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Abstract: The sticking phenomenon between molten slag and refractory is one of the crucial problems when preparing ferronickel from 
laterite ore using rotary hearth furnace or rotary kiln processes. This study aims to ameliorate sticking problems by using silicon dioxide 
(SiO2) to adjust the melting degree of the briquette during reduction roasting. Thermodynamic analysis indicates that the melting temperature 
of the slag gradually increases with an increase in the SiO2 proportion (SiO2/(SiO2 + Al2O3 + MgO) mass ratio). Experimental validations 
also prove that the briquette retains its original shape when the SiO2 proportion is greater than 75wt%, and sticking problems are avoided 
during reduction. A ferronickel product with 8.33wt% Ni and 84.71wt% Fe was prepared via reductive roasting at 1500C for 90 min with a 
SiO2 proportion of 75wt% and a C/O molar ratio of 1.0 followed by dry magnetic separation; the corresponding recoveries of Ni and Fe 
reached 75.70% and 77.97%, respectively. The microstructure and phase transformation of reduced briquette reveals that the aggregation and 
growth of ferronickel particles were not significantly affected after adding SiO2 to the reduction process. 
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1. Introduction 

Nickel is an important strategic metal that has been 
widely applied as an alloying component in the production 
of stainless steels and special steels [1]. In recent years, the 
world annual demand for nickel (in the form of pure nickel 
metal or as a ferronickel alloy with a variable iron grade) 
has increased tremendously, due to soaring stainless steel 
production [2–5]. Nickel is mainly extracted from sulfide 
and laterite type nickel ores, which account for approxi-
mately 36wt% and 64wt% of worldwide nickel reserves, 
respectively [6–9]. With the gradual exhaustion of sulfide 
ores and high-grade nickel resources, considerable attention 
is being focused on recovering nickel from low-grade nickel 
laterite ores [10]. 

Nickel in nickeliferous laterite ore always exists as an 
isomorphous substitution for iron or magnesium in the lat-
tice of iron oxide or silicate minerals. Physical methods 
have proven to be inefficient for use in recovering nickel, 

due to its complex mineralogy. In addition, hydrometallur-
gical processes, including high pressure acid leaching 
(HPAL) [11], reduction roasting-ammonia leaching (Caron 
process), and atmospheric leaching (AL), are also consid-
ered to have low efficiencies; they provide low nickel re-
covery and produce iron-bearing waste [12]. 

To date, a pyrometallurgical method known as the rotary 
kiln–electric furnace (RKEF) process [13–14], has been 
applied to produce ferronickel from nickel laterite ore. The 
RKEF process involves calcination and pre-reduction at 
800–1000C for 4–6 h in a rotary kiln, followed by semlting 
at 1550–1600C for 2–3 h in an electric arc furnace, to 
separate ferronickel from slag. The process is characterized 
by its intensive energy consumption [15]. Preparation of 
ferronickel alloy via direct reduction in the rotary kiln (RK) 
followed by physical separation (magnetic/ gravity) has also 
been employed by the Nippon Yakin Kogyo Co., Ltd. of 
Japan [16]. Although the ferronickel materials obtained from 
physical separation can be directly used to manufacture 
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stainless steels, this process requires a temperature of 
1250–1400C during reduction to partially melt the slag and 
to obtain a desirable growth of ferronickel granules. The 
major problems with this technology are the formation of 
rings inside the RK and corrosion of the refractory [17]. In 
this respect, an alternative method of direct reduction has 
been investigated using relatively lower roasting tempera-
tures (1000–1300C) followed by wet magnetic separation. 
Ma et al. [18] systematically investigated the process of 
ferronickel production from nickel laterite (Ni: 0.80wt%, 
TFe: 10.90wt%) using non-molten state reduction, and a 
ferronickel concentrate with a Ni grade of 4.4% and nickel 
recovery of 9.4% was obtained by reduction roasting at 
1250C for 100 min in the absence of additives followed by 
wet magnetic separation. Nevertheless, most of the studies 
were still in the laboratory. In addition, additives of 
NaSO4, CaF, and CaO are always used during reductive 
roasting to improve the growth of ferronickel granules, 
which causes heavy environment pollution and equipment 
corrosion [18–22]. 

In the last few decades, huge advances have been made 
in the application of non-blast-furnace ironmaking processes 
to rotary hearth furnace (RHF) technology [23–24]; these 
processes can be applied in the process of ferroalloy produc-
tion. However, direct reduction in a RK or RHF causes 
sticking between the molten slag and refractory, and the life 
of the refractory and its stability during discharging are se-
verely affected when it is eroded by slag. 

