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Abstract: The recovery of nickel from the oxidic nickeli-
ferous laterite ores is receiving increasing attention due
to the difficulty of recovering this metal from the sulphide
ore deposits. One possible solution is to selectively
reduce the nickel oxide in the ore, which could then be
upgraded by, for example, magnetic concentration. In
this article, a thermodynamic study was performed on
the reduction of a limonitic laterite ore by methane.
Methane was selected as the reducing agent as it has a
lower environmental impact than carbon due to the
reduced carbon dioxide emissions. The effects of tem-
peratures and methane additions on the nickel recovery
and nickel grade were investigated. High recoveries of
over 95% were predicted, but the grades were limited to
about 2.5% due to the formation of magnetite. The ther-
modynamic simulations for reduction by methane were in
agreement with the experimental results in the literature
for other reducing agents, reflecting the fact that the
nickel oxide in the limonitic ore is relatively unstable.
Thus, high recoveries could be achieved irrespective of
the reducing agent involved.
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Introduction

Limonitic laterite ore

The increasing difficulty of mining the nickel sulphide
ore deposits has resulted in the nickeliferous laterite ores
becoming the primary source of nickel worldwide [1, 2].
Despite being present in small concentrations in the sul-
phide ores, the nickel in the pentlandite ((Fe,Ni)8S9) can
be concentrated using conventional flotation techniques.

These ores also contain cobalt and other precious metals
that can often be extracted. The contained sulphur can be
combusted as fuel in the roasting process. This is not the
case with the oxidic laterite ores, where the nickel is in
solid solution in the host rock, which makes it impossible
to upgrade. The oxidic laterite ores do not contain any
precious metals or sulphur and the co-existing cobalt is
difficult to recover. Furthermore, the process of recover-
ing nickel from these ores may result in greater environ-
mental issues than for the sulphide ores [3].

A nickeliferous laterite ore deposit is commonly com-
prised of two nickel-containing layers: limonite and
saprolite. Both layers are formed at the surface through
the weathering of ultramafic rock. For the purpose of this
article, the investigation will be limited to the reduction
of the nickel oxide in the limonitic ores. In the limonitic
layer, the nickel is present in solid solution with iron in
the mineral goethite (FeO·OH). The limonitic ores are
primarily treated by hydrometallurgical techniques,
such as high pressure acid leaching (HPAL), due to
their low nickel (1 to 1.6%), high iron ( > 40%) and high
water contents. This process is expensive since a large
amount of acid is consumed.

It would be of interest to develop a less costly and a
more environmentally friendly method of extracting
nickel from these laterite ores. It has been proposed
that the use of either heap leaching or nitric acid leaching
could reduce the processing costs [4, 5]. However, it was
also noted that these processes have not yet reached the
capacity required for commercial application. Another
option is to selectively reduce the nickel oxide in the
limonitic ore, producing a ferronickel alloy with a high
nickel content. This alloy could be further concentrated
by, for example, magnetic separation, thereby reducing
the cost of energy and acid consumptions. Research is
being conducted on the selective reduction of nickel
oxide using various reducing agents, such as coal, carbon
monoxide, hydrogen and their mixtures.

Carbon is the most commonly employed reducing
agent in pyrometallurgical processes owing to its ample
supply and high energy density, which also allows it to
be used as an energy source. Unfortunately, the use of
carbon-based reagents, such as coal, generates adverse
environmental impacts through the emission of carbon
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dioxide as well as organics, sulphur and ash. In order to
mitigate these environmental effects, the use of alterna-
tive reductants, including other metals, hydrogen and
methane (CH4), should be considered. It is feasible to
reduce the nickel oxide in the limonitic ores using metals
that are more reactive than nickel, but this method is
limited due to the high cost. The use of hydrogen in
lieu of carbon replaces the carbon dioxide emission
with water vapour. The disadvantages of using hydrogen
arise from the cost of manufacturing it from either water
or methane. Methane is an alternative reductant that has
been largely ignored due to it being both expensive and
difficult to obtain [6–8]. However, methane has become
more accessible and its utilization provides a significant
reduction in the negative environmental effects of the
process. As an example, a fifty percent reduction in car-
bon dioxide emission can be achieved for the production
of an equal amount of metal if methane is employed
instead of carbon-based reagents, such as coke and
coal, according to the following reactions:

