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Abstract: Na,S, Na,COs, FeO, FeS and carbon were used to regulate the properties of slag or metal fractions, and their
effects on metal growth and metal-slag separation behavior were investigated. The growth of ferronickel grains can be
enhanced by adding these additives, and Na,S was the most effective. Na,S, Na,CO3 and FeO mainly affected the
properties of slag, while carbon and FeS affected the metal fraction. The onset temperature of metal-slag separation was
1297 °C for the sample without additive, which was decreased to 1123 and 1101 °C after adding 3.30 wt.% Na,S and
4.47 wt.% Na,COs, respectively. The onset temperature of metal-slag separation was mainly controlled by the slag
fraction. The average apparent activation energy of metal grain growth was 125.32 kJ/mol without additive, and it
decreased obviously after adding different additives. Na,S also had the most remarkable effect on the decrease in

activation energy.
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1 Introduction

Nickel is one of the most important metals and
is widely used to produce stainless steel, high-
performance alloy, electroplating and batteries, etc.
Global nickel production of 2020 has reached about
2.5x10%t, and more than 50% was consumed in
China [1]. About 85% of nickel was used in the
stainless-steel industry, while electroplating and
batteries consumed 6% and 5%, respectively [2].
Nickel is supplied from both sulfide and laterite
ores [3,4], and laterite ore has become the main
source of nickel production.

To date, many techniques have been applied
to extracting nickel from laterite ore [5,6].
Hydrometallurgical process is mainly available
for limonite-type or transition layer ores [7,8].

Pyrometallurgical processes, such as blast furnace
(BF) smelting, rotary kiln—electric furnace smelting
(RKEF), Krupp—Renn (Nipon Yakin Oheyama) and
direct reduction—magnetic separation, have become
the main technologies for saprolite-type ore [9—12].
BF smelting process can only produce low-nickel
pig iron, and agglomeration is indispensable before
smelting in BF. RKEF has achieved large-scale
production, and high-nickel products can be
obtained. However, RKEF process generally
consumes a lot of electricity. Krupp—Renn process
is a semi-molten smelting process, which has
certain advantages in terms of energy consumption.
Nevertheless, this method has strict requirements
on operation and process conditions, otherwise,
formation of ring in rotary kiln will be easily
caused [11].

In recent years, many scholars have conducted
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a lot of research on the direct reduction—magnetic
separation process. Since the reduction procedure
was carried out at a relatively low temperature, the
energy consumption can be saved [13]. However,
in order to promote the magnetic separation of
ferronickel, it is necessary to enhance the reduction
process as well as the aggregation and growth
of ferronickel grains. Formation of regional
liquid phase has been proved to be effective
for metal growth and preliminary metal-slag
separation [14,15].

The method of generating regional liquid
phase is classified as adjusting the properties of slag
or metal fractions by adding different additives.
For example, Na,COs;, CaF,, CaO and CaSOs
can be used to adjust the properties of the slag
fraction [16—18]. In the Krupp—Renn process, iron
oxide was partially reduced to FeO [11], and the
formed FeO would enter into the slag fraction and
decrease its melting temperature [19]. Sulfur is a
surfactant element which could reduce the surface
tension of ferronickel particles; therefore, the
aggregation and growth of ferronickel can be
enhanced [20,21]. When carbonaceous reductant
was used in the reduction process, carburization of
ferronickel was also favorable to decrease the
melting temperature and promote the growth of
ferronickel grains [22]. By adding sodium sulfate
(NazSO4) to the reduction process, the properties
of both slag and metal fractions can be
adjusted [23-25].

