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Both the consumption and production of crude stainless steel in China rank
first in the world. In 2011, the nickel production in China amounted to 446
kilotons, with the proportion of electrolytic nickel and nickel pig iron (NPI)
registering 41.5% and 56.5%, respectively. NPI is a low-cost feedstock for
stainless steel production when used as a substitute for electrolytic nickel. The
existing commercial NPI production processes such as blast furnace smelting,
rotary kiln-electric furnace smelting, and Krupp-Renn (Nipon Yakin Ohey-
ama) processes are discussed. As low-temperature (below 1300°C) reduction of
nickeliferous laterite ores followed by magnetic separation could provide an
alternative avenue without smelting at high temperature (~1500°C) for pro-
ducing ferronickel with low cost, the fundamentals and recent developments of
the low-temperature reduction of nickeliferous laterite ores are reviewed.

INTRODUCTION

Nickel is an important strategic alloying metal
with wide industrial applications.! Nickel alloys
are characterized by high strength and ductility as
well as excellent corrosion and heat resistances.
Approximately 70% of nickel reserves are nickel-
iferous laterite ores, from which only about 40% of
the world nickel was produced.? Nickel is associ-
ated mostly with iron oxides or silicate minerals as
an isomorphism substitution in the lattice
throughout the generation of laterite ores from
weathered ultrabasic rocks.® The properties of
various layers within the laterite ore body are
distinct. The limonite upper layer is characterized
by the presence of goethite (FeOOH) and some-
times hematite (Fey03), while the lower layer is
rich in magnesium silicates, referred to as the
saprolite layer, which is higher in nickel content as
well as silica and magnesia contents.* In addition,
there is usually a transition layer between the
limonite upper layer and the saprolite lower
layer.®

Laterite ores are not amenable to concentration
by physical beneficiation methods because of their
complex mineralogy.?® Due to the inability to pro-
duce a high-grade concentrate, it is both complex
and capital intensive to concentrate nickel from
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laterite ores. Thus, for laterite ores treatment, it is
crucial to apply chemical methods (pyrometallurgi-
cal or hydrometallurgical) to alter the original
mineralogy of laterite ores,” such as pressure acid
leaching, !> Caron process,’>”  atmospheric
leaching,'®2* and rotary kiln-electric furnace
(RKEF) process.?” These conventional pyrometal-
lurgical and hydrometallurgical processes for nickel
concentration require substantial infrastructure
investments and high operational cost.?®?” Thus,
finding an alternative ferronickel production meth-
od with less energy consumption is imperative.

NPI PRODUCTION AND CONSUMPTION

Global nickel consumption and production as well
as that in China specifically are shown in Figs. 1
and 2, respectively. From 2001 to 2011, the global
nickel consumption increased gradually from
1177.7 kt to 1569.4 kt with an annual average
increasing rate of 2.9%. Due to the global financial
crisis, the global nickel consumption dropped from
1355.5 kt in 2007 to 1292.6 kt in 2008, and then it
increased rapidly to 1569.4 kt in 2011. Asia is the
world’s largest regional market of nickel, accounting
for 65% of the total world demand. China’s nickel
consumption climbed from 91.4kt to 680 kt,
accounting for 43% of global nickel demand in 2011,
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Fig. 1. Nickel consumption of the world and China (Source: World Metal Statistics Yearbook).?®
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Fig. 2. Nickel output of the world and China (Source: World Metal Statistics Yearbook).®

while the proportion was only 8% in 2001. It shows
that China’s nickel consumption had experienced a
substantial increase in the first decade of the
twenty-first century, with an annual average
growth rate of 22.2%, which is much higher than
that of the world.

Influenced by the nickel consumption market,
global nickel output increased from 1170 kt to
1600 kt from 2001 to 2011 and also suffered a
decrease in 2008. Over the last 2 years, global nickel
production was higher than consumption, repre-
senting an excess supply of nickel. In contrast, the
Chinese nickel market has experienced a shortage.