2MO+C= 2M+CO2ðgÞ (1)

2MO+
1
2
CH4ðgÞ = 2M+

1
2
2CO2ðgÞ +H2OðgÞ (2)

The purpose of this work is to study the selective reduction
of the limonitic laterite ores by methane to produce a
ferronickel alloy that can be further concentrated to
increase its nickel content. This is achieved by developing
a thermodynamic model of the process based on pre-exist-
ing models for reduction by carbon and hydrogen as well
as activity coefficient data obtained from previous works
[9–13]. In this work, the model has been used to analyse
the effects of temperature and the amount of reductant on
the nickel recovery, the nickel grade (of the ferroalloy), the
behaviours of the gases, the behaviours of iron- and
nickel-containing species, and the efficiencies of the redu-
cing agents.

Previous thermodynamic studies

Previous thermodynamic studies on the reduction of
laterite ores have focused on the use of either carbon,
carbon monoxide or hydrogen as the reducing agents [9,
14–21]. There has been little to no information available
on reduction by methane. The studies, which utilized
other reductants, are in agreement that it is possible to
produce a ferronickel with high grade at low temperature,
although it is impossible to form a completely pure nickel
product through selective reduction. This is due to the

fact that as the conditions become more reducing, the
nickel recovery increases along with the amount of metal-
lic iron, which reduces the nickel grade in the alloy. In
addition to the co-reduction of the iron oxides, the stu-
dies also demonstrated that there might be several limita-
tions to the kinetics of the reduction reaction when it
proceeded below 600 °C. Only one article has examined
the thermodynamics of utilizing methane as a reducing
agent and pointed out its economic advantage over
hydrogen [22]. The same study showed that the reduction
behaviour at 600 to 800 °C exhibits similar characteristics
as when carbon monoxide is employed as the reductant.
Although the nickel grade in the product was not pro-
vided, a high nickel recovery was indicated.

Experimental studies

Experimental studies that have been conducted on the
reduction of nickeliferous laterite ore by carbon, carbon
monoxide or hydrogen are in general agreement with the
predictions made by previous thermodynamic studies
[20, 23–29]. In all of the experimental works, it was
found that nickel always occurred with iron as a ferro-
nickel alloy. It was also shown that the nickel recovery
increased with temperature in contrast with the decreas-
ing nickel grade. It is important to note that most of the
experimental studies have been conducted on saprolitic
ores. On the other hand, the limonitic ores are used in
many of the thermodynamic studies since they are sim-
pler to model than the saprolitic ores. Some of the experi-
mental studies reported that the optimal temperature for
the selective reduction of the limonitic laterite ore was
600 °C. It has been generally agreed that due to the
different mineralogy of the ores, the limonite should be
treated separately from the saprolite.

Similar to the thermodynamic studies, there have
been limited experimental works on the gaseous reduc-
tion of the limonitic laterite ore by methane. In a thermo-
gravimetric study on the reduction of nickel oxide by
methane gas at 600 to 750 °C, it was shown that increas-
ing the reduction temperature and the CH4 to Ar ratio in
the gas atmosphere resulted in an increased rate of reac-
tion [30]. The reduction reaction of the nickel oxide
reached completion in approximately 15 minutes under
an atmosphere with 20% methane at a temperature of
660 °C. In addition to observing the rate of reaction, the
authors also proposed that the gaseous by-product,
which consisted of a mixture of H2 and CO, could be
utilized in the synthesis of hydrocarbons. This increases
the economic benefit of using methane as a reductant.
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There have been several other experimental works
that examined the use of methane or hydrogen-enriched
methane in the reduction of various metal oxides. As an
example, the use of methane in the reduction of
cobalt oxide has been found to give rise to carbon deposi-
tion that impedes diffusion [31]. This has also been
reported by other authors studying the use of carbon
monoxide as a reducing agent [23, 29] as well as those
who examined the reduction of various metal oxides by
methane-containing gas [8].