Previous studies have proved that forming
regional liquid phase in either slag or metal
fractions was beneficial to the aggregation and
growth of ferronickel grains. However, the effect
of different additives on the metal growth and
metal-slag separation behavior has mnot been
systematically investigated and compared. In this
study, the effect of various additives on the growth
of ferronickel grains and metal-slag separation
behavior was investigated. Na,S, Na,COs and FeO
were used to adjust the properties of slag fraction,
and FeS and carbon were used to adjust the
properties of metal fraction. The effect of these
additives on the metal growth was investigated by
using optical microscope observation and the image
processing software of ImageJ Pro. The metal-slag
separation behavior was also compared based on
the in situ observation by using high temperature
confocal scanning laser microscopy (CSLM).

2 Experimental

2.1 Materials

Chemical reagents, including SiO;, AlOs,
CaO and MgO with a purity greater than 99.99%,
were used to synthesize a primary slag sample.
These reagents were proportioned at 64wt.%SiO,—
Iwt.%A1L03—3wt.%Ca0—-24wt.%MgO and pre-
melted. Ferronickel mixture containing 10 wt.% Ni
and 90 wt.% Fe was uniformly mixed and used as
the metal fraction. The mixture was milled to size
below 10 um by using a high energy ball mill.
Other reagents, such as FeS, Na)S, Na,COs,
graphite and FeO with a purity greater than 99.99%,
were employed to regulate the properties of slag
and metal fractions. Carbon was only used as
carburizing agent and there were no other
reductants. The mass ratio of metal (ferronickel) to
primary slag was fixed at 26.44:73.56, which was
determined according to the chemical composition
of a nickel laterite ore [26].

2.2 Methods
2.2.1 Roasting experiment

The roasting experiment was carried out to
study the influence of additives on the growth
behavior of ferronickel grains. The metal and slag
fractions prepared in Section 2.1 were added with
different additives. After adding additive, the
mixture was uniformly mixed and briquetted to a
cylinder (430 mm % 10 mm) under the pressure of
15 MPa. The cylinder was then roasted at 1300 °C
for 60 min under Ar atmosphere. A horizontal tube
furnace was used for the roasting experiment. The
roasted briquette was then cooled and polished for
microstructure analysis. The amount of additive
was based on the element balance of Na or S. For
example, when 6.00 wt.% Na,SO4 was added to the
reduction roasting of nickel laterite, assuming
element of S was completely converted to Na,S
or FeS, their corresponding proportions were
3.30 wt.% and 3.72 wt.%, respectively.
2.2.2 Microstructure observation and

processing

Optical microscope was used to observe the
microstructure of samples after roasting (as shown
in Fig. 1(a)), and the image processing software of
ImageJ Pro was used to count the area and number
of metallic particles in the micrograph. Based on

image
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Fig. 1 Microstructure of roasted briquette (a) and
selected metallic phase by ImageJ software (b)

the micrograph taken by optical microscope, it was
dimensioned and gray-scale transformed by ImageJ
Pro software. The metallic particles (shown as
white in Fig. 1(a)) were marked in red (Fig. 1(b)).
Then, the area and number of the red area were
counted by the same software. Thirty different
micrographs were chosen for each sample. Since
the metallic particles had different size and irregular
shape, the particles and the cross section were
assumed to be spherical and circle, respectively.
Thus, the average area (S) of the particles can be
obtained when the total area and number of the
particles were known. The average diameter (d) of
the particles was calculated by the following
formula:

d=2S/n (1)

2.2.3 In situ observation

In situ observation using confocal scanning
laser microscopy (CSLM) was carried out to
observe the metal-slag separation behavior [27].
The CSLM is composed of a microscope (Lasertec,
VL2000DX, vender: Yonekura MFG. Co., Ltd.) and
an infrared heating high temperature furnace
(model: VL2000DX). The schematic diagram of
CSLM is shown in Fig. 2. The inner cavity of the

heating furnace is oval, and the halogen lamp is
located at the bottom of the heating furnace. The
heat derived from the lamp can be reflected and
focused for fast heating the sample. The mixture of
synthetic slag, ferronickel powder and additive
were loaded in an alumina crucible with a height
of 3.5 mm and an inner diameter of 7 mm. The
crucible was then placed on the platinum sample
holder of the heating furnace. Subsequently, the
furnace was sealed and vacuumed. Dehumidified
and deoxygenated argon gas (>99.999 vol.%) was
introduced into the furnace. Finally, the furnace
was heated under three stages: from room
temperature to 200 °C at 50 °C/min, 200—1000 °C
at 500 °C/min, and 1000—1550 °C at 60 °C/min,
respectively.