Nickel for the stainless steel production accounts
for 65% of the overall primary nickel consumption
all over the world, and another 24% goes for
superalloys or nonferrous alloys production
(Fig. 3).293° The rapid development of the world,
especially China’s stainless steel industry, has been

the main driving force for the dramatic increase in
demand for nickel. As shown in Fig. 4, from 2002 to
2012, the world output of crude stainless steel
increased from 20690 kt to 35363 kt, with an annual
average growth rate of 5%, while over the same per-
iod, China’s nickel output ascended from 1140 kt to
16087 kt, with an annual average growth rate of
27.2%. China is the world leader in both stainless
steel production and nickel consumption. In 2012,
China’s crude stainless steel production accounts for
45.5% of the world crude stainless steel production.
In 2011, the nickel output of China amounted to
446 kt, with the proportion of electrolytic nickel and
nickel pig iron (NPI) registering 41.5% and 56.5%,
respectively (Fig. 5). The nickel feed source
accounts for about 70% of the total cost of Ni
austenitic stainless steel production.?® As a sub-
stitute for scrap steel and electrolytic nickel, NPI
can reduce the cost of stainless steel production.
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From 2005, NPI has been produced in China, and
subsequently all of the produced NPI has gone into
the domestic stainless steel production. Figure 5
shows that the development of NPI production was
extremely slow during the first few years, while it has
been experiencing a rapid growth since 2010. In 2010,
China’s annual output of NPI was 161 kt (in nickel
metal), which exceeded electrolytic nickel output for
the first time, becoming the major nickel product in
China. As mentioned previously, the main reason for
the rapid development of ferronickel market in China
is the rapid development of the stainless steel
industry. Besides, there are several contributory
factors: (I) The market price of NPI generally is based
on the price of nickel while the value-added iron is not
considered, and consequently, stainless steel manu-
facturers prefer to use ferronickel rather than elec-
trolytic nickel; (II) NPI production is under
continuous improvement; and (III) there are limited
domestic nickel resources and the production
depends heavily on the import of nickel ore.?*

PROCESSES OF NPI PRODUCTION

Major NPI producers and planned projects in
China are presented in Tables I and II, respec-
tively.?®

Industrial Consumption of nickel in 2011
3%

m Stainless steel
m Other Alloys
Electroplating

m Chemicals

Fig. 3.31Industrial consumption of nickel of the world in 2011 (Source:
LME).

As shown in Table I, the vast majority of NPI
producers is equipped with either blast furnace (BF)
or submerged arc furnace (SAF), and the production
capacity of most producers is below 10 kt per year.
Moreover, more than 400 kt of new NPI production
capacity has been announced, and this will have a
big impact on the nickel ore markets (Table II).
Generally, the existing processes for NPI production
can be classified into three categories. The first is
the BF smelting with similarity to SAF smelting,
where sintered laterite is smelted in either BF or
SAF, depending on the desired grade of nickel ore
used.?” The second is the RKEF smelting, and the
third is the Krupp—Renn process (well known as the
Oheyama Process). These three processes were
compared in terms of feed requirement, operating
parameters, as well as waste management (Table
I1D).

Blast Furnace Smelting

BF smelting of laterite ore for NPI production was
invented in response to the high price of electrolytic
nickel, providing a cheaper route to supply NPI as a
substitute for electrolytic nickel. It is aimed to
address issues such as difficult slag formation and
slag—iron separation, as well as low molten iron
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Fig. 5. Distribution proportion of nickel output in China.®?
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Table I. Major NPI producer of China

Capacity
Company Location Process Product (ktpy Ni content)
Shandong Haixin Shandong BF, SAF NPI (10-15% Ni) 30
ZhanhuaWeiye Nickel Industry Shandong SAF NPI (10-15% Ni) 20
Inner Mongolia Shangdu Industry Park Inner Mongolia  SAF NPI (10-15% Ni) 20
Fuyjian Dingxin (Tsingshan Holding Group) Fuyjian SAF NPI (10-15% Ni) 20
Delong Nickel Industry Jiangsu RKEF NPI (10-15% Ni) 20
Zhanhua Hugo Dragon Metal Limited Shandong BF NPI (6-8% Ni) 10

