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Abstract: The process of deep reduction and magnetic separation was proposed to enrich nickel and iron from laterite
nickel ores. Results show that nickel-iron concentrates with nickel grade of 6.96%, nickel recovery of 94.06%, iron
grade of 34.74%, and iron recovery of 80.44% could be obtained after magnetic separation under the conditions of
reduction temperature of 1275 °C, reduction time of 50 min, slag basicity of 1.0, carbon-containing coefficient of 2.5,
and magnetic field strength of 72 kA/m. Reduction temperature and time affected the possibility of deep reduction and
reaction progress. Slag basicity affected the composition of slag in burden and the spilling and enriching rate of
nickel-iron from a matrix to form nickel-iron particles. Nickel-iron particles were generated, aggregated, and grew
gradually in the reduction process. Nickel—-iron particles can be effectively separated from gangue minerals by magnetic

separation.

Key words: laterite nickel ore; deep reduction; magnetic separation; nickel-iron concentrate; reduction mechanism

1 Introduction

Nickel is important to the national economy
owing to its high mechanical strength, ductility,
chemical stability, and corrosion resistance [1—3].
In China, nickel sulfide ores have long been used as
a raw material for nickel production; the difficulty
of its resource exploitation is increasing with the
decrease of reserves. Therefore, laterite nickel ores,
which constitute 72.2% of the world’s land-based
nickel reserves, have attracted significant attention
from nickel producers and stainless steel enterprises
owing to their rich reserves, easy exploitation, and
mature smelting process [4,5].

Recently, many experts and scholars have
developed and applied different technological
methods according to the different characteristics of
laterite nickel ores [6—8]. The typical pyro-
metallurgical process is the rotary kiln-electric

furnace reduction smelting process, which is a
pyrometallurgical process widely used in laterite
nickel ore smelters. When handling laterite nickel
ores with high copper and cobalt contents, a wet
process is more conducive to the comprehensive
recovery of various valuable metals and the
reduction in energy consumption. Currently, only
the Nippon Yakin Oheyama Smelter of Japan
Metallurgical Company combines pyrometallurgical
and hydrometallurgical processes to treat nickel
oxides [9]. Although the Nippon Yakin Oheyama
Smelter has been improved many times, the
technology is still unstable. Nickel and cobalt
leaching from laterite nickel ores is a serious issue,
especially in the application of fungi in the bio-
leaching [10,11]. In addition, other treatment
processes of low-grade laterite nickel ores have
been extensively studied, primarily including
chlorination  separation—magnetic ~ separation,
reduction sulfide roasting—magnetic separation, and
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direct reduction and magnetic separation [12—14].
WANG et al [15] achieved the recoveries of Ni and
Fe of 75.70% and 77.97%, respectively, at 1500 °C
and reduction time 90 min using direct reduction
and magnetic separation technology; TANG
et al [16] achieved recoveries of Ni and Fe of
84.38% and 53.76%, respectively, in the
temperature range from 700 to 1000 °C. It is clear
that temperature significantly affected direct
reduction and magnetic separation. Although some
achievements have been made in the laboratory,
owing to the effect of industrial equipment and
production scale, no industrial test has been
performed. The cost of wet treatment is lower than
that of pyrometallurgical treatment, but the
treatment process of nickel oxide ores is more
complex and requires higher technological
conditions. Bioleaching involves low environmental
pollution and low cost, but its leaching cycle is long,
and it is not yet mature for industrial production. In
summary, the thermometallurgical treatment of
nickel oxide ores for producing ferronickel exhibits
the characteristics of short process, high efficiency,
and high energy consumption. Currently, pyro-
metallurgical processes are primarily designed for
high-grade laterite nickel ores [17,18].