To avoid the use of corrosive additives, and to relieve 

sticking problems during reductive roasting, silicon dioxide 
(SiO2) is used in this study to increase the melting tempera-
ture of reduced briquette. After achieving the carbothermal 
reduction of nickel laterite with added silicon dioxide, the 
use of dry magnetic separation is then investigated, and the 
effect of the SiO2 proportion (SiO2/(SiO2 + Al2O3 + MgO) 
mass ratio) and reduction parameters on ferronickel prepara-
tion are also researched. Furthermore, X-ray diffraction 
(XRD) and scanning electron microscope (SEM) are used to 
observe the phase transformation and microstructure of the 
reduced product, respectively. 

2. Experimental 

2.1. Raw materials 

The nickel laterite ore used in this study was obtained 
from the Philippines. The main chemical composition of the 
raw material is shown in Table 1. The Ni grade and total 
iron grade (TFe) were 1.81% and 17.87%, respectively, and 
it can be observed that the sample has a high grade of silica, 
magnesia, alumina, and water (includes: free water, crystal 
water, and hydroxyl groups). A mineralogical analysis of the 
sample was conducted using X-ray diffraction (XRD), and the 
results in Fig. 1 indicate that the laterite ore is mainly com-
posed of lizardite ((Mg,Al)3(Si,Fe)2O5(OH)4, Mg3Si2O5(OH4)), 
hematite (Fe2O3), and gismondine (CaAl2Si2O8(H2O)4). The 
grade of nickel is low, which is mostly associated with 
lizardite and maghemite as isomorphous substitution for 
magnesium and iron. 

Table 1.  Main chemical composition of nickel laterite ore                    wt% 

Ni TFe Cr2O3 SiO2 Al2O3 CaO MgO P S Moisture

1.81 17.87 0.51 34.97 4.75 1.54 13.5 0.005 0.064 17.35 

 

 

Fig. 1.  XRD pattern of nickel laterite. 

Pulverized coke with particles sizes smaller than 1 mm 
was used as the reducing agent, and an industry analysis of 

the coke is presented in Table 2. Analytical reagent (AR) 
grade silicon dioxide was used to adjust the melting degree 
during reduction roasting. 

Table 2.  Industry analysis of pulverized coke   wt% 

Fixed carbon Ash Volatile P S 

76.11 10.71 13.15 0.08 0.43
 

2.2. Methods 

The nickel laterite was dried at 120C for 2 h in an oven, 
ground to 80wt% of the particles smaller than 0.074 mm, 
mixed to homogeneity with pulverized coke and powdery 
silicon dioxide, and then briquetted into a cylinder (30 mm 
× 10 mm) using a powder tablet press machine at a pressure 
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of 15 MPa (no binder was used in the briquetting process).  
The reduction process was conducted in a resistance fur-

nace, in which the roasting temperature was controlled 
within ±2C. A schematic diagram of the experimental ap-
paratus is presented in Fig. 2. When the furnace was 
pre-heated to the required temperature, argon was passed 
through the furnace to expel air. To load the briquettes, a 
graphite crucible was introduced into a protective crucible in 
the hot zone of the furnace. After roasting for the desired 
time period under an argon atmosphere, the crucible was 
removed from the furnace and quenched rapidly to room 
temperature. Finally, the reduced sample was manually 
crushed to particle sizes of less than 3 mm and prepared for 
dry magnetic separation. A mineralogical observation and 
chemical composition analysis was also conducted. 

 

Fig. 2.  Schematic diagram of reduction furnace. 

2.3. Evaluation indexes 

The amount of Ni and Fe recovered in each sample was 
calculated according to formulas (1) and (2), respectively, 

Ni
Ni 0

0 Ni

100%
MX

M X
    (1) 

100%  Fe
Fe 0

0 Fe

MX

M X
 (2) 

where ηNi is the recovery of Ni, %; ηFe is the recovery of 
Fe, %; M is the mass of magnetic fraction, g; XNi is the grade 
of Ni in the magnetic fraction, %; XFe is the grade of Fe in 
the magnetic fraction, %; M0 is the mass of raw laterite 
nickel in reduction sample, g; 0

NiX  is the grade of Ni in the 
nickel laterite; and X0

Fe is the grade of Fe in the nickel later-
ite. 