Equilibrium considerations

As mentioned previously, nickel oxide in the limonitic
ore is present in solid solution in the goethite.
Dehydroxylation of the nickel-containing goethite occurs
under oxidizing conditions between 250 and 350 °C. The
goethite will be converted to hematite as follows:

2ðFe, NiÞO � OH ! ðFe, NiÞ2O3 +H2O (3)

while under reducing conditions, magnetite will form as
follows:

6 Fe, Nið ÞO � OH ! 2 Fe, Nið Þ3O4 + 3H2O+ 1=2O2 (4)

Subsequently, at higher temperatures the nickel ferrite
decomposes to nickel oxide and magnetite as follows:

Fe1− x, Nixð Þ3O4 ! 3xNiO+ Fe3− 3xO4− 4x + 1=2xO2 (5)

for 0 < x < 1. The reactions for the overall reduction of the
iron and nickel oxides by methane in the limonitic ore are
as follows:

Fe2O3 + CH4ðgÞ ! 2Fe +CO2ðgÞ + 2H2OðgÞ (6)

4NiO+ CH4ðgÞ ! 4Ni + CO2ðgÞ + 2H2OðgÞ (7)

and the overall reaction for the reduction of the nickel
ferrite to nickel and iron is as follows:

NiFe2O4 + CH4ðgÞ ! Ni + 2Fe +CO2ðgÞ + 2H2OðgÞ (8)

In an actual reduction process, the methane decomposes
to carbon and hydrogen. Carbon monoxide is also pro-
duced as the reduction reaction proceeds. As such, reduc-
tion of the metal oxides can be due to carbon, hydrogen
or carbon monoxide. The hematite in the dehydroxylated
ore will initially be reduced to magnetite (Fe3O4), which
has the potential of being reduced further to wüstite
(FeO) and ultimately, metallic iron (Fe) given sufficient
reduction potential and temperature. Consequently, the
reduction of the nickel and iron oxides in the ore can be
described by the following reactions:

NiO +R ! Ni +RO (9)

3Fe2O3 +R ! 2Fe3O4 + RO (10)

Fe3O4 +R ! 3FeO+RO (11)

FeO+R ! Fe +RO (12)

where R is carbon, hydrogen or carbon monoxide.
The utilization efficiency of the reducing agent is an

important parameter in the reduction process. If methane
(CH4) is used in a reduction process, the utilization effi-
ciencies of both carbon and hydrogen can be determined.
The conversion of hydrogen to water vapour is consid-
ered as 100% efficient. The conversion of carbon to
carbon monoxide is considered as 50% efficient, while
the conversion of carbon to carbon dioxide is considered
as 100% efficient. The utilization efficiencies (η) of car-
bon and hydrogen are defined as follow:

ηC =
0.5nCOðkmolÞ+ nCO2ðkmolÞ

nCiðkmolÞ × 100% (13)

ηH2
=
nH2OðkmolÞ
nH2, iðkmolÞ × 100% (14)

In many of the previous thermodynamics studies, the
models assumed the ideal behaviour of the species and
did not take into account the activity coefficients. In the
present research, the non-ideal behaviour of some of the
species was accommodated by including activity coeffi-
cients for the species existing in the monoxide and spinel
[11], as well as for those existing in the alloy [13]. A
description of the equilibrium model has been given pre-
viously for application to the sulphidation of a limonitic
laterite ore [32], the solid-state reduction of a limonitic
laterite ore by carbon [17], by carbon monoxide gas [18]
and by hydrogen gas [15]. In the present paper, the model
made by Elliott et al. [9] has been developed to cover the
gaseous reduction of the limonitic ore by methane.
Consequently, only a summary of the relevant features of
the model is provided here along with any necessary
changes to adjust the model for reduction by methane.
The calculation of the multi-component equilibrium com-
position was performed using the Gibbs-free energy mini-
mization method [33] through the Equilibrium Module of
HSC Chemistry® 6.1. The limonitic ore was assumed to be
comprised of eight elements: Mg, Si, Al, Fe, Ni, Co, H and
O. These elements plus carbon were inputted into the
Equilibrium Composition calculations program of HSC
Chemistry® 6.1, which then generated a list of 268 possible
species. However, most of these generated species are not
stable under the conditions of the gaseous reduction pro-
cess and therefore only the 31 species shown in Table 1
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were used in the model. The selected species were classi-
fied into four phases: gases, oxides (including monoxide
(FeO-NiO-CoO) and spinel (Fe3O4-NiFe2O4-CoFe2O4)), ferro-
nickel alloy (Fe-Ni-Co) and carbon. The methane addition
is represented in terms of kilomoles of methane per 100 kg
of ore.