Owing to environmental pollution, long
process flow, high requirement for equipment, and
high energy consumption in the wet process, a
“deep reduction and magnetic separation” process
was proposed in this study to enrich nickel and iron
from laterite nickel ores, which used coal powder as
a reducing agent to reduce laterite nickel ores to
metallic iron and nickel at a temperature lower than
the ore melting temperature. By adjusting and
promoting the aggregation and growth of metal iron
and nickel into a certain size of iron particles, iron
and nickel powder could be obtained by the
efficient separation of reduced materials [19]. Deep
reduction was a state between “direct reduction”
and “smelting reduction”. The method included two
processes: iron nickel oxide reduction and iron
nickel particle growth. First, nickel minerals and
iron ores in laterite nickel ores were reduced to
nickel-iron metal particles by deep reduction, and
then the reduction materials were separated by
magnetic separation. Meanwhile, chemical analysis,
X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive
spectrometry (EDS) were used to systematically

study the chemical composition, mineral
composition and micro-morphology of deep
reduction materials, respectively.

2 Experimental

2.1 Materials

The low-grade laterite ore wused in this
experiment was from a mine in Myanmar. The
chemical composition and nickel phases of the raw
are presented in Tables 1 and 2,
respectively. The mineralogical phase was
determined by XRD, as shown in Fig. 1. The low-
grade laterite ore comprised 2.26% Ni, 14.24% total
Fe, 41.41% SiO,, 17.24% MgO and 1.99% AlOs.
The nickel used primarily existed in the form of
nickel silicate and could not be reclaimed by
conventional methods. The results in Fig. 1 indicate
that the major mineral phases were nickeliferous

materials

Table 1 Chemical compositions of main components of
nickel laterite ore (wt.%)

Ni TFe Fe,0; Cn,0; Si0,
2.26 14.24 20 1.99 41.41

MgO Al,O4 CaO Mn

17.24 1.99 0.26 0.24

Table 2 Chemical phases and distribution of nickel in
laterite ore

Constituent Content/wt.%  Occupancy/%
Nickel silicate 1.93 85.4
Nickel sulfide 0.259 11.46

Adsorbed nickel 0.071 3.14
Total nickel 2.26 100
| = — Quartz
* — Serpentine
e — QOlivine
4 — Hematite
o —Talc
# — Kaolinite
o — Chlorite

10 20 30 40 50 60 70 80
20/(°%)

Fig. 1 XRD pattern of nickel laterite ore
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serpentine (Mg,Fe,Ni);Si,05(OH)y, olivine
((Mg,Fe,Ni),Si04) and quartz (SiO,), as well as
hematite (Fe,O3), talc (Mg3(Si,0,0)(OH),), kaolinite
(Al14[Si4010](OH)g), and chlorite ((Mg,Fe);[Si4010]-
(OH), (Mg,Fe);(OH)s) as minor phases. The
chemical analysis of coal (as the reductant) is given
in Table 3.

Table 3 Chemical compositions of coal (wt.%)
Fixed  Volatile
carbon  matter

67.83 18.45

Ash  Moisture P S

12.02 1.48 0.003 0.022

The chemical analysis results (Table 3) of coal
reveals that it was composed of 67.83% fixed
carbon, 18.45% volatile matters, and 12.02% ash
with a negligible trace of phosphorous and sulfur.
The ore and coal were both crushed by passing a
2 mm laboratory roll crusher.

To examine the thermodynamic parameters of
the deep reduction process of laterite nickel ores,
the STA409CD synchronous thermal analyzer was
used in this experiment [20]. Each sample weighed
30 mg, the full range of the synchronous thermal
analyzer was 20 mV, and the heating rate was
10 °C/min. At temperatures of 20—1400 °C, the
samples were analyzed on the synchronous thermal
analyzer in air atmosphere, as shown in Fig. 2. As a
result of endothermic and exothermic processes,
two main peaks were observed on the differential
scanning calorimeter (DSC) curve. The exothermic
peak at 556.8 °C may be attributed to the formation
of an amorphous phase by the removal of crystal
water from kaolinite, serpentine and chlorite. The
second intense exothermic peak at 827.5 °C was
primarily caused by the heating recrystallization of
minerals such as kaolinite, chlorite (primarily
magnesium-rich species), and montmorillonite, and
amorphous Mg,Si0O;, crystallization after serpentine
dehydroxylation. The laterite nickel ore had an
endothermic peak at 1359.7 °C, which was the
melting point of the studied low-grade Ilaterite
nickel ore, and the ore began to melt at this
temperature. Three large mass loss values were
presented by the TG curve in different temperature
ranges of 25-150, 150—400 and 400-830 °C,
corresponding to the removal of adsorption water,
removal of crystal water, and recrystallization of
amorphous mineral, respectively. The mass increase
was primarily owing to the iron matter overflowing

from the lattice of the silicate minerals after
recrystallization and then oxidized to hematite by
O; in the air. The first main peak at 556.8 °C was
caused by the removal of crystallized water from
lizardite, corresponding to a mass loss of 9.6%.
Furthermore, lizardite was decomposed to form an
amorphous magnesium silicate phase.