3. Thermodynamic analysis 

As previously mentioned, the sticking phenomenon be-
tween reduced briquettes and refractory is one of the crucial 
problems inherent in RHF and RK processes. To understand 
the effect of SiO2 on the melting temperature of the slag 
during reduction, a SiO2–MgO–FeO–Al2O3–CaO pseu-
do-ternary phase diagram was calculated using the Phase 
Diagram of FactSage 6.2 in the range of 1350–1600C. The 
FToxide database was used in the calculation process and all 
solutions of the database were considered. Only the liquid 
slag phase was plotted in the pseudo-ternary phase diagram, 
and the results are shown in Fig. 3. The mass ratios of 
CaO/(SiO2 + Al2O3 + MgO) and Al2O3/(SiO2 + Al2O3 + 
MgO) were fixed at 0.03 and 0.08, respectively, according 
to the chemical composition of the raw nickel laterite ore 
(shown in Table 1). Line 1 in Fig. 3 represents the original 
components of the laterite ore (the SiO2 proportion equals 
65wt%). The results indicate that the melting temperature of 
the slag occurred at approximately 1400C; therefore, the 
briquette melted when reduced at about 1400C. However, 
by increasing the SiO2 proportion from 65wt% to 80wt%, 
the melting temperature of slag gradually increased to ap-
proximately 1650C. It is thus considered that the melting 
degree of slag can be controlled by adjusting the SiO2 grade, 
and the sticking phenomenon is also inhibited. 

 
Fig. 3.  Liquid phase diagram of SiO2–MgO–FeO–Al2O3–CaO 
system. 

4. Results and discussion 

4.1. Effect of the SiO2 proportion 

The effect of the SiO2 proportion on reduction was inves-
tigated by maintaining the reduction temperature at 1500C 
and using a reduction time of 60 min with a C/O molar ratio 
of 1.2. The morphology and magnetic separation results for 
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reduced briquettes are shown in Figs. 4 and 5, respectively. 
As shown in Fig. 4, the cylindric briquettes changed to 

spherical pellets with SiO2 proportions of 65wt% and 
70wt%; this result is mainly attributed to the melting of slag 
during reduction. As previously mentioned, melted slag 
sticks to the crucible after cooling; however, the sticking 
phenomenon between the molten slag and refractory mate-
rial does not occur during the reduction process. The life of 
the refractory and the stability during discharging is seri-
ously affected when the refractory is eroded by the slag, but 
when the proportion of SiO2 is increased to 75wt%, the bri-
quette retains its original morphology and the sticking prob-

lem is inhibited. 
The magnetic separation results of reduced laterite ore 

with no addition of SiO2 (shown in Fig. 5) indicate that the 
Ni and Fe grades of the magnetic fraction were 6.63% and 
80.09%, respectively. As the SiO2 proportion was increased 
to 75wt%, there were evident decreases in the grades of Ni 
and Fe (2.13% and 26.14%), and their recoveries also cor-
respondingly decreased. Although the grades and recoveries 
of Ni and Fe with no addition of SiO2 are desirable prior to 
adjustment of the SiO2 grade, as previously mentioned, both 
ferronickel particles and molten slag adhere to the bottom of 
the crucible and it is difficult to separate them from it. 

 

Fig. 4.  Samples after reduction at 1500C with different SiO2 proportions: (a) 65wt%; (b) 70wt%; (c) 75wt%; (d) 80wt%. 

 

Fig. 5.  Effect of SiO2 proportion on Ni and Fe grades (a) and recoveries (b) (reduction temperature of 1500C, reduction time of 60 
min, and C/O molar ratio of 1.2). 

In an attempt to explain the above phenomenon, theoret-
ical liquid phase generation with different SiO2 proportions 
was calculated using the Equilib module of FactSage 6.2. In 
the calculation process, the database of Fact53 was used, the 
reactants were SiO2, Al2O3, MgO, CaO, and Fe2O3, and the 
mass ratio of the reactants was based on the chemical com-

position of the raw nickel laterite ore shown in Table 1. In 
addition, the reductant was carbon and the C/O molar ratio 
was fixed at 1.2. When the reactions reached equilibrium in 
the range of 1000–1600C, the theoretical liquid phase 
amount was calculated. As shown in Fig. 6, the SiO2 pro-
portion in raw laterite ore was 65wt% and the theoretical 
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liquid phase amount was 96wt% at 1500C. By adjusting 
the SiO2 proportion from 65wt% to 70wt%, the theoretical 
liquid phase amount decreased slightly from 96wt% to 
94wt% at 1500C. However, this amount was decreased to 
78wt% when the SiO2 proportion was increased to 75wt%. 
As a result, the samples remained cylindrical and did not 
adhere to the crucible after reduction. Although a decrease 
in liquid phase generation is disadvantageous to the aggre-
gation and the growth of ferronickel particles, it is consid-
ered to be more beneficial for smoothly separating the  

 

Fig. 6.  Theoretical liquid phase generation with different SiO2 
proportions. 

briquettes from the crucible after reduction in the RHF pro-
cess. Therefore, a SiO2 proportion of 75wt% was used in 
subsequent experiments. 