Table 2 shows the composition of the limonitic ore used
in the modelling of the gaseous reduction process. The limo-
nitic ore contains a very high amount of iron oxide (Fe2O3)
with low amounts of magnesia (MgO) and silica (SiO2).

Results and discussion

Figures 1(A) and 1(B) show the nickel recovery and the
nickel grade of the ferronickel for the limonitic ore as a
function of temperature and methane addition. Reduction
was observed to begin at a temperature of about 400 °C.

This temperature decreased only slightly with increasing
methane addition. At this temperature, the minimum
methane addition for reduction was about 0.065 kmol/
100 kg of ore as some methane was utilized to reduce
hematite to magnetite and magnetite to wüstite. This
minimum methane addition increased with increasing
reduction temperature as more of the methane was uti-
lized to reduce the iron oxides. At low methane additions,
there was a maximum in the nickel recovery with increas-
ing temperature as some reoxidation of the nickel could
occur. With regards to the nickel grade, the grade was
high at low methane additions and low temperatures,
reflecting the relative instability of nickel oxide in com-
parison to iron oxide. For example, for a methane addi-
tion of about 0.125 kmol/100 kg of ore, the nickel grade
was in the range of about 80 to 90% from about 400 to
1200 °C. As the temperature increased, the amount of
methane required to achieve this grade increased as a
greater proportion of the methane was used for the reduc-
tion of the iron oxides. The nickel grade was about 90%
at about 400 °C, where nickel began to form, and again,
this temperature decreased only slightly with increasing
methane addition. The temperature and methane addi-
tion ranges where these high grades occurred were rela-
tively narrow. As the temperature and the methane
additions increased, the grade decreased rapidly as an
increased amount of metallic iron was formed.
Consequently, at high temperatures and methane addi-
tions, the nickel grade began to level off at about 10%.

For the treatment of the laterite ores, it would be of
interest to reduce all the nickel oxide and some of the
iron oxide in the solid state to produce a high grade
ferronickel alloy and then further concentrate the ferro-
nickel by magnetic separation. Additionally, it would be
desirable to obtain a high nickel grade concentrate with
high nickel recoveries. Also, the conditions required to

Table 1: Phases (in bold) and species utilized in the equilibrium
calculations for the reduction of the limonitic laterite ore by
methane.

Gases Oxides Oxides Oxides Oxides Alloy

O CoO FeOOH MgFeO NiO Fe
H CoO·SiO FeO·SiO MgO SiO Ni
HO FeO FeSiO MgSiO NiFeO Co
CO FeO FeSiO MgSiO FeO Carbon
CO AlO FeMgO NiO·SiO CoFeO C
CH AlO·SiO

Table 2: The ore composition that was used in the modelling of the
reduction of the limonitic laterite ore by methane (wt%).

CoO FeO MgO NiO SiO AlO

.% .% .% .% .% .%
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Figure 1: The effects of
methane additions and tem-
peratures on the nickel recov-
ery (A) and the nickel grade
(B) for the limonitic ore.
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avoid magnetite formation need to be determined, as the
magnetite will dilute the concentrate. Therefore, the stoi-
chiometric methane requirement for the reduction of the
nickel oxide to metallic nickel and the hematite to wüstite
was considered, as given by the following reactions:

3Fe2O3 + CH4ðgÞ = 6FeO+COðgÞ + 2H2OðgÞ (15)

3NiO +CH4ðgÞ = 3Ni + COðgÞ + 2H2OðgÞ (16)

For the limonitic ore, this stoichiometric requirement
corresponds to 0.199 kmol of CH4/100 kg of ore.