(ZhanhuaQiangxiang)

Xuzhou Jinxiang Metallurgy Jiangsu SAF NPI (10-15% Ni) 10
Shanxi Dakang Group Shanxi BF NPI (4-6% Ni) 9
Henan Qingpu (Tsingshan Holding Group) Henan BF NPI (4—7% Ni) 8
ZhongbaoBinhaiNickel Corp. (Sinosteel) Hebei RKEF NPI (10-15% Ni) 8
Sichuan Jinguang Group Sichuan SAF NPI (10-12% Ni) 6
HuaibeiXinyuan Ferronickel Smelter Anhui SAF NPI (10-15% Ni) 6
Guangxi Xinheli Guangxi BF NPI (1-2% Ni) 4
Sichuan Jinguang Group Sichuan BF NPI (1-2% Ni & 4-6% Ni) 4
Fujian Xin’anjiang Nickel Alloy Zhejiang SAF NPI (10-15% Ni) 4
Total 178
Table II. Planned NPI projects in China

Capacity
Company Location Process State (ktpyNi content)
Jien Nickel Inner Mongolia RKEF Phase I, commission in 2013 20
Jien Nickel Inner Mongolia RKEF Phase II, planning 80
Macrolink Group Guangxi RKEF Planning 50
Sichuan Jinguang Group Guangxi RKEF Commission in 2013 50
Guangxin Holding Group Guangdong RKEF Commission in 2012 50
Anhui Tenghong Alloy Anhui RKEF Commission in 2013 20
Hanking Group Liaoning RKEF Phase I, commission in 2013 30
Hanking Group Liaoning RKEF Phase II, planning 30
Taiwan E-United Group Fuyjian RKEF Planning 30
Fujian Fufeng Fujian RKEF Planning 50
Ruitian steel Fuyjian RKEF Planning 30
Total 440

temperature.?®” Since 2005, private enterprises in
Jiangsu province, Zhejiang province, and Shandong
province of China have switched small-scale BF to
produce NPI, alleviating the shortage of nickel
supply. These BF have once been shut down
according to national energy efficiency policy.
Without too much capital cost, these BF could be
restarted to produce NPI. There were more than 300
plants altogether producing NPI at the end of 2007,
and their production capacities ranged from a few
hundred tons to several thousand tons.?*

During the BF smelting process, raw materials
composed of low-grade nickel ore, coke breeze, and
fluxes are used. These materials are first sintered
for agglomerate before being fed to the BF with
additional fluxes. Impurities and slag are then
removed from the reduced Fe-Ni melt before the
molten Fe-Ni is poured into the molds to form NPI.
However, as the laterite ore differs greatly from
high-grade iron ore for ironmaking in terms of

physical and chemical properties, there are many
problems during the sintering and smelting of lat-
erite ore. As for the sintering of laterite ore, the high
water content and refractory materials generated
from the dehydroxylation of hydrated magnesium
silicates during sintering hinder the melt genera-
tion, causing problems such as poor sinter quality
[low tumbling strength (<63% ISO), high sinter
return proportion (>40%), and high FeO content],
low productivity, and high coke breeze consumption.
Likewise, feeding laterite ore to a BF for smelting
would result in the following:***? (I) excessive slag
with low metal temperature and poor fluidity of hot
metal; (II) high energy consumption; (III) high slag
viscosity due to the presence of Cry;Os; and (IV)
fluorite addition as an additional flux, resulting in
severe erosion of refractory and poisonous gas
emissions. The BF smelting process once experi-
enced rapid development in China. Nevertheless,
with the decrease in nickel price and implementation
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of strict environmental policy, most of the BF have
been discontinued currently. Thus, the BF smelting
technology for NPI groduction seems to be more like
a flash in the pan.®®4°