556.8 °C 8275 °C -1.0
100
Mass loss:
4.86%
O\\o ~~
g 9% 170.5 7
§ 1005.3 °C =
& Mass loss: 3.88% B
g E
3 E -
g 2 DSC 1359.7 °C 0 =
5 2
= 92.7°C Mass loss: 3.88% é
: ~—
2 88t o 3
8 TG ass gain: 0.9\4 1 05 2
~
\
84 Residual mass fraction: 86.06% (1400 °C)V
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Temperature/°C

Fig. 2 TG—DSC curves of nickel laterite ores

2.2 Methods and equipment

The main parameters affecting deep reduction
are reduction temperature, reduction time, mole
ratio of fixed carbon to reducible oxygen, and CaO
content. Four groups of experiments were designed
to investigate the effects of these factors on Ni—Fe
recovery.

To satisfy the feed size requirement of the
experimental grinding equipment and the size
required for the deep reduction test, the ore sample
and reducing agent coal sample were crushed to
<2 mm using jaw and roll crushers. The reduction
equipment used in the deep reduction test was a
self-designed one-way heating furnace. Its constant
temperature zone length was 900 mm, the heating
rate could reach 20 K/min, the working temperature
could reach 1873 K, and the temperature control
system was a programmable control cabinet. The
schematic diagram of the one-way heating furnace
used is shown in Fig. 3. In the deep reduction test,
the crushed ore sample, pulverize coal and CaO
were mixed in the preset proportion evenly, and
500 g of mixed sample was weighed and placed
into a steel crucible. When the temperature in the
furnace reached the preset temperature, the crucible
was quickly placed into the furnace. After the
temperature increased to the preset temperature,
the reduction was started and the temperature was
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Fig. 3 Schematic diagram of reduction apparatus: 1—Furnace; 2—Prepared mixtures; 3—Coal; 4—Outlet; 5S—MoSi,

heating element; 6—Hearth; 7—Thermocouple for temperature measurement; 8—Inlet; 9—Control cabinet; 10—Bed

maintained. After the setting time, the raw material
was quickly removed and quenched into water.
After the material was cooled, it was placed in an
oven for drying. Because the reduction furnace was
a non-closed system, to maintain the reduction
atmosphere in the chamber during deep reduction,
protective coal was added at both ends of the
furnace to protect the samples from oxidation.

A representative sample weighing 15g
obtained from each of the reduced products was wet
ground in an XMB (465 min x 76 mm) rod mill at a
pulp density of 70 wt.%, constituting 85% passing
74 um. The slurry was then separated through a
CXG-050 magnetic tube with the magnetic field
strength of 100 kA/m. The nickel and iron contents
of the magnetic concentrate were determined by
chemical analysis, and the recoveries were deduced
according to mass balance.

The mineral compositions of both the reduced
materials (under optimum reduction conditions) and
magnetic concentrate were investigated by XRD
(PANalytical B. V. PW3040/60) with Cuk,
radiation (40 kV, 40 mA) at the scanning rate of
12 (°)/min from 10° to 80°. The morphology and
microstructure of the products above were studied
using SEM on an SSX-550 scanning electron
microscope produced by Shimadzu. Meanwhile,
composition analysis was performed using EDS on
an Inca X-ray spectrometer combined with a
scanning electron microscope.

The carbon-containing coefficient was
determined by oxygen content in iron (nickel)
oxide. The oxygen content in iron oxide (nickel)

could be expressed by
Lo=Prrex48/112+xix16/59 (1)

where fo is the oxygen content in raw ore; frg. 18
the total iron content in raw ore; fy; is the Ni
content in raw ore.