Figure 2 shows the nickel and iron grades and the
nickel and iron recoveries as a function of temperature
for the stoichiometric carbon addition for the nickelifer-
ous limonitic ore. It could be seen that nickel metal

began to form at about 400 °C and simultaneously metal-
lic iron was also produced. This is in agreement with
many other researchers who found that nickel and iron
were coreduced [14, 23, 27, 34]. This was in large part due
to the reduced activity of the iron in the nickel. Since
nickel oxide is a relatively unstable oxide in comparison
to wüstite, the amount of metallic nickel increased very
rapidly with temperature, while the amount of metallic
iron increased more slowly. At about 400 °C, the nickel
grade reached a maximum value of about 90% with a
nickel recovery of about 65%. Subsequently, the amount
of metallic iron increased more quickly and conse-
quently, the nickel grade decreased rapidly. At about
600 °C, the nickel recovery had reached a maximum
value of about 99%, but only about 2% metallic iron
had been recovered and thus, the nickel grade remained
high at about 55%. After about 600 °C, the nickel recov-
ery decreased slightly, which could be due to reoxidation.
However, the iron recovery increased more quickly than
previously and therefore the nickel grade continued to
drop before beginning to level off at about 25% at 800 °C.
Similarly, both the iron grade and recovery began to level
off at about 75% and 6%, respectively. As a conse-
quence, at the relatively high reduction temperature of
1000 °C, the nickel recovery remained high at 98%, the
metallic iron recovery was very low at about 7% and
therefore the nickel grade remained at 22%.

Figure 3 shows the behaviour of the nickel-contain-
ing species as a function of temperature for the stoichio-
metric methane addition. At room temperature, nickel
ferrite was the most stable nickel-containing species but
as the temperature increased, it decomposed and nickel
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oxide began to form according to reaction (5). However,
by about 350 °C this nickel oxide was being reduced and
thus at higher temperatures, further decomposition of the
nickel ferrite resulted in metallic nickel rather than nickel
oxide as given by reaction (8). As mentioned previously,
the nickel recovery reached a maximum of about 99% at
about 600 °C, then decreased slightly due to reoxidation
into the wüstite phase.

Figure 4 shows the behaviour of the iron-containing
species as a function of temperature for the stoichio-
metric methane addition. Also included is the behaviour
of carbon. At room temperature, the major iron oxide-
containing species was magnetite with some hematite. As
the temperature increased, the amount of wüstite
increased, the amounts of magnetite and hematite
decreased and the amount of iron silicate increased.
This coincided with a decrease in the amount of carbon,
which was generated by the decomposition of methane.
The carbon was consumed slowly from room tempera-
ture, then more quickly above about 500 °C. This corre-
sponded to an increase in the amount of metallic iron.
The carbon disappeared completely at about 625 °C,
where a number of changes occurred. Above 625 °C, the
amounts of metallic iron and wüstite increased more
slowly, while the amount of magnetite decreased more
slowly. Furthermore, the amount of the iron silicates
decreased above this temperature.

Figure 5 shows the equilibrium gas composition as a
function of temperature for the stoichiometric methane
addition and also included is the behaviour of carbon. At
room temperature, the gas phase consisted of methane,
water vapour, and a small amount of carbon dioxide. As

the temperature increased to about 300 °C, the amounts
of water vapour and methane decreased slightly. The
amount of carbon dioxide increased and hydrogen
began to form as the carbon was consumed. Above
300 °C, the amounts of methane, water vapour and car-
bon decreased rapidly, while the amounts of carbon
dioxide and hydrogen continued to increase. Carbon
monoxide began to form at about 400 °C and the amount
increased rapidly. At 625 °C, all the carbon had been
consumed and there were dramatic changes in the gas
composition. The amount of water vapour stopped
declining and began to increase. The rate of formation
of carbon monoxide decreased with increasing tempera-
ture. The amount of carbon dioxide began to level off and
then decreased above about 700 °C. There was still some
methane present up to about 700 °C. The decomposition
of this methane resulted in an increasing amount of
hydrogen until about 700 °C, thereafter it decreased.

Figure 6 shows the effect of the nickel oxide contents
of the ore in the range of 0.5 to 3% on the nickel grade
and recovery at a temperature of 600 °C and a methane
addition of 0.199 kmol/100 kg of ore. The nickel grade
continually increased from about 47.5 to 54%. The rate of
increase of the nickel recovery slowed down with increas-
ing nickel oxide content and eventually levelled off. For
the range of nickel oxide contents investigated, the nickel
recovery increased from 96.25 to 99.10%.