Rotary Kiln-Electric Furnace Smelting

RKEF smelting is widely used in ferronickel pro-
duction to treat saprolite laterite ore. The RKEF
process is a two-stage pyrometallurgical process
that involves the calcination and the partial reduc-
tion of the saprolite ore in a rotary kiln, followed by
high-temperature smelting in an electric arc fur-
nace.? The final product is a ferronickel alloy con-
taining 20 wt.% to 40 wt.% nickel. It is uneconomic
to process laterite ore with high iron content and
low nickel content via the RKEF route. The RKEF
process was first used in the Doniambo plant of New
Caledonia in the 1950s, and so far it has become the
dominant technology for ferronickel production in
the world. Moreover, in April 2011, the National
Development and Reform Commission (NDRC) of
the People’s Republic China published the “Guiding
Catalogue of Industrial Structure Adjustment (2011
version),” in which the RKEF technology for effi-
cient utilization of nickeliferous laterite ore is listed
as one of the encouraged projects.*’ Large-scale
application of the RKEF process is expected to be
implemented in China in the near future, and this
tendency is confirmed in Table II, which shows the
RKEF process has been chosen in all of the planned
NPI projects in China.**~**

Krupp-Renn (Oheyama) Process

The Krupp—Renn process is an alternative path to
sponge iron from low-grade, poorly dressable, or
polymetallic iron ores in rotary kilns instead of
BF.*® Based on the Krupp—Renn process, the Nip-
pon Yakin plant in Oheyama, Japan started to
produce ferronickel lumps (luppen form) from lat-
erite ore in 1942. The ferronickel luppen is used for
producing stainless steel.*®

A flowsheet of the Oheyama process is shown in
Fig. 6. The saprolite laterite ore comes from New
Caledonia, Indonesia, and Philippines, and lime-
stone is used as a flux. After crushed and ground,
the laterite is mixed with pulverized coal and
limestone for briquetting. Briquettes are then sub-
jected to heating and reduction in a rotary Kkiln,
which is heated with pulverized coal and excess air.
The kiln product is quenched in water and then
ground, screened, and separated by gravity and
magnetic separators. The Oheyama process has
advantages on the NPI production such as: (I) low
energy cost compared with the RKEF process,
approximately 90% of the overall energy consump-
tion is provided by the coal, and coal consumption
per ton of dry laterite ore is about 140 kg;*¢ (II) no
metallurgical coke needed; and (III) high-quality
NPI obtained for crude steel production.*
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Fig. 6. Flowsheet of the Oheyama process in principle.

Figure 7 shows the temperature curve and
reduction situation inside the rotary kiln. There are
three recognized zones during the operation of kiln,
namely preheating or drying zone, reduction zone,
and luppen zone. In the preheating zone, the mix-
ture of laterite ore, fuel, and limestone is heated and
dried by waste gases, which are produced from
heating of flame and burning of reductants. After
adequate preheating of the charge, the iron and
nickel oxides are converted in the reduction zone to
particles of sponge ferronickel, which remain finely
dispersed in the unmelted gangue. Finally, when
reaching the luppen zone, the reduction is practi-
cally complete and only a small amount of CO is
released. The air and oxidizing heating gases
introduced from the discharge end of the kiln
impinge on the surface of the charge. This causes a
vigorous reoxidation of the sponge iron exposed at
the surface and results in a sudden increase in
temperature and local formation of a ferrous-oxide-
bearing slag. This slag segregates from the sponge
iron of which the metallic skeleton weld together at
the same time to form a solid luppen.®?

For the Oheyama process, laterite ore is smelted
in the semi-fused state within the rotary kiln of
4.2 m in diameter and 70 m in length. A sufficiently
high temperature (~1400°C) in the luppen zone is
necessary for the partial melting of the matrix to
allow the growth of ferronickel granules. Tempera-
ture control is critical because excessive tempera-
ture may lead to kiln ring formation. Commonly,
slag ring (SR, about 30 m away from the discharge
end of the kiln) and metal ring (MR, about 8 m away
from the discharge end) are formed inside the Kkiln,
which are harmful to the kiln operation. Slag ring
in the reduction zone would increase the fuel
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Fig. 7. Temperature curve and reduction situation inside the rotary kiln (adapted from Refs. 48-50).