—— Microscope

Laser beam Slag sample

= Alumina

- crucible

Heating
furnace

Pt/Pt—10%Rh
thermocouple

Platinum sample
holder

Halogen lamp

Fig. 2 Schematic diagram of confocal scanning laser
microscopy

3 Results and discussion

3.1 Grain growth behavior
3.1.1 Effect of Na,S

During the practical direct reduction process,
NaxSO4 will be first reduced by CO to Na,S, and
Na,S would react with FeO and SiO, to form FeS
and silicate [20]. Thus, Na,S was chosen to adjust
the properties of slag fraction. The effect of
Na,S on the metal growth was investigated by
maintaining the roasting temperature at 1300 °C.
The results in Fig. 3 indicate that as the content of
Na,S (based on the slag fraction) was increased
from 0% to 3.30%, the average diameter of
ferronickel particles increased from 16.68 to
35.55 um. The addition of Na,S is advantageous to
increase the liquid phase content of slag, which
would promote the migration of ferronickel grains
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and enhance their growth. The liquid phase content
in slag was calculated by FactSage 8.0 and the
results are also plotted in Fig. 3. By increasing the
Na,S content from 0% to 3.30%, the liquid phase
content increased distinctly from 25.55% to 47.86%.
The change trend of average diameter and liquid
content is almost the same, demonstrating that
generating more liquid phase is conducive to the
aggregation and growth of ferronickel grains. The
study by RAO et al [15] revealed that the mean
particle size of ferronickel increased from 7.4 to
48.6 pm with the addition of 20 wt.% Na,SOs when
nickel laterite ore was reduced at 1100 °C for
60 min. It indicated that Na,SO4 was effective to
promote the growth of ferronickel grains.
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Fig. 3 Effect of Na,S content on metal growth

3.1.2 Effect of Na,COs3

Sodium carbonate (Na,COs) has also been
used to enhance the reduction process of nickel
laterite ore. Na,COs cannot be reduced by CO but
will combine with SiO, and Al,O; to form silicate
or  aluminosilicate = (Na;CO3;+Si0,=Na,SiOs3+
COy() [16]. The generated CO: could promote the
Boudouard reaction (C+CO1=2CO¢)). Hence,
Na,COs3; was used to adjust the properties of slag
fraction, and the actual active component was Na,O
when Na,CO; was decomposed. The average
diameter of ferronickel particles and liquid phase
content as a function of Na,COj; content (based on
the slag fraction) was given in Fig. 4. It can be
observed that the average diameter increased from
16.68 to 25.46 um as the Na,COj3 content increased
from 0% to 4.47%. The liquid phase content
increased from 25.55% to 40.73%, correspondingly.
However, when Na,CO; content was added from
2.98% to 4.47%, the average diameter remained
almost unchanged and the liquid phase increased

slightly. Compared to the results in Fig. 3, the effect
of Na,CO; was worse than that of Na,SOs. As
reported by ZHOU et al [16], CO; gas derived from
Na,CO3 decomposition would result in volume
expansion of the pellet. As a result, the ferronickel
particles were dispersed and the growth of
ferronickel may be inhibited.
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Fig. 4 Effect of Na,COs content on metal growth