Figure 7 shows the effect of iron oxide (Fe2O3) con-
tent in the range of 75 to 95% on the nickel grade and
recovery for a methane addition of 0.199 kmol at 600 °C.
The nickel grade increased slowly at low iron oxide con-
tents and then more rapidly at higher iron oxide contents.
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The nickel recovery remained relatively constant at 98%
when the iron oxide contents were below 93%. At higher
iron oxide contents, the nickel recovery declined to just
below 93%. As the iron oxide contents increased, more of
the reducing agent was utilized in the reduction of hema-
tite to magnetite and thus, less nickel oxide was reduced
and the recovery decreased. At the same time, less metal-
lic iron was produced and therefore the nickel grade
increased.1

Figures 8(A) and (B) display the hydrogen and car-
bon utilization efficiencies. The hydrogen efficiency was
close to 100% at low methane additions for all tempera-
tures. As the amount of methane increased, the hydrogen
efficiency first rapidly decreased and then levelled out at
approximately 50% at 1200 °C. With regards to

temperature, when the temperature was below 400 °C,
the hydrogen efficiency approached 30%. The efficiency
of hydrogen demonstrated a sudden decrease for moder-
ate to high methane additions at 600 °C. This was due to
the formation of hydrogen gas from the reaction of car-
bon with water vapour under the aforementioned condi-
tions. Similarly, the carbon efficiency reached a
maximum of 100% at low methane additions over the
whole temperature range. When a moderate to high
amount of methane was added and the temperature was
above 600 °C, the carbon efficiency decreased slowly
from 100% and reached a constant value of about 70%
at 1200 °C. This behaviour was attributed to the reaction
of carbon dioxide with carbon to produce carbon mon-
oxide. As the temperature decreased, the carbon effi-
ciency decreased rapidly and reached about 5% for
0.275 kmol of CH4/100 kg of ore and a temperature of
200 °C.

Figure 9 shows the equilibrium amounts of depos-
ited carbon under varying methane additions and tem-
peratures for the limonitic ore. The amount of deposited
carbon was highest under high methane additions and
low temperatures, for example when 0.275 kmol of CH4/
100 kg of ore was added at approximately 500 °C. Under
these conditions, about 0.090 kmol of carbon was
deposited. For lower methane additions, the amount of
deposited carbon decreased rapidly to zero. The same
behaviour was observed when the temperature
increased. The addition of a small amount of methane
led to the complete conversion of the methane into
carbon dioxide and water vapour. This conversion
occurred over a relatively low temperature range,
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where there was an insufficient amount of methane for
carbon deposition. At high temperatures, all carbon was
used up in the reduction reactions to produce metallic
nickel and metallic iron in the ferronickel alloy. It is also
important to note that iron carbide did not form during
the reduction of the limonitic ore under any conditions.

In order to produce a magnetic concentrate, it is
important to minimize the amount of magnetite. Figure 10
shows the effects of methane additions and temperatures
on the equilibrium amount of magnetite for the limonitic
ore. At low methane additions, the amount of magnetite
increased across the whole temperature range. Also, at
low temperatures, the amount of magnetite increased
across the whole methane addition range. With increas-
ing methane additions and temperatures, the amount of
magnetite decreased as it was reduced to wüstite. For
typical reducing conditions (above 600 °C), the amount
of magnetite was high at about 0.220 kmol and on
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amount of deposited carbon for the limonitic ore.
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cooling, the amount of magnetite increased even further
to about 0.330 kmol.

Figure 11 shows the nickel grade of the concentrate,
which not only contains the ferronickel alloy, but also
magnetite. A nickel grade of 2.5% was achieved at high
methane additions and temperatures, which corre-
sponded to the lowest magnetite amount in Figure 10.
Decreasing temperatures or methane additions rapidly
lowered the grade of the concentrate due to the increased
formation of magnetite. These thermodynamic predic-
tions demonstrate that for the limonitic ores, it is difficult
to produce a high grade concentrate. This is due to the
high iron content of the ore that leads to the high

magnetite content of the concentrate. In order to increase
the grade, the amount of magnetite could be minimized
by quenching or cooling under controlled atmospheres.