It was noteworthy that only fixed carbon in
coal and CO produced by gasification were
assumed to have participated in the reduction
reaction, while methane, hydrogen, and other
hydrocarbons in volatile matter were not considered.
In this study, the ratio of carbon in pulverized coal
to oxygen in laterite nickel ore was used. A
carbon-containing coefficient of 1 indicated the
fixed carbon consumption when all iron (nickel)
oxides in the laterite nickel ore were reduced to
metal iron (nickel).

3 Results and discussion

A large number of studies have proven that for
laterite nickel ores with high silicon and magnesium
content, nickel exists as an independent mineral in
the lattice of silicate minerals, e.g., serpentine is in
an isomorphism of magnesium and iron. Therefore,
it is difficult to enrich nickel in laterite nickel ores
by physical mineral processing. Because the radii of
iron and nickel atoms are similar, they can form a
solid solution easily. Therefore, the nickel produced
by deep reduction can be aggregated with relatively
high content of iron as a carrier, and nickel can be
enriched by magnetic separation from nonmagnetic
gangue minerals.
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3.1 Deep reduction test
3.1.1 Effect of reduction temperature

In deep reduction, the reduction temperature
significantly affects product quality. Therefore, to
investigate the effect of different reduction
temperatures on the products of subsequent
magnetic separation, under the conditions of
reduction time 50 min, slag basicity 1.0, carbon-
containing coefficient 2.5, and magnetic field
strength 72 kA/m, the effect of reduction
temperature on the deep reduction process was
investigated. The relationships among nickel and
iron grade, recovery of nickel-iron concentrate, and
deep reduction temperature are shown in Fig. 4.

60 100
sol M///
190
© 407 -
s 2
3 180 ¢
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4 — Grade of Fe
10T o — Recovery of Ni 170
gl a—Recovery of Fe
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12125 12150 12175 1360 1312560
Reduction temperature/°C

Fig. 4 Effect of reduction temperature on grades and

recoveries of nickel and iron (reduction time 50 min, slag

basicity of slag 1.0, carbon-containing coefficient 2.5,

and magnetic field strength 72 kA/m)

To determine the effect of reduction
temperature, low-grade laterite nickel ores were
reduced at different temperatures from 1225 to
1325 °C, while other technological parameters
remain unchanged. When the reduction temperature
was increased from 1225 to 1325 °C, the nickel
grade and recovery increased from 4.50% to 9.81%
and 89.82% to 97.01%, respectively. With respect
to the iron grade and recovery, the iron grade
increased from 28.46% to 33.70% when the
temperature was varied from 1225 to 1275 °C;
however, a further increase in reduction temperature
resulted in little change in nickel content. It is clear
that increasing the temperature was beneficial to the
deep reduction process. However, when the
temperature was too high, the deep reduction
material could bond and block easily. Considering
the test conditions and energy factors, the test

temperature should be 1275 °C.
3.1.2 Effect of reduction time

Reduction time is an important factor in the
deep reduction process of laterite nickel ores. Under
the conditions of reduction temperature 1275 °C,
slag basicity 1.0, carbon-containing coefficient 2.5,
and magnetic field strength 72 kA/m, the effect of
reduction time on the results of deep reduction and
magnetic  separation was examined. The
experimental results are shown in Fig. 5.

60 100
50+
40t /——\E’/q 190
N " e N
=30 S
g | 180 3
= 201 . 8
) = — Grade of Ni 2
4 — Grade of Fe
o / — 17
2 i o — Recovery of Ni
3 I a—Recovery of Fe
2 1 1 I 1 1 L 60

40 45 50 55 60 65 170
Reduction time/min

Fig. 5 Effect of reduction time on grades and recoveries
of nickel and iron (reduction temperature 1275 °C, slag
basicity 1.0, carbon-containing coefficient 2.5, and
magnetic field strength 72 kA/m)

As shown in Fig. 5, the grade and recovery of
nickel and iron in concentrate increased gradually
from 40 to 70 min, but the increase in nickel and
iron grade and the recovery of concentrate was not
obvious when the reduction time was extended to
50 min. The main reason was that with the
extension of reduction time, the reducing agent was
gradually consumed, the reducing atmosphere in the
furnace was gradually weakened, and the oxidizing
atmosphere appeared locally, such that the reduced
ore was reoxidized, thereby affecting the quality of
the concentrate products. A long reduction time
would also affect the processing capacity of the
equipment, reduce production, and increase process
energy consumption, which were economically
unreasonable. Therefore, the deep reduction time
was determined to be 50 min.