3.1.3 Effect of FeO

FeO is an important component used to adjust
the properties of slag fraction [10,19]. The content
of FeO during the reduction process can be
controlled by adjusting the ratio of reductant. The
effect of FeO was investigated by varying its
content from 0% to 6% (based on the slag fraction).
The results in Fig. 5 indicate that the average
diameter of ferronickel particles increased from
16.68 to 21.90 um as FeO content was increased.
The corresponding liquid phase content increased
from 25.55% to 36.15% when FeO content was
increased from 0% to 6%. FeO in the slag not only
promotes the growth of ferronickel grains, but also
improves the interfacial behavior among slag, metal
and carbon phases. Previous studies [28,29]
indicated that molten FeO-bearing slag was
favorable to shorten the distance between the metal
phase and carbon, which made the metal
carburizing more easily. The slag containing FeO
has a positive effect on the mass transfer of carbon
and promotes the metal to melt. In addition, the
wettability of FeO-bearing slag on metallic iron is
better than that without FeO, which indicates that
metal-slag separation can be improved after FeO is
reduced.
3.1.4 Effect of carburization

During the reduction of nickel laterite ore,
carbonaceous reductant also played an important
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role in carburization, which had a favorable effect
on the decrease in melting point of metal fraction.
The effect of carburization on metal growth was
investigated and the results are plotted in Fig. 6. As
the carbon content (based on the metal fraction)
increased from 0% to 3%, the average diameter of
ferronickel particles was increased distinctly from
16.68 to 24.93 pum, then remained almost constant.
In this experiment, since the temperature and
chemical composition of slag were fixed, the liquid
slag content was maintained at 25.55%. Carbon
only affected the liquid metal content, which was
increased from 0% to 26.44%. According to the Fe—
C phase diagram, when the temperature is 1300 °C,
the metal fraction will transform to liquid state
when the carbon content was greater than 3%. Thus,
the liquid metal content was unchanged when the
carbon content was 3%—4% [22]. The results of
average diameter were in good agreement with the
change of liquid phase content.
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Fig. 5 Effect of FeO content in slag on metal growth
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Fig. 6 Effect of carbon content on metal growth

3.1.5 Effect of FeS
As discussed before, Na* in Na;SOsis able to
liberate the hosted nickel and iron within lizardite,

while sulfur will react with Fe to form FeS during
the reduction process. FeS mainly affects the high
temperature properties of metal fraction by forming
Fe—FeS eutectic [15]. The average diameter of
ferronickel and liquid phase content as a function of
FeS content is plotted in Fig. 7. It can be observed
that the average diameter of ferronickel particles
increased from 16.68 to 24.65 um as the FeS
content increased from 0% to 3.72%. When the
temperature was fixed at 1300 °C, the liquid slag
content was maintained at 25.55%, while the liquid
metal content increased from 0% to 1.86%. The
total liquid phase content was increased slightly
with the increase in FeS content. Formation of low
melting point phase of Fe—FeS eutectic is favorable
to the growth of ferronickel grains. Regional
liquid phase is like a bridge connecting dispersed
ferronickel grains, which can narrow the distance
among them [15,20].
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Fig. 7 Effect of FeS content on metal growth

3.2 Metal-slag separation behavior

The coal-based reduction of nickel laterite ore
consists of several steps: (1) iron/nickel oxides
reduction, (2) carburization & melting of reduced
ferronickel, (3) slag melting, and (4) metal-slag
separation. Here, metal-slag separation is different
from molten separation because both metal and slag
are not thoroughly melted. To investigate the
temperature at which the slag or metal fractions
begin to gather, an onset temperature of metal—
slag separation was defined as being defocused
temperature due to the start of liquid slag or iron
droplets coalescence [27]. As shown in Fig. 8, the
ferronickel particles were clearly observed before
heating (Fig. 8(a)), while they became obscure
(Fig. 8(b)) as the temperature was increased.
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Fig. 8 Microstructure of CLSM without additives (Bright
area: ferronickel): (a) Initial state; (b) Onset temperature