Comparison with experimental results

Only a few experimental studies have been performed
on the reduction of limonitic laterite ores [25, 35, 36]. In
these studies, pure hydrogen, carbon monoxide, or coal
was used as the reductants. The maximum nickel recov-
eries reported are summarized in Table 3. These results
showed that the nickel recoveries were in the range of
90 to 100% at temperatures between 550 and 1250 °C.
This is in agreement with the thermodynamic predic-
tions for methane. The instability of the nickel oxide in
the limonitic ore resulted in the high recoveries of nickel
irrespective of the reducing agent. The nickel grades
were only reported for reduction by coal in the tempera-
ture range of 1000 to 1250 °C. In these tests, sulphur or
sulphur-containing compounds were added and this
resulted in grades of about 4 to 5%, which were higher
than the theoretical value of about 2.5%. These addi-
tives promoted selective reduction of nickel and facili-
tated particle agglomeration.

Conclusions

(1) A thermodynamic model was developed using the
Equilibrium program of HSC Chemistry® 6.1 to inves-
tigate the reduction behaviours of the nickeliferous
limonitic laterite ores, with methane as the reducing
agent. Metallic nickel began to form concurrently
with iron at about 400 °C and a methane addition of
about 0.199 kmol/100 kg of ore. The recovery was low
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Figure 11: The effects of methane additions and temperatures on the
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Table 3: Summary of experimental results on the reduction of limo-
nitic ores by hydrogen, carbon-based reductants, or a combination
of the two types of reducing agents. Maximum nickel recoveries and
the corresponding reducing conditions are given.

Ore type Reductant Temperature
(°C)

Ni
Grade
(%)

Ni recovery
(%)

Reference

Manuran H  N/A  []

Manuran CO followed

by H

 N/A  []

Manuran CO/CO  N/A ~ []

Limonite Coal  . . []

Limonite Bituminous

Coal

  . []
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but the grade was very high at low methane additions
and temperatures, reflecting the relative instability of
nickel oxide in comparison to wüstite. The recovery
increased rapidly with both temperature and methane
additions, while the grade decreased.

(2) For the stoichiometric methane addition of 0.199
kmol of CH4/100 kg and at a temperature just
below 400 °C, the nickel recovery was only 65%
but the grade was 90%. When the temperature
increased to 600 °C, the nickel recovery was about
99% and the grade was still high at 55%. As the
temperature continued to increase, the recovery
remained high but the grade decreased rapidly due
to the increased formation of metallic iron. The
methane was totally decomposed by about 700 °C
and the carbon was consumed by about 650 °C. The
amount of hydrogen increased up to about 700 °C
and then decreased.

(3) The effect of ore composition was examined at a
temperature of 600 °C by varying the nickel oxide
and iron oxide contents of the ore. The nickel oxide
content was varied in the range of 0.5 to 3.0%. Both
the nickel recovery and the nickel grade increased
along with the nickel oxide content. The iron oxide
content was varied from 75 to 95%. The nickel
recovery decreased with increasing iron oxide con-
tent, while the nickel grade increased. The increase
in the nickel grade was due to the consumption of
methane for converting hematite into magnetite
instead of metallic iron.

(4) The hydrogen efficiency was in the range of approxi-
mately 20 to 50% for nickel recoveries close to
100% and nickel grades of about 10%.
Meanwhile, the carbon efficiency was constant at
about 70% under the same conditions. The carbon
efficiency dropped to zero when the temperature
was lower than 600 °C, indicating that carbon was
not optimally used in nickel extraction in this tem-
perature range. Consequently, the nickel recovery
also decreased and eventually reached zero as the
temperature decreased from 600 °C.

(5) Carbon deposition occurred at low temperatures and
high methane additions, where there was no reduc-
tion of metal oxides. A significant amount of mag-
netite formed for all temperatures and methane
additions due to the high hematite content of the
ore. Consequently, this limited the nickel grade of
the concentrate to about 2.5%. The amount of mag-
netite also increased with decreasing methane addi-
tions or temperatures, which resulted in the grade
decreasing even further. The comparison with the

experimental results available in the literature
showed that the measured nickel recoveries were
in agreement with the thermodynamic predictions.
However, the reported nickel grades in the experi-
ments were higher than the thermodynamic predic-
tions because of the addition of sulphur, which
promoted selective reduction of nickel oxide.
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