Gibbs free energies of carbon oxides and nickel 
oxide 

 
3.3.3 Reduction mechanism analysis 

In the selected ore sample, nickel exists in iron 
magnesium olivine as an isomorphous substitute for iron 
and magnesium in the lattice. Thus, the reduction of 
nickel consists of complex compound dissociation and 
simple oxide reduction, which makes the reduction of 
nickel laterite ore difficult. In the reduction, nickel is 
almost reduced by CO. Ni2+ and Fe2+ are reduced to 
metallic iron and nickel, and Ni—O and Fe—O bonds 
fracture, which destroy the lattice of olivine. The 
produced metallic iron and nickel existing in the pore of 
lattice have a lower melting point because of 
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carburization. Thus, they are energetically active and 
assemble to form superfine Fe−Ni metallic particles. As 
reduction time is prolonged, a large amounts of metallic 
iron and nickel atoms are produced. According to the 
principle of the minimum free energy, Ni and Fe diffuse 
to the superfine Fe−Ni metallic particles, whereas Fe−Ni 
metallic particles reunite and grow [15−17]. 
 
4 Conclusions 
 

1) Reduction temperature and reduction time 
significantly influence the growth behavior of Fe−Ni 
metallic particles. The size and purity of the particles 
increase with increasing reaction temperature and 
prolonging reaction time. The Fe−Ni metallic phase is 
set in the matrix as spherical particles. The complicated 
particles of nickel laterite ore are changed into metallic 
particles and slag matrix after the reduction. The 
boundaries between metallic particles and slag matrix are 
clear; thus, the liberation of metallic particles can be 
easily achieved. 

2) During the reduction, nickel is almost reduced by 
CO rather than C. An important relationship is found 
between the reduction process and the crystal structure 
and crystal chemical properties of the nickel laterite ore. 
The reduction comprises complex compound 
dissociation and simple oxide reduction. The reduction 
process damages the lattice of iron magnesium olivine. 
The reduced metallic iron and nickel gradually assemble 
and form larger metallic particles. 
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低品位红土镍矿深度还原机理 
 

李艳军，孙永升，韩跃新，高 鹏 
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摘  要：采用扫描电子显微镜和 EDS 能谱研究低品位红土镍矿深度还原过程中金属颗粒的生长行为，并在此基

础上分析其还原机理。结果表明，金属铁和镍逐渐聚集生长为 Fe−Ni 颗粒，并且颗粒粒度随着还原温度的升高和

还原时间的延长而明显增大。还原后，红土镍矿明显变为 Fe−Ni 金属颗粒和渣相基体两部分。铁镁橄榄石的还原

与其晶体化学特性密切相关。铁和镍的氧化物被还原剂还原为金属铁和镍，同时，橄榄石的晶格结构被破坏。红

土镍矿深度还原包含金属氧化物还原和金属相生长两个过程。 
关键词：红土镍矿；深度还原；还原机理；Fe−Ni 金属相 
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