The effect of additives on the onset
temperature of metal-slag separation was
investigated and the results are shown in Fig. 9. The
temperature for primary slag was 1297 °C; however,
it decreased obviously as different additives were
added. The results in Fig. 9(a) indicate that Na,S or
Na,COs can exert better effect than FeO. This is
because Na,S or Na,COs acted as a co-solvent on
the slag fraction, reducing the melting temperature
of the slag. The slag—metal separation behavior was
mainly affected by the melting of the slag fraction
when Na,S, Na,COs3 or FeO was added. Although
FeO can also reduce the melting temperature of the
slag fraction, the onset temperature of metal-slag
separation was not distinctly decreased. However,
FeO-containing slag has a promoting effect on the
carbon mass transfer process, which promotes the
carburization in metal phase [27]. According to the
average diameter of ferronickel particles, the
decrease in onset temperature of metal-slag
separation was also favorable to the increase of
average diameter.

Similarly, when FeS or carbon was added, the
onset temperature of metal-slag separation was
also decreased. However, the temperature remained
almost constant in the presence of different contents
of FeS or carbon. FeS and carbon mainly played a
role in decreasing the melting temperature of metal
fraction. According to the Fe-FeS and Fe—C phase
diagrams, the eutectic temperatures of Fe—FeS and
Fe—C are about 988 °C and 1148 °C, respectively,
which are obviously lower than the onset
temperature of metal-slag separation. Thus, it is
inferred that the onset temperature of metal-slag
separation may be mainly affected by the slag
fraction. Figure 10 shows the theoretical metal or
slag melting start temperature under different
additives. When the additive was 0%, the metal or
slag melting start temperature is 1225 °C. It can be
observed that the onset temperature of metal—
slag separation is higher than the melting start
temperature, which indicates that the metal growth
does not occur immediately as the metal or slag
begins to melt. Higher temperature or enough
liquid phase is required for slag—metal separation
compared with the melting start temperature.
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Fig. 9 Effect of additives on onset temperature of metal—

slag separation
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Fig. 10 Metal or slag melting start temperature with
different additives

3.3 Kinetics on growth of ferronickel grains

The model proposed by HILLERT [30] is
widely used to investigate the kinetics of grain
growth. The rate of grain growth is described as the
following equation:

U=ayV, exp(—%){l—exp(—?{? H 2)

where U is the growth rate of crystal nucleus; ao is
the atomic diameter; Vyis the vibration frequency of
the atom; AFy is molar free energy difference
between the crystalline and amorphous states; Q is
apparent activation energy of nucleus growth; K
represents the Boltzmann constant. Generally,
AFy>> KT. Therefore, the grain growth can be
expressed as follows:

d" —d; :kotexp(—%):kt 3)

where d and djrepresent the average diameter (pm)
of initial grain and the grain after time ¢ (min), # is
the grain growth index, ko is the pre-exponential
factor, k£ is the rate constant of grain growth
(um?/min), Q is the apparent activation energy of
crystal nucleus growth (kJ/mol), R is the gas
constant (J/(mol'K)), T 1is the thermodynamic
temperature (K), and i=koexp[—Q/(RT)].

During the direct reduction of nickel laterite
ore, the initial grain size is very small, it means
d > d. Therefore, Eq. (3) can be simplified as

d" =kyt exp(—%) =kt “4)

In the isothermal process (7 is a constant), by
taking logarithm on both sides of Eq. (4), it can be
transformed to the following equation:

lnd:llnk+llnt %)
n n

Based on the relationship between In d and In ¢,
the grain growth index » and rate constant of
growth & can be calculated by the slope (1/n) and
intercept ((In k)/n) of the regression line.