consumption and influence airflow through the kiln,
resulting in the abnormal movement of the charge
and insufficient reduction of iron and nickel oxides.
It would also slow down or even stop the movement
of charge, leading to a serious deterioration in fur-
nace conditions, reducing the kiln capacity. As for
the metal ring, it will undermine the normal flow of
the melt and reduce the volume of the kiln, result-
ing in the difficulty of discharging. Currently, Chi-
na’s enterprises of NPI production by using this
process have been suspended, and the most impor-
tant reason is related with the ringing of the kiln.

Low-Temperature Reduction Followed
by Magnetic Separation

With regard to the existing commercial NPI pro-
duction processes including the BF and RKEF pro-
cesses, laterite ore is first mixed with fluxes and
then presintered or prereduced to prepare feedstock
for the subsequent smelting operations either in BF
or EAF. Smelting is conducted in the temperature
range of 1500-1600°C to separate ferronickel from
the silica-magnesia slag.”>* The above-mentioned
ferronickel processes of laterite ores are energy
intensive, especially when laterite ores with low
nickel content are treated. This is because the
presintered or prereduced feedstock is of a limited
amount of ferronickel product and a fairly large
amount of slag. Thus, the RKEF process is unprof-
itable for processing laterite ore with a nickel con-
tent less than 1.5%. Because the average nickel
content of reported laterite mines worldwide is
about 1.45%, this means more than 50% of the
known laterite ores cannot be processed using the
processes mentioned above.?® Moreover, as laterite
deposits are often located in remote areas where

access to power and transportation may be difficult,
the power intensive RKEF process is infeasible in
the remote areas.?’

As for the Oheyama process, it is less energy
consumable compared to the RKEF process.
Approximately 90% of the overall energy consump-
tion is provided by the low-cost coal, and laterite ore
is smelted in the semifused state in the rotary kiln
without full melting likes the operations in BF or
EAF. The obtained luppen ferronickel is separated
by jigs and magnetic separators, dispensing with
smelting to separate ferronickel from the gangue.
However, a sufficiently high temperature (1200°C to
1400°C) in the luppen zone is still necessary for
partial melting of the matrix, which facilitates
the growth of ferronickel granules.>®**! Moreover,
another major problem encountered by the Oheyama
process is the ringing of the reactor wall caused by
the hot, sticky agglomerates. It sometimes becomes
so severe that processing has to be terminated.

To minimize the problems associated with, e.g.,
intensive energy consumption and sticking, reduc-
tion could be conducted at a lower temperature.
Thus, it would be attractive to reduce the oxidic
nickel in the ore to metallic nickel or ferronickel and
to liberate the desired products from the far greater
quantity of gangue with the aid of magnetic sepa-
ration. This is practical provided the particle growth
of the ferronickel phase proceeds to a stage where
the particle size is sufficiently large for effective
magnetic separation to be applied. The desired
particle growth can take place when the reduction is
carried out (I) at a high temperature or (II) in the
presence of effective additives.

A new avenue of research has been the selective
reduction of nickel oxides from lateritic ores, followed
by physical upgrading via magnetic separation.
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Extensive research has been focused on the low-
temperature reduction of nickeliferous laterite ores,
followed bgr magnetic separation to produce ferro-
nickel.’®%° Although there are few examples of
commercial applications, the low-temperature
reduction of laterite ores followed by magnetic sepa-
ration could provide an alternative method for pro-
cessing laterite ores, especially for those with low
nickel content.

One key issue of the low-temperature reduction
process is to selectively reduce the oxidic nickel
from the ore with limited reduction of iron oxide.
Although the reduction of iron is of secondary
importance and the complete iron metallization
should be avoided, metallic iron acts as a carrier of
metallic nickel by forming ferronickel, which is
readily beneficiated with the aid of magnetic sepa-
ration as metallic nickel disperses in the ore.