4.2. Effect of reduction temperature 

The effect of reduction temperature on the recoveries of 
Ni and Fe was studied under the following conditions: the 
SiO2 proportion of 75wt%, reduction time of 60 min, and 
C/O molar ratio of 1.2. The results, which are plotted in Fig. 
7(a), indicate that both the Ni and Fe grades reached maxi-
mum values when the reduction temperature was increased 
to 1450C and then gradually decreased. This is mainly be-
cause that the silicon and chromium were reduced into al-
loys with the increase of temperature, thus resulting in the 
Ni and Fe in the concentrate was diluted. As the temperature 
increased from 1400C to 1500C, the recovery of Ni in-
creased from 37.29% to 71.69%, and Fe recovery increased 
from 49.40t% to 89.25%. Therefore, an increase in the re-
duction temperature enhanced nickel and iron oxide reduc-
tion and more of the liquid phase was formed, thereby in-
tensifying the aggregation and growth of the ferronickel 
particles. It is thus evident that increasing the reduction 
temperature is an effective way of increasing the enrichment 
efficiency of nickel. Hence, a reduction temperature of 
1500C is adequate for the preparation of ferronickel.  

 
Fig. 7.  Effect of temperature on Ni and Fe grades (a) and recoveries (b) (SiO2 proportion of 75wt%, reduction time of 60 min, and 
C/O molar ratio of 1.2). 

4.3. Effect of reduction time 

By fixing the SiO2 proportion at 75wt%, the reduction 
temperature at 1500C, and C/O molar ratio at 1.2, the effect 
of the reduction time on the grades and recoveries of Ni and 
Fe was examined, as shown in Fig. 8. It can be observed 
from Fig. 8(a) that when the reduction time was prolonged 
to 90 min, the grades of Ni and Fe in the magnetic fraction 
were distinctly improved to 5.63% and 71.82%, respectively; 
however, the grades decreased slightly with a further in-
crease in the reduction time to 120 min. This is mainly  

attributed to the reduction of a greater amount of SiO2 to 
elemental silicon, and the generated silicon combining with 
metallic iron and turning into the magnetic fraction. In addi-
tion, a slight decrease in Ni and Fe recoveries was observed 
when the reduction time was varied from 60 to 120 min, as 
shown in Fig. 8(b). This is mainly attributed to an insuffi-
cient reduction atmosphere at the end of the reduction pro-
cess, which resulted in reoxidation of the reduced metallic 
nickel and iron. These results show that the most suitable 
reduction time is 90 min. 
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Fig. 8.  Effect of time on Ni and Fe grades (a) and recoveries (b) (SiO2 proportion of 75%, reduction temperature of 1500°C, and 
C/O molar ratio of 1.2). 

4.4. Effect of C/O molar ratio 

With the aim of optimizing the C/O molar ratio for pre-
paring ferronickel, experiments were conducted with C/O 
molar ratios ranging from 0.8 to 1.2. The SiO2 proportion, 
reduction time, and temperature were maintained at 75wt%, 
90 min, and 1500°C, respectively. The results presented in 
Fig. 9(a) show a slight decrease in the grades of Ni and Fe 
from 8.82% to 8.33% and 86.94% to 84.71%, respectively, 
with an increase in the C/O molar ratio from 0.8 to 1.0, but 
then an evident decrease to 5.63% and 71.82% with a C/O 
molar ratio of 1.2. These results are mainly attributed to the 
carburization phenomenon and reduction of SiO2 when 
more carbon is added to the reduction process. The recover-
ies of both Ni and Fe increased and then decreased with an 
increase in the C/O molar ratio from 0.8 to 1.2. The corre-
sponding recoveries of Ni and Fe reached 75.70% and 
77.97%, respectively, when the C/O molar ratio is 1.0. 

The above analysis suggests that a lower C/O molar ratio 
is favorable for increasing the Ni grade in the magnetic frac-
tion. By adding an insufficient amount of reducing agent, it 
is actually feasible to thoroughly reduce nickel oxide while 
maintaining reduction of part of the iron oxide, which im-
proves the nickel grade in the ferronickel material. The in-
sufficient reduction of iron oxides allows more wustite (FeO) 
to enter the slag, which then decreases the melting point 
of slag; this is beneficial for aggregation and growth of 
the ferronickel particles. The SiO2–MgO–FeO–Al2O3CaO 
pseudo-ternary phase diagram is shown in Fig. 3, and it can 
be seen that the liquid slag phase shifts to a low temperature 
region along with an increase in the FeO grade. A higher 
C/O molar ratio allows more iron oxide to be reduced; this 
results in a decrease in the liquid slag and makes metal ac-
cumulation difficult. It is thus considered that a C/O molar 
ratio of 0.8–1.0 is sufficient for recovering Ni and Fe.  

 

Fig. 9.  Effect of C/O molar ratio on Ni and Fe grades (a) and recoveries (b) (SiO2 proportion of 75wt%, reduction time of 90 min, 
and reduction temperature of 1500°C). 

4.5. Growing character and phase transformation dur-
ing reduction 

The microstructures of reduced briquettes were studied 

using scanning electron microscope–energy dispersive 
spectrometer (SEM–EDS) analysis to characterize the 
growing character of ferronickel particles during reduction 
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roasting. The results obtained under conditions of the SiO2 
proportion of 75wt%, reduction temperature of 1500C, re-
duction time of 90 min, and a C/O molar ratio of 1.0 are 
shown in Fig. 10, where it is evident that the ferronickel 
particle (point 1) is well aggregated and that it grew to a size 
larger than 1 mm. Only a very small number of metal parti-
cles can be observed in the SEM images, which is favorable 
for subsequent magnetic separation. The main chemical 
composition of ferronickel particles is Fe, Ni, Si, Cr, and C, 

as shown in Fig. 10(b); silicon mainly exists in the form of 
elemental silicon, which is in accordance with a previous 
discussion. Gangue minerals (bearing Si, Mg, and Al) are de-
tected in the EDS results of slag (point 2, Fig. 10(c)). From 
the surface scanning images (Figs. 10(d)–10(g)), iron and 
nickel are seen to be distributed almost uniformly in the same 
particle, which also indicates that iron and nickel oxides are 
reduced to a metallic state. In addition, metallic iron and nick-
el aggregated together and Mg and Si were turned into slag. 

 

Fig. 10.  SEM image (a) and EDS analyses (b–g) of reduction roasting production. 

To determine the phase transformation during reduction 
after adjusting the SiO2 proportion, XRD analysis was per-
formed to determine the phase compositions of magnetic 
and nonmagnetic fractions. The XRD patterns are compared 
in Fig. 11, indicating that ferronickel (Fe,Ni) and ferro-
nickel bearing Cr and C are present in the magnetic fraction.  

 

Fig. 11.  XRD patterns of non-magnetic and magnetic parts. 

However, small amounts of MgSiO3 and SiO2 also mingled 
with the ferronickel particles and were turned into magnetic 
material. The main phases in the XRD results of nonmag-
netic material include olivine (MgSiO3, Mg1.76Fe0.21Si2O6) 
and dissociative silica (SiO2). 

5. Conclusions 

This study aimed to develop a method for avoiding the 
sticking problem between briquette and refractory during 
reduction roasting. In this respect, silicon dioxide (SiO2) 
was used to adjust the melting degree of the briquette, and 
the main conclusions are presented as follows. 

(1) Theoretical calculations show that the melting tem-
perature of slag can be increased by adding SiO2 in laterite 
ore. Experimental validations prove that the briquette re-
mained cylindric when the SiO2 proportion (SiO2/(SiO2 + 
Al2O3 + MgO) mass ratio) was greater than 75wt%, and that 
sticking problems were avoided during reduction. 

(2) A ferronickel product with 8.33% Ni and 84.71t% Fe 



L.W. Wang et al., Preparation of ferronickel from nickel laterite via coal-based reduction followed by magnetic separation 751 

 

was prepared via reductive roasting at 1500C for 90 min 
with a SiO2 proportion of 75wt% and C/O molar ratio of 1.0 
followed by dry magnetic separation. The corresponding 
recoveries of Ni and Fe reached 75.70wt% and 77.97wt%, 
respectively. 
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