Similarly, by fixing the reaction time (¢ is a
constant), Eq.(6) can be obtained by taking
logarithm of Eq. (4). The apparent activation energy
(Q) of grain growth can be obtained according to
the relationship between Ind and 1/T.

lna’:llnko+llnt—lg (6)
n n n RT

The average diameter of ferronickel particles

as functions of duration time (30—129 min) and

temperature (1473—1623 K) was investigated, and

the experiments were carried out in the absence of

additives. The results in Fig. 11(a) indicate that the

35 (a)

In(d/um)

8]
S
T

3.3 3.6 3.9 42 4.5 4.8
In(#/min)

Fig. 11 Effect of roasting time on average size of
ferronickel grain
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average diameter increased continuously within the
duration time. By increasing the temperature, the
average diameter was also increased. Figure 11(b)
shows the relationship between In d and In ¢. Based
on the grain growth model, the grain growth index
n was determined as 1.5074. The value of =
represents the growth mechanism of ferronickel
grains. When »n is less than 2, the growth
mechanism is grain boundary diffusion. It indicates
that the growth of ferronickel grains is controlled
by boundary diffusion under the experimental
conditions.

The average diameter as a function of
temperature and the relationship between In d and
1/T by linear fitting are plotted in Fig. 12. According
to the fitting results in Fig. 12(b), the average
apparent activation energy (Q) is determined as
125.36 kJ/mol in the range of 1473—1623 K. Based
on the above results and Eq. (6), the value of ko can
also be calculated, and its value was 1.72x10%
Thus, Eq. (4) was transformed to Eq. (7), which
can be used to predict the average diameter of

35

= —30 min @
30 b e — 60 min
4 —90 min
v— 120 min
25 F
EL 20
=
15+
10 I /__.
5 | | I I
1473 1523 1573 1623
T/K
3.6
(b)
331
3.0r
E
s 271
E
24+
= — 30 min
e — 60 min
211 4~ 90 min
v— 120 min
18 L I L 1
0.62 0.64 0.66 0.68

T71/1073K™!
Fig. 12 Effect of roasting temperature on average size of
ferronickel particles

ferronickel particles under different conditions. The
calculated and experimental average diameters were
compared in Fig. 13, and the results were in good
agreement.

3 0.6634
d ={1.72x104t~exp[—%ﬂ (7)

Similarly, the average activation energy of
grain growth with different additives was
investigated. The results in Fig. 14 indicate that the
activation energy decreased obviously after adding
different additives. Among the additives for
regulating the properties of slag fraction, Na,S had
the most remarkable effect on the decrease in
activation energy, followed by Na,COs and FeO.
When the addition of Na,S was increased
from 0% to 3.30%, the activation energy decreased
from 125.32 to 110.40 kJ/mol, correspondingly.
Figure 14(b) shows the activation energy for
additives that regulated the properties of metal
fraction. The results indicate that the activation
energy decreased from 125.32 to 117.30 kJ/mol as
the carburizing content increased from 0% to 4.00%,
and it decreased from 125.32 to 117.61 kJ/mol as
the FeS content increased from 0% to 3.30%.
The decrease in activation energy is beneficial to
aggregation and growth of ferronickel, which is in
good agreement with the results of average diameter.
However, FeS and carbon played a smaller effect
than other additives. This is because the volume of
metal fraction was much less than slag fraction, and
the ferronickel and additives may be separated by
slag.

33
30+
27F
241
21F
18+
15F
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6 1 1 I 1 1 1 1
6 9 12 15 18 21 24 27
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Calculated size/pm

30 33

Fig. 13 Comparison of calculated particle size with
measured data
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Fig. 14 Effect of additives on the apparent activation
energy of ferronickel grain growth

4 Conclusions

(1) The growth of ferronickel grains was
enhanced by adding Na,S, Na,COs, FeO, carbon
and FeS. The average diameter increased from
16.68 to 35.55 um as the Na S content increased
from 0% to 3.30%. In the experimental range of
additives, Na,S was the most effective than other
additives.

(2) Regional liquid phase formation was
beneficial to the aggregation and growth of
ferronickel grains. NaS, Na,COs; and FeO can
affect the liquid phase content of slag fraction,
while carbon and FeS affected the metal fraction.