Theoretically, the temperature and the reducing
atmosphere should be suitable enough to reduce all
the nickel oxide with little iron oxide reduced, pro-
ducing a high-grade ferronickel alloy.®” With a gas
mixture containing CO and CO; in a ratio between
critical limits, the selective reduction of NiO over
Fe304 or FeO can be achieved. This is possible from
a thermodynamic perspective as shown in Fig. 8.

In addition to the desirable reduction of nickel
oxides, the reduction of iron oxides will also occur.
The reduction of hematite to magnetite occurs at a
lower reducing potential than the reduction of
nickel oxide:

3Fe;03 + CO(g) = 2Fe304 + COQ(g)

NiO + CO(g) =Ni+ COQ(g)

At higher temperatures, further reduction of
magnetite to wustite is also possible:

100
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10k 3Fe203+CO=2Fe304+

L NiO+CO:Ni+COz>bA_
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Fig. 8. Plot of temperature versus gas equilibrium composition of
carbothermic reduction of iron and nickel oxides.®®
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%Fe304 + CO(g) = %Fe + COg(g)(T< 570°C)

Fe304 + CO(g) = 3FeO + COy) (T >570°C)

FeO + CO(g) =Fe + COg(g)

However, as nickel and iron are incorporated into
the serpentine structure as substitutes for magne-

ium,®>™ reduction of saprolite laterite is much
more complicated and difficult. The major challenge
with the reduction of the saprolite laterite is
ensuring that the nickel is in a reducible form.
Nickel may exist in several different forms, e.g., the
olivine solid solution (Mg,Fe,Ni);SiO,4 and pyroxene
solid solution (Mg,Fe,Ni)SiOs. During roasting, the
serpentine within the laterite ore will undergo a
dehydroxylation reaction, and the newly formed
phases during roasting are crucial to nickel reduc-
tion and reaction kinetics. The overall nonstoichi-
ometry suggests that forsterite and enstatite are
formed according to the following reaction:¢71~

(Mg,Fe,Ni),Siy05(OH), — (Mg,Fe,Ni)SiO,
+ (Mg,Fe,Ni),Si04 + 2H,0

From the thermodynamic perspective mentioned
above, nickel metal formation from NiO is possible
at an extremely low reduction potential. However,
Hallett found that a very strong reduction potential
is required to achieve nickel metallization from
olivine.”® This difference could be due to the role of
the iron on lowering the activity of nickel.®

A better understanding of the role of temperature
and additives on ferronickel particle growth would
be useful for improving the ability of the technology
to produce a ferronickel concentrate. However, a
dilemma emerged for the selective reduction and
ferronickel particles coalescence when applying the
low reduction temperature.’® A low temperature is
unfavorable for the mass transfer during ferronickel
aggregation, whereas a higher reduction tempera-
ture not only promotes the growth of larger metallic
particles but also results in an excessive reduction
of wustite (FeO) to metallic iron and then dilute
nickel in ferronickel.”! During solid-state reduction,
submicron nuclei grow into ferronickel particles.””
The recovery of these particles by physical upgrad-
ing is so difficult that various additives should be
used to promote the Fe-Ni particle growth.

Table IV shows a comparison of experimental
runs both with and without additives.

Many sulfide-bearing materials including pyr-
rhotite, sodium sulfate, calcium sulfate, and ele-
mental sulfur contained in the fuel oil are found to
be able to enhance the reduction of laterite ores and
the coalescence of ferronickel particles.”® Improved
nickel grade and recovery of the concentrate after
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Table IV. Effects of additives on ferronickel particle coalescence and magnetic separation of reduced laterite ores

Magnetic Concentrate

Reduction Condition

Feed/wt.%

Ni Recovery, %

Ni Content,
wt.%

Reduced ore
Mean Particle
Size of Fe-Ni, yum

Reductant

Additives?®

Temperature
and Time

MgO SiO,

Fe

Ref. Ni

78
79
57

92.8

14.4

Fuel Oil
CO:70%, CO45:30%

1%S, 2%CaCOs3, 6% fuel oil

1295°C, 20 min

16.07 1000°C, 300 min
26.49 1100°C, 60 min

1.63 33.8 12 16.4

0.77 40.2
191 221

>5

5% FeS

0.67
134

56.97
83.01

2.33
9.48

~10
~50
~20

Lignite

20% NaQSO4

H,:70%, N9:30%

800°C, 220 min

1.38 25.3 14.99 19.07

80

5.63
2.87
5.94
3.69

~40
5.8
16.1

Graphite

20% NaQSO4
6% CaSO,

142 23.16 17.65 27.74 1100°C, 60 min

Bituminite

1.49 34.69 12.28 20.05 1200°C, 50 min

60

9.87
10.86

10%NasS
10%NayS04

2Addition given on a weight basis based on the weight of the ore.
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magnetic separation are achieved with various
reducing agents over a wide range of reduction
temperatures. It appeared that low-temperature
reduction is quite possible, and nickel metallization
and separation are achievable particularly with the
use of sodium sulfate.

It was found that sodium sulfate can be used to
intensify the reduction of nickel and iron by liber-
ating the majority of them from silicates.?” Besides,
an eutectic of Fe-S might be generated to accelerate
mass transfer of metal ions and to facilitate ferro-
nickel particle coalescence during the reduction of
laterite ore.?! The distribution of troilite and ferro-
nickel shown in Fig. 9 indicates that ferronickel is
enwrapped by troilite due to the prior precipitation
of ferronickel on troilite from the molten Fe-S
eutectic.®? The molten phase is responsible for the
rapid grain coarsening where smaller particles will
enter into solution preferentially and precipitate on
larger particles, increasing the mass transfer rate
as liquids diffuse much faster than solids.®®

With regard to the effect of elemental sulfur, the
intensification mechanisms of sulfur may occur as
follows: (I) Sulfur lowers the surface tension of the
metallic ferronickel allowing agglomeration of the
particles,*® and (II) sulfur helps to suppress the
forsterite phase, allowing nickel to be in an active
stage where it can be reduced.?®®* Calcium car-
bonate was used by Nestoridis to keep the pellet
porous and reactive through the release of carbon
dioxide, and it was hypothesized that the residual
interacted with the magnesium silicates, preventing
their recrystallization,®” likewise the role of calcium
sulfate.?® From the above studies, it is obvious that
there is still some fundamental research that could
be done to help determine the role of additives play
on both the mineralogy and the reduction behavior
of laterite ores. Further work is also needed to
understand the thermochemistry of M-S-O (where
M is Fe, Ni) systems.?? 598587

Fig. 9. Occurrence relationship between Fe-Ni and FeS grains after
solidification from the reduced laterite with sodium sulfate.®?
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CONCLUSIONS

In the past 2 years, global nickel production was
higher than consumption, representing an excess
supply of nickel. In contrast, the market of nickel in
China has faced a supply shortage. The rapid
development of the global especially China’s stain-
less steel industry has been the main driving force
for the dramatic increase in demand for nickel.
China is the leader in both stainless steel produc-
tion and nickel consumption. In 2012, China’s
stainless steel production accounts for 45.5% of the
world crude stainless steel production.

The BF smelting process of NPI production once
experienced rapid development. Nevertheless, with
the decreases in nickel prices and implementation of
strict environmental policy, most of the BF have
been discontinued since 2012. Large-scale applica-
tion of the RKEF process is expected to be imple-
mented in China in the near future, as it has been
listed as one of the encouraged projects by the
NDRC of the People’s Republic of China.

Low-temperature reduction of nickeliferous lat-
erite ores followed by physical separation could
provide an alternative avenue for NPI production
with low-cost from laterite ores, especially for those
with low nickel content, which are unprofitable to be
processed by the existing processes. It would be
attractive to selectively reduce the oxidic nickel in
the ore to ferronickel and to liberate the desired
product from the far greater quantities of gangue
with the aid of magnetic separation. This is prac-
tical provided the particle growth of the ferronickel
proceeds to a stage where the particle size is suffi-
ciently large for effective magnetic separation to be
applied.
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