3.1.3 Effect of carbon

As an effective measure to improve the
reduction rate, carbon has been applied in many
metal reduction processes. Under the condition of
reduction temperature 1275 °C, deep reduction time
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50 min, slag basicity 1.0, and magnetic field
strength 72 kA/m, the effect of carbon addition on
the grade and recovery of nickel and iron from
magnetic separation products was investigated. The
carbon-containing coefficient was selected at six
levels of 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5, and the
required coal was 7.30, 10.95, 14.60, 18.25, 21.90,
and 25.55 wt.% of the raw ore, respectively. The
results are shown in Fig. 6.

60 90
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oL a — Recovery of Fe
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Carbon-containing coefficient

Fig. 6 Effect of carbon addition on grades and recoveries

of nickel and iron (reduction temperature 1275 °C, slag

basicity 1.0, deep reduction time 50 min, and magnetic

field strength 72 kA/m)

As shown in Fig. 6, the recoveries of nickel
and iron increased with the carbon-containing
coefficient when the carbon-containing coefficient
was less than 2.5, while they decreased when the
carbon-containing coefficient increased beyond 2.5,
which was primarily owing to the close contact
between the reducing agent carbon particles and the
mineral powder particles, and the uniform
distribution of carbon increasing the effective
surface area of the reaction. Meanwhile, because
carbon consumption increased the porosity of the
material, the intermediate products CO (CO,) could
react with the nearby metal oxides (carbon)
immediately, such that the reduction could proceed
faster. When the carbon-containing coefficient was
large, the unreacted residual carbon could hinder
the diffusion and condensation of nickel and iron
particles, resulting in an incomplete reduction of
laterite nickel ores. Furthermore, the excessive
carbon-containing coefficient at high temperatures
could accelerate the reduction of ferrocarburizing,
resulting in cementite formation (Eqgs. (2) and (3)),
thereby reducing the metallization rate of reduced

ores.
3Fe(s)+C(s)=Fe;C(s) (AG®=11234-11.07) )

3Fe(s)+2CO(g)=Fe;C(s)+COy(g)
(AG®=-155316+160.07) (3)

Therefore, when coal was used as a reducing
agent to reduce laterite nickel ores, the carbon-
containing coefficient should be significantly higher
than the theoretical value to obtain a better
reduction and separation. However, the excessive
carbon-containing coefficient not only reduced the
reduction and separation, but also caused high
energy consumption. Therefore, the carbon-
containing coefficient of the subsequent test was
determined to be 2.5.

3.1.4 Effect of slag basicity

Among the methods to strengthen the
reduction and separation of laterite nickel ores,
adding appropriate additives is considered to be the
most effective method, and extensive studies have
been performed accordingly [21]. The acidity—
basicity index of slag is called the slag basicity (R).
Slag basicity is typically expressed by the ratio of
the mass percentage of alkaline oxides to acid
oxides in slag, which can be expressed in the
following three formulas: R=w(CaO+MgO)/
w(Si0,+Al,0;) is called the quaternary slag basicity,
also called the total slag basicity; R=w(CaO+MgO)/
w(Si0,) is the ternary slag basicity; R=w(CaO)/
w(Si0,) is the binary basicity. In this study, the
quaternary slag basicity was selected as the
influencing factor. Slag basicity significantly
affected the ironmaking process and hence the deep
reduction process. Therefore, under the conditions
of reduction temperature 1275 °C, reduction time
50 min, carbon-containing coefficient 2.5 and
magnetic field strength 72 kA/m, slag basicity was
adjusted by adding different amounts of analytical
pure CaO, and the effect of slag basicity on the
deep reduction process was investigated. The
experimental results are shown in Fig. 7.