(3) The onset temperature of metal-slag
separation was 1297 °C for the sample in the
absence of additive, which was decreased distinctly
to 1123 and 1101 °C after adding 3.30% Na,S and
4.47% NaCO:s, respectively. The onset temperature
of metal-slag separation was mainly controlled by
the slag fraction, and it was higher than the metal or
slag melting start temperature.

(4) The average apparent activation energy of
metal grain growth was 125.32 kJ/mol without
additive, and it decreased obviously after adding
different additives. Na,S also had the most
remarkable effect on the decrease in activation
energy than among the used additives.

Acknowledgments

The authors are grateful for the financial
support from the National Natural Science
Foundation of China (No.51904047), the
Fundamental and Frontier Research Project of
Chongging, China (No. cstc2020jcyj—msxmX0515),
and the State Key Laboratory of Complex
Nonferrous Metal Resources Clean Utilization,
China.

References

[1] LV Wei, XIN Yun-tao, ELLIOTT R, SONG lJing-jing, LV
Xue-wei, BARATI M. Drying kinetics of a Philippine nickel
laterite ore by microwave heating [J]. Mineral Processing and
Extractive Metallurgy Review, 2021, 42(1): 46—52.

[2] FARROKHPAY S, FILIPPOV L, FORNASIERO D.
Pre-concentration of nickel in laterite ores using physical
separation methods [J]. Minerals Engineering, 2019, 141:
105892.

[3] MU Wen-ning, LU Xiu-yuan, CUI Fu-hui, LUO Shao-hua,
ZHAI Yu-chun. Transformation and leaching kinetics of
silicon from low-grade nickel laterite ore by pre-roasting and
alkaline leaching process [J]. Transactions of Nonferrous
Metals Society of China, 2018, 28(1): 169-176.

[4] GENG Shu-hua, LI Guang-shi, ZHAO Yong, CHENG
Hong-wei, LU Yi, LU Xiong-gang, XU Qian. Extraction of
valuable metals from low nickel matte by calcified roasting-
acid leaching process [J]. Transactions of Nonferrous Metals
Society of China, 2019, 29(10): 2202—2212.

[5] LI Bo, WEI Yong-gang, WANG Hua. Non-isothermal
reduction kinetics of Fe203—NiO composites for formation of
Fe—Ni alloy using carbon monoxide [J]. Transactions of
Nonferrous Metals Society of China, 2014, 24(11):
3710-3715.

[6] RIBEIRO P P M, SANTOS 1 D, NEUMANN R,
FERNANDES A, DUTRA A J B. Roasting and leaching
behavior of nickel laterite ore [J]. Metallurgical and Materials
Transactions B, 2021, 52(3): 1739-1754.

[7] SHAO Shuang, MA Bao-zhong, WANG Xin, ZHANG
Wen-jun, CHEN Yong-qiang, WANG Cheng-yan. Nitric acid
pressure leaching of limonitic laterite ores: Regeneration of
HNO; and simultaneous synthesis of fibrous CaSOs-2H.O
by-products [J]. Journal of Central South University, 2020, 27:
3249-3258.

[8] KURSUNOGLU S, ICHLAS Z T, KAYA M. Dissolution of
lateritic nickel ore using ascorbic acid as synergistic reagent in
sulphuric acid solution [J]. Transactions of Nonferrous Metals
Society of China, 2018, 28(8): 1652—1659.

[9] LI Guang-hui, ZHI Qian, RAO Ming-jun, ZHANG Yuan-bo,
CAI Wen, JIANG Tao. Effect of basicity on sintering behavior
of saprolitic nickel laterite in air [J]. Powder Technology,



3468 Dong-lai MA, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3459-3468

2013, 249: 212-219.

[10] LUO Jun, LI Guang-hui, RAO Ming-jun, PENG Zhi-wei,
LIANG Guo-shen, JIANG Tao, GUO Xue-yi. Control of slag
formation in the electric furnace smelting of ferronickel for an
energy-saving production [J]. Journal of Cleaner Production,
2021, 287(10): 125082.

[11] WATANABE T, ONO S, ARAI H, MