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Abstract
The aim of the reduction process is to concentrate nickel at high temperatures with a certain carbonaceous material as a reducing agent. The use of chemicals like Na 2SO4 and NaCl in the reduction process can increase the content and recovery of nickel in ferronickel concentrates. A selective reduction of
laterite nickel was carried out in a non-isothermal and an isothermal using palm kernel shell charcoal
as a reductant and with Na2SO4 and NaCl as additives. Firstly, the raw material is made into a pellet
and dried in an oven at 100 °C for two hours. The pellets are weighed before and after the reduction
process. The non-isothermal reduction process used the Thermal Gravimetric Analysis (TGA) method
from a temperature of 100 to 1300 °C, with a heat rate of 10 °C per minute. The isothermal reduction
at temperatures 500, 600, 700, 950, 1050, and 1150 °C occurred with a reduction time of 30, 60, and 90
minutes. The analysis is Inductively Coupled Plasma (ICP) to determine the content of nickel and iron
from the reduction process, X-ray Diffraction (XRD) to see changes in the phases formed after the selective reduction process, and Scanning Electron Microscopy (SEM-EDX) for viewing the microstructure
of the phase. The Differential Thermal Analyzer-Temperature Gravimetric Analysis (DTA-TGA) results show the endothermic at 256 °C, and the exothermic peak at 935 °C with a total mass loss of
42.15% at 1238 °C. The shrinking core model was used for the kinetic studies of the reduction process.
The closest kinetic model to the experimental results is the Ginstling-Brounshtein model, with an activation energy value of 8.73 kcal/mol. Copyright © 2020 BCREC Group. All rights reserved
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1. Introduction
Nickel is now an essential metal in the world
of infrastructure and technology, especially in
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the industries of stainless steel, Ni-based alloys,
alloy steels, electroplating, and batteries. At
present, more than 65% of nickel is used in the
stainless-steel industry, and around 12% is used
in the superalloy or nonferrous alloy manufacturing industry [1–4]. At this time, as much as
60% of the requirement of nickel is commercially supplied from sulfide rock. Around 70% of the
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world's nickel reserves are trapped in the form
of laterite in the saprolite and limonite layers
[4,5]. Currently, the availability of nickel sulfide has decreased by only around 30% [6]. The
increasing need for nickel and the depletion of
sulfide rock reserves have forced the industry
to consider laterite rock reserves as one of the
primary sources of nickel [7]. Nickel laterite is
not desirable as the primary source because of
its relatively low nickel content. It requires
more energy-intensive processing, sophisticated
extraction methods, and is connected to higher
greenhouse gas emissions compared to sulfide
ore [3,8].
Indonesian nickel laterite contains around
1.45%, and so, conventional pyrometallurgical
processes are ineffective [9]. The use of lowgrade nickel ore as a raw material for the manufacture of ferronickel with content in concentrates > 4% Ni and recovery of high nickel metal has not been successful. The lack of success
is caused by the lack of optimal methods and
treatments during the selective reduction process, and so, it is necessary to study the right
method in processing low-grade nickel ore into
ferronickel concentrate.
Generally, the reducing agents used in reducing nickel laterite ore are coke, coal, or gas
mixtures [10,11]. However, these reducing
agents have several disadvantages when
viewed in terms of ecology and their availability in nature. These are increasingly thinning
out, hence it has become a challenge to find alternative energy sources that can replace the
role of coke and coal in their function as reducing agents [12,13]. The use of palm kernel shell
charcoal as a reducing agent in reducing nickel
ore is an interesting one. The palm kernel shell
is a waste of a natural resource (palm oil) and
is currently not used optimally. The availability
of palm oil land in Indonesia is increasingly becoming widespread; hence it can ensure the
availability of palm kernel shells is abundance.
Research related to the reduction of nickel laterite by using biomass as its reducing agent
has been carried out by several researchers.
Luo and Zhou [14], and Zuo et al. [15], in their
research, have used biomass in the process of
iron ore reduction. The effect of temperature
reduction on the carbothermic reduction process of laterite ores using bio-coal as a reducing
agent has been investigated by Chen et al. [16].
Another case, with research conducted by Foster et al. [17], entailed reducing nickel ore by
using wood charcoal as its reducing agent. Despite several studies, no one has used palm kernel shell charcoal (PKS) as a reduction agent in
reducing low-grade nickel ore.

The purpose of the reduction process is to
concentrate nickel at high temperatures with
some carbonaceous material as a reducing
agent [18–21]. The use of chemicals like
Na2SO4 and NaCl in the reduction process can
increase the content and recovery of nickel in
ferronickel concentrates. The reduction process
is closely related to the reduction kinetics, in
which kinetics is essential to know the time required for the reduction process and the controlling factors for the reduction reaction process. In kinetics, the reaction rate in a chemical reaction is studied. An analysis of the effect
of various reaction conditions on the reaction
rate provides information about the reaction
mechanism and the transition state of a chemical reaction [22–26]. Therefore, in this paper,
we present kinetic studies about a selective reduction of laterite nickel kinetic studies using
palm shell charcoal as a reduction agent and
the addition of Na2SO4 and NaCl as additives.
2. Materials and Methods
The ore samples were crushed to a size
smaller than 149 m and dried in an oven at a
temperature of 105 °C for 24 hours to obtain a
water content below 5%, before conducting the
experiments. The process carried out in this research was a selective reduction of low-grade
nickel ore at temperatures below 1200 °C by
the addition of additives. Variations made were
the reduction temperature and the reduction
time. The raw material used was low-grade
nickel laterite ore from Morombo Village in
Konawe Utara Regency of Southeast Sulawesi
Province.
2.1 Chemical Analysis
As the first step, some dry sample ore was
used to analyze the chemical composition and
concentration of the elements with XRF (X-Ray
Fluorescence). The crystal structure and composition of mineral compositions were analyzed
using XRD (X-Ray Diffraction). SEM-EDX
(Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy) was used to see the
microstructure of the phase. The reducing
agent used was palm kernel shell charcoal
(PKSC) analyzed proximately. The next step is
to weigh the ore resulting from the selective reduction process and then milling up to smaller
than 74 µm using a vibrating sample mill and
an analysis using ICP (Inductively Coupled
Plasma) to determine the contents of nickel
and iron from the reduction process. XRD was
used to see the changes in the composition of
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minerals or phases formed after the selective
reduction process.
2.2 Thermo Gravimetric Analysis (TGA)
At the initial stage, a non-isothermal reduction test is carried out using DTA-TGA to determine the characterization of laterite ores
during heat treatment. The TGA method deploys the principle of measuring mass loss during heat treatment. In contrast, DTA is a heat
analysis technique in which the phase changes
of material are measured as a function of temperature. In this study, the sample was heated
from a temperature of 100 to 1300 °C with a
heat rate of 10 °C per minute. The addition of a
reductant is four stoichiometry without additives. The results of this experiment form the
basis for experiments under isothermal conditions.
Adding one stoichiometry-reducing agent
based on reaction numbers 1 to 7 follows [27]:
2 FeOOH
3 Fe2O3 + CO
Fe3O4 + CO
FeO + CO
NiO + CO
Fe + Ni
C + CO2

→
→
→
→
→
→
→

Fe2O3 + H2O
2 Fe3O4 + CO2
3 FeO + CO2
Fe + CO2
Ni + CO2
FeNi
2 CO

(1)
(2)
(3)
(4)
(5)
(6)
(7)

The additives added to the selective reduction process were Na2SO4 and NaCl, with a percentage of 10% by weight. The next stage is
mixing the ore, reducing agent, and additives
to make pellets. The function of adding additives is to increase the selectivity of Ni by reducing levels of unwanted components.
2.3 Reduction Test
The pellet was then dried in an oven at 100
°C for 2 hours. The reduction test was conducted at temperatures of 500, 600, 700, 950, 1050,
and 1150 °C with a holding time of 30, 60, and
90 minutes. The pellets were weighed before
and after the reduction process.
2.4 Data-fitting Model

A (fluid) + b B (solid) → solid product

(8)

When the slow step is the chemical reaction
with the unreacted particle surface, the conversion () as a function of time is described by
Equation (9):

f ( ) =

1 d
n
= (1 −  )
k dt

d
n
= k (1 −  )
dt

(9)
(10)

Assuming that the reduction process is perfect,
the overall reaction is:
NiO(s) + CO(g)

→

Ni(s) + CO2 (g)

(11)

The value of  is the conversion (reduction reaction rate) with Equation (12):

 Ni =

NiRO  WRO
Niore  W p

(12)

where  is fraction that reacts, NiRO is reduced
nickel content, WRO is weight of the pellet after
reduction, Niore is nickel content in the ore, and
Wp is weight of the pellet before reduction.
If a solid particle is assumed to have a
spherical shape, with a volume of R where R is
the radius of the ball. The equation that applies to this condition is:
1
(13)
1 − (1 −  ) 3 = k0 t
In this equation k0 is a chemical constant obtained based on the following equation:

k0 =

bk C
R

(14)

where b is the stoichiometric coeﬃcient of the
reaction, C is the concentration of gas-phase
reactant in the main body of gas,  is the molar
density of the solid reactant, R is the radius of
the particle, k is the chemical constant, and t is
the time. When the slow step is the diﬀusion of
reactant through the gas ﬁlm layer on the particle surface, the conversion () as a function of
time is described by Equation (15):
(15)
 =k t
d

The shrinking core model was applied to the
data. For spherical particles, the slow step for
the heterogeneous reaction represented by Eq.
(8) can be (i) diﬀusion of gaseous reagent
through the gas ﬁlm layer on the particle surface, (ii) diﬀusion of ﬂuid reagent through the
blanket of ash to the surface of the unreacted
particle, or (iii) reaction of the gaseous reagent
with the unreacted particle surface [28].

In this equation, kd is a diﬀusional constant described by the following equation:

kd =

3bk g C

R

(16)

where b is the stoichiometric coeﬃcient of the
reaction, C is the concentration of a gas-phase
reactant in the main body of the gas,  is the
molar density of the solid reactant, R is the ra-
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dius of the particle, kg is the mass transfer
coeﬃcient between particle and ﬂuid, and t is
the time. Finally, when the resistance to diﬀusion through the ash controls the rate of reaction, the conversion ( ) as a function of time is
described by Equation (17):
2
2
1 −  − (1 −  ) 3 = kt t
3

(17)

Here, kt is a diﬀusional constant given by the
following equation:

kt =

3bDe C
 R2

(18)

where b is the stoichiometric reaction
coeﬃcient, C is the concentration of the ﬂuid reagent in the bulk of the solution,  is the density of the solid reagent, R is the radius of the
particle, De is the eﬀective diﬀusion coeﬃcient
of the gaseous reactant in the ash layer, and t
is the time.
3. Results and Discussions
3.1 Results of Analysis of Laterite Nickel Ore
and Palm Kernel Shell Charcoal (PKSC)
Table 1 shows the XRF analysis results for
laterite nickel ore. The test results show that
nickel content is 1.4%, with a very high iron
content (50.5% Fe) and low magnesium content. The nickel content indicates the nickel
laterite ore used is nickel type low contents
(limonite). The main characteristic of limonite
ore is the presence of large amounts of Goethite
(FeO.OH) or iron oxide hydrate minerals, nick-

el content between 0.5% and 1.7%, and iron
content between 40 % and 60%. The non-metal
impurities contained in the laterite nickel ore
are 16.5% Si, 1.81% Mg, 0.177% Ca, and 4.86%
Al. In limonite ore, a portion of nickel is associated in the goethite phase and a small portion
of the lizardite phase.
The result of the XRD analysis in Figure 1
show that most of the iron is in the goethite
phase, and most of the nickel substitutes the
Fe atom in that phase, and a small number of
other nickel is joined with Mg and Si in the
form of olivine compounds. The undetectable
mineral phase of nickel is possible because its
concentration is below the detection limit. Other elements such as aluminum, silicon, calcium, and manganese, also associate to form Lizardite [Mg3(SiO5)(OH)4] compounds. The combination of some nickel elements in the lizardTable 1. Results of XRF analysis of laterite
nickel ore samples.
Element
Ni
Fe
Si
Mg
Al
Ca
Cr
Mn
Co

Figure 1. XRD analysis results of laterite nickel ore.
Copyright © 2020, BCREC, ISSN 1978-2993

Content (%wt)
1.40
50.50
16.50
1.81
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0.17
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0.06
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ite phase and others in the goethite crystal
structure can be seen through SEM-EDS testing by seeing the mapping of the elements present in laterite nickel ore to determine the mineralogical structure of limonite ore as shown in
Figure 2.
In Figure 2, it is seen that iron is spread almost all over the limonite ore along with oxygen. It can indicate that iron along with oxygen
will form iron oxide in the form of either goethite or hematite. The nickel element, with its
small size, is evenly distributed in almost all
parts where most of the nickel element will be
associated with the iron element in the crystal
structure of goethite by substituting one of the
iron atoms to (Fe,Ni)O(OH). In contrast, a
small portion of the nickel element will be substituted with magnesium and silica to form olivine compounds. That can occur because nickel
and magnesium have almost the same radius
and ion charge. Mg and Si bind together with
oxygen and form the lizardite phase
[Mg3(Si2O5)(OH)4]. While silicon binds with ox-

ygen to form silica (SiO2), these results are entirely consistent with qualitative analysis using XRD.
The result of the proximate analysis in Table 2 show a high carbon content in PKSC so
that it is good to be used as a reducing agent.
However, one aspect to be considered is that
the ash content is quite high. This ash is mainly SiO2, which will become an impurity in the
reduction process.

Table 2. Results of the PKS charcoal proximate analysis used (base: ADB).
No

Proximate Analysis

PKSC

1

FC (%)

77.00

2

VM (%)

22.57

3

Ash (%)

21.00

4

Moisture (%)

0.43

Figure 2. Photograph of the results of element mapping on laterite nickel ore.
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Figure 3. DTA-TGA curve of low-grade nickel ore + PKSC.

Figure 4. DTA-TGA curve of low-grade nickel ore + PKSC + additive.
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3.2 Non-Isothermal Reduction
The results of the reduction test in nonisothermal conditions are shown in the form of
the TDA-TGA curve in Figure 3 and Figure 4.
Figure 3 shows that the endothermic peak occurs only at 256 °C, while the exothermic peak
does not appear on the graph with a total mass
loss of 29.71% at a temperature of 1155 °C.
Even though the peak is not visible, a surface
water evaporation reaction occurs at a temperature of 105 °C. An endothermic peak occurs at
a temperature of 256 °C, which begins with a
mass loss of 4.24% from a temperature of 229
to 300 °C. This indicates a change in thermal
stability, namely the process of dehydroxylation of goethite [FeO(OH)] minerals that are
transformed into hematite (Fe2O3) [29,30]. The
decomposition temperature, which tends to be
lower than the results of other studies around
300 °C, is due to the low crystallinity of the
goethite structure [29].
However, the decomposition of goethite into
hematite crystals occurs at 900 °C [21,31].
From a temperature of 300 to 875 °C, a mass
reduction of 4.95% was detected, which means
that there was a reduction in iron and nickel
oxide as well as the presence of gasification
from carbon (1.4% Ni). At a temperature interval of 875 to 1155 °C, there was a significant
mass loss of 18.76%, which caused further metal oxide reduction so that oxygen and carbon
were lost from the system. The temperature of
the third endothermic reaction at 1070 °C indicates the dehydroxylation reaction of the lizardite phase to olivine or recrystallization from
the fayalite phase (Fe2SiO4) [32].
Figure 4 is a TGA-DTA test curve of lowgrade nickel samples with four stoichiometric
reducers and the additives Na2SO4 and NaCl;
each account for 10% of the weight of the test
sample. The curve shows an endothermic peak

Figure 5. The reduction degree vs. time at several reduction temperatures.

at 256 °C, and there is an exothermic peak at
935 °C with a total mass loss of 42.15% at 1238
°C. The first endothermic reaction is the surface water evaporation reaction at a temperature of 105 °C, but is not detected. The endothermic peak at a temperature of 256 °C is a
dehydroxylation process of goethite [FeO(OH)]
minerals that are transformed into hematite
(Fe2O3) with a mass reduction of 2.83% at a
temperature of 255 °C. At a temperature interval of 255 to 648 °C, a mass loss of 4.84% occurred because of the formation of sulfur gas,
sulfidation reactions of metal oxides, nickel
chlorination, and loss of water crystals in lizardite even in small amounts. At a temperature interval of 648 to 950 °C there was a significant mass reduction of 25.61% due to the
continued reduction of nickel and iron oxide to
metals, dehydroxylation of the lizardite phase
[(Mg,Fe)3Si2O5(OH)4] which lost its water crystals to olivine (Mg,Fe)2SiO4) [4,33], reduction of
nickel and iron oxide to metals, decomposition
of metal sulfides such as troilite, and loss of
sulfur in the system [30]. It is possible to refer
the fourth endothermic reaction occurring in
the temperature range of 900 °C to the perfect
reduction of goethite to magnetic, changes in
the magnetic properties of hematite, and formation of wustite from magnetic. The exothermic peak at 935 °C indicates the solidification
reaction of the components forming the Fe-FeS
liquid phase system.
3.3 Nickel Reduction Rate
The relationship between the reduction rate
and the reduction time to the temperature obtained are respectively shown in Figure 5 and
Figure 6, respectively.
Figure 5 shows that the reduction rate of
nickel pellets did not change significantly with
an increase in the reduction time, especially