Figure 7 indicates that when the slag basicity
was less than 1.0, the iron recovery of the
concentrate increased with the increase of slag
basicity; when the slag basicity exceeded 1.0, the
iron recovery of concentrate decreased with the
increase in slag basicity, which was primarily
because the slag basicity affected the slag
composition in the deep reduction process. Iron
oxides were displaced from fayalite (2FeO-SiO,)
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nickel and iron (reduction temperature

owing to the addition of CaO, which affected the
spilling and enriching rate of iron from silicate
minerals to form nickel—iron particles in the deep
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reduction process. Therefore, the slag basicity
should be 1.0. Under these conditions, the nickel
concentrate with nickel grade 6.96%, nickel
recovery 94.06%, iron grade 34.74%, and iron
recovery 80.44% could be obtained.

3.2 Mechanism analysis
3.2.1 Mechanism analysis of reduction process

The reaction characteristics of laterite nickel
ores were studied under the same batching scheme.
The effects of reduction temperature on the deep
reduction process were discussed by studying the
differences in chemical composition, mineral
composition, and micro-morphology of reduced
materials at different reduction temperatures. The
XRD spectra of the reduced materials at different
reduction temperatures are shown in Fig. 8.

As shown in Fig. 8, with the increase in
reduction temperature, the diffraction peaks of
ferronickel increased gradually, while those of

olivine decreased gradually. It can be inferred that

() _
] % A — (Fe,Ni)
A 0 —Fe,0;
* — Diopside
% — Pyroxene
0 — Quartz
x 0 — Olivine
(€]

(b)

?l{ * A— (Fe,Nl)
6 A 0 —Fe,0;
* — Diopside
% — Pyroxene
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Fig. 8 XRD patterns of deoxidized samples at different deoxidization temperatures: (a) 1250 °C; (b) 1275 °C;

(c) 1300 °C; (d) 1325 °C
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the content of nickel-iron particles from olivine
increased gradually. Meanwhile, the diffraction
peaks of refractory pyroxene, diopside, and quartz
increased gradually. It can be inferred that
increasing the temperature would accelerate the
reduction of iron (nickel) oxides and increase the
contents of nickel and iron, while the side effects
would be aggravated and the reduction of impurity
elements (such as Si, Al) may be increased.

The SEM images of the reduced materials at
different temperatures are shown in Fig. 9. As
shown in Fig. 9(a), at some points of the laterite
nickel ore, nickel-iron could react with CO
produced by coal powder in air to form a small
amount of nickel-iron particles, which existed on
the surface of the matrix in the form of tiny
irregular particles. When the reduction temperature
increased, the irregular particles grew gradually
(Figs. 9(b, c¢)) and spherical and similar spherical
particles formed from the matrix. Subsequently, the
particles precipitated and fell off into the
nickel—iron particles (Fig. 9(c)). With the increase
in reduction temperature, the Ni—Fe particles that
precipitated from the matrix were embedded in the
molten gangue minerals (Fig. 9(d)). Therefore, in a
certain range, increasing the reduction temperature
was conducive to the enrichment and growth of
nickel—iron particles and the promotion of reaction;

however, an excessively high temperature would
melt gangue minerals, bond nickel-iron particles
formed by deep reduction, increase the reduction of
impurity elements, and reduce the quality of
reduction products, which were not conducive to
the separation of nickel-iron particles and gangue
minerals. Therefore, the temperature for deep
reduction should not only ensure the enrichment of
ferronickel to form ferronickel particles, but also
limit the process temperature; otherwise, the
process would fail completely.

3.2.2 Mechanism analysis of magnetic separation

process

To determine the useful components and
impurity content of the ferronickel concentrate
obtained by magnetic separation, chemical
multi-element and XRD analyses were performed
on the concentrate products. The results are shown
in Table 4, Table 5 and Fig. 10.

As shown in Table 4, Table 5 and Fig. 10,
nickel and iron were effectively enriched, and
impurities such as olivine were effectively reduced
by magnetic separation. In addition, Table 4 shows
that the S and P contents of the concentrate were
lower than those of the tailing, which demonstrates
that the reduction material could yield good
dephosphorization and desulfurization effects by
magnetic separation.

Fig. 9 SEM images of reduced materials at different deoxidization temperatures (reduction time 50 min, slag basicity
1.0, carbon-containing coefficient 2.5): (a) 1250 °C; (b) 1270 °C; (c) 1300 °C; (d) 1325 °C
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Table 4 Chemical compositions of magnetic separation products (wt.%)

Product TFe Ni Si0, MgO Al,O4 CaO C S P
Concentrate 34.74 6.96 34.26 13.82 2.56 5.27 0.32 0.011 0.002
Tailing 6.70 0.34 44.06 11.78 3.66 5.56 22.4 0.29 0.006
Table 5 Results of magnetic separation
Grade/% Recovery/%
Constituent Yield/%
Ni Fe Ni Fe
Concentrate 42.88 6.96 34.74 94.06 80.44
Tailing 57.12 0.34 6.70 5.94 19.56
Feed ore 100.00 2.26 14.24 100.00 100.00
a b ]
®) s 4 — Taenite ®) . e — Olivine
e — Qlivine = — Quartz
= — Quartz * — Diopside
* — Diopside + — Enstatite

+ — Enstatite

20 30 40 50 60 70 80
200(°)

20 30 40 50 60 70 80
200(°)

Fig. 10 XRD patterns of magnetic separation products: (a) Concentrate; (b) Tailing

The SEM image and EDS energy spectrum of
the concentrate obtained by magnetic separation are
shown in Figs. 11(a) and (b), respectively.
Figure 11(a) shows that the concentrate adhered to
the surface of the gray matrix by extremely fine,
bright white particles (shown by Point 1). The
matrix was primarily composed of magnesium
silicate minerals composed of Si, Mg, Ca and other
elements. The bright white particles contained
certain nickel and iron components. These nickel
and iron particles existed in the interior of the
laterite nickel ores. Because the amount of CO gas
entering the reaction layer was insufficient, the
reduction was incomplete, where only nickel-iron
particles of a smaller size were formed. If the
reduction time was further prolonged, the larger
nickel—-iron particles on the surface of the laterite
nickel ore would be oxidized; if the deep reduction
time was long, the hot agglomeration of metal
nickel—-iron particles would occur, which was not
conducive to the operation of burden. However, this

part of the material could be used as a good
nucleating agent to promote the deep reduction
process.

The SEM image and EDS energy spectrum of
the tailing obtained by magnetic separation are
shown in Figs. 11(c) and (d), respectively. As shown
(under the conditions of reduction temperature
1275 °C, reduction time 50 min, slag basicity 1.0,
carbon-containing coefficient 2.5, and magnetic
field strength 100 kA/m), after the deep
reduction and magnetic separation of the laterite
nickel ores, the metallic nickel-iron particles on the
gangue matrix (shown by Point 2) fell off
automatically and small circular pits remained,
indicating that the mosaic force of the nickel-iron
particles in the gangue matrix was relatively small;
therefore, a simple grinding could dissociate the
nickel-iron particles from the mosaic. Meanwhile,
the nonmagnetic products were primarily silicate
minerals, indicating that the concentrates of nickel
and iron were well enriched.
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Fig. 11 SEM images (a, ¢) and EDS spectra (b, d) of concentrate (a,

4 Conclusions

(1) From the deep reduction and magnetic
separation tests, the deep reduction material was
obtained under the conditions of reduction
temperature 1275 °C, reduction time 50 min, slag
basicity 1.0, and carbon-containing coefficient 2.5.
A nickel-iron concentrate with nickel grade 6.96%,
nickel recovery 94.06%, iron grade 34.74%, and
iron recovery 80.44% could be obtained by
magnetic separation with magnetic field strength of
72 kA/m.

(2) The mechanisms of deep reduction and
magnetic separation demonstrated that the reduction
temperature and time affected the possibility and
reaction progress of deep reduction. Slag basicity
affected the composition of slag in the furnace and
the overflowing and enriching rate of nickel-iron
from the matrix to form nickel-iron particles.
During the deep reduction reaction, nickel-iron
particles formed, aggregated, and grew gradually.
The separation of nickel-iron ores from gangue
minerals could be effectively promoted by magnetic
separation.
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