Figure 6. The reduction degree vs. temperature at some reduction time.

Copyright © 2020, BCREC, ISSN 1978-2993

Bulletin of Chemical Reaction Engineering & Catalysis, 15 (2), 2020, 508

between 30 and 90 minutes. Significantly, an
increase in the rate of reduction reaction is
seen from 0 to 30 minutes. It shows that the reduction rate is divided into two stages, viz. the
first stage of the reduction rate goes very fast
(0 – 30 minutes), and then the reduction rate
slows down after the reduction time of 30
minutes. In the first step, the reaction reduction that occurs is the process of reducing carbon and nickel oxide because CO gas is still
minimal. In the next step (after 30 minutes),
because of the increased metal products, the
carbon as a reducing agent cannot contact the
nickel oxide; hence the CO gas, which has the
role of replacing carbon as a reducing agent.
Meanwhile Figure 6 shows the increase in temperature has a very significant effect on the
rate of reduction of nickel pellets. The results
showed a significant increase from 500 to 1100
°C, whereas, after 1100 °C, the temperature decreased.

3.4 Reduction Kinetic Model
Kinetic models based on this research use
fitting models. The model used is shown in Table 3. Table 4 shows the data of the constants
of the reduction reaction rate. Table 4 is obtained from the linear equation (Figure 7) obtained for each temperature of the experiment
at some reduction times. In the linear equation, the resulting slope is the value of k (rate
constant).
To find out the activation energy in the kinetics of the nickel reduction process by using
the extraction-reduction percentage parameter
between variations in temperature and reduction holding time, we can use the Arrhenius
equation, as in Equation (20), which is a derivative in Equation (19).

k = Ae

−

Ea
RT

− ln k = − ln A +

(19)

Ea
RT

(20)

Table 3. Equation of the kinetic model.
Model

Integral g()

Reaction Mechanism

R2

Contracting area

1 − (1 −  )

1

R3

Contracting volume

1 − (1 −  )

1

D3

3-D diffusion (Jander)

1 − (1 −  ) 13 



D4

3-D diffusion (Ginstling-Brounshtein)

2
2
1 −  − (1 −  ) 3
3

A2

2-D growth of nuclei (Avrami-Erofeev Equation)

 − ln (1 −  ) 

1

A3

3-D growth of nuclei (Avrami-Erofeev Equation)

 − ln (1 −  ) 

2

2

3

2

2

3

Table 4. The results of the calculation of the rate of reduction of the experimental reaction constants
following the model.
T (°C)

k (minutes-1)
GinstlingJander
Brounshtein
0.0002
0.0001
0.0004
0.0003

500
600

Contracting
area
0.0004
0.0007

Contracting
volume
0.0003
0.0005

700
950

0.0002
0.0009

0.0001
0.0009

0.0001
0.0010

1050
1150

0.0031
0.0028

0.0034
0.0027

0.4410
0.0030

AvramiErofeev 2D
0.0007
0.0011

Avrami
Erofeev 3D
0.0010
0.0015

0.0001
0.0004

0.0003
0.0019

0.0004
0.0029

0.0016
0.0013

0.0078
0.0059

0.0125
0.0091
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Graph of the relationship of the reaction rate to the reduction time at several reduction temperatures for several models; (a) T = 500 °C, (b) T = 600 °C, (c) T = 700 °C, (d) T = 950 °C, (e) T = 1050
°C; (f) T = 1150 °C).
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(a) Contracting area model

(b) Contracting volume model

(c) Jander

(d) Ginstling-Brounshtein

(e) Avrami-Erofeev 2D

(f) Avrami-Erofeev 3D

Figure 8. Graph of the relationship of 1/T103 (K) to –ln k for each model.
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The theory shows the comparison and effect
of temperature on the reaction rate constant
through a graph plot 1/T to –ln k. Table 5
shows the calculated data based on the reaction
rate constant to temperature, and Figure 8 is
the graph of the relationship 1/T to –ln k.
Based on Table 5 and Figure 8, the regression equation for each model is known if it is
correlated with the Arrhenius equation. In Figure 8, the amount of activation energy is determined through a regression made from the results of the graph plot. with the ideal gas constant (R) = 1.987 cal/mol.K so the activation energy (Ea) obtained is the product of the ideal
gas constant with the value of Ea/R. The complete results of the activation energy calculation based on the kinetic model are shown in
Table 6. The activation energy shows the minimum energy for the reaction to occur. At the reaction rate controlled by gas diffusion, requires
activation energy of 1–3 kcal/mol, if the reaction rate is controlled by a mixture of chemical
reactions and gas diffusion requires energy of
5-8 kcal/mol, and the rate controlled by chemical reaction requires the energy of more than
10 kcal/mol [34]. Based on the linear regression
results, the five models used have a coefficient
of determination (R2) that has still not reached
the value R2 = 1. The value of this correlation
coefficient indicates the suitability of the model
used to describe the reduction kinetics process.
Closer to the value of R2 = 1, then the model is
used more precisely to describe the kinetics of
the reduction taking place. The coefficient of
determination closest to the value of R2 = 1 of
the five models used is the coefficient of determination obtained from the GinstlingBrounshtein model. The result of the calculation for the activation energy value, according
to this model, is 8.73 kcal/mol. Based on the
value of this activation energy, the step that
controls the reduction kinetics can be categorized as a mixture of chemical reactions and
gas diffusion.

4. Conclusions
Nickel laterite contents in this study are
1.4% with a very high iron content of 50.5%
and low magnesium. The non-metal impurities
contained in the laterite nickel ore are 16.5%
Si, 1.81% Mg, 0.177% Ca, and 4.86% Al. The
XRD results show that most of the iron is in
the goethite phase, and most of the nickel substitutes the Fe atom. Other elements such as
aluminum, silicon, calcium, and manganese
will also associate to form Lizardite
[Mg3(SiO5)(OH)4] compounds. The DTA-TGA
results show the endothermic at 256 ⁰C, and
the exothermic peak at 935 ⁰C with a total
mass loss of 42.15% at 1238 ⁰C. The reduction
rate is divided into two stages. The first stage
of the reduction rate goes very fast (0 – 30
minutes), and then the reduction rate slows
down after 30 minutes. The increase in temperature has a significant effect on the reduction
rate of nickel pellets, with a significant increase from 500 °C to 1100 °C. The shrinking
core model was used for the kinetic studies of
the reduction process. The coefficient of determination closest to the value of R2=1 of the five
models used is obtained from the GinstlingBrounshtein model with an activation energy
value of 8.73 kcal/mol. Based on the value of
this activation energy, the step that controls
the reduction kinetics is a mixture of chemical
reactions and gas diffusion.

Table 6. Ea calculation results for the various
models used.
Model
Contracting area
Contracting volume
Jander
Ginstling-Brounshtein
Avrami-Erofeev 2D
Avrami-Erofeev 3D

Activation energy
(kcal/mol)
6.88
8.44
17.01
8.73
8.15
8.62

Table 5. The calculation results of the reduction temperature to the reaction rate constant.
1/T
0.001293
0.001145
0.001028
0.000818
0.000756
0.000703

Contracting
area
7.82
7.26
8.52
7.01
5.77
5.88

Contracting
volume
8.111
7.601
9.211
7.011
5.681
5.911

Jander
8.52
7.822
9.212
6.91
0.82
5.81

–ln k
GinstlingBrounshtein
9.21
8.11
9.57
7.82
6.44
6.64
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AvramiErofeev 2D
7.26
6.81
8.11
6.26
4.85
5.13

Avrami
Erofeev 3D
6.91
6.50
7.82
5.84
4.38
4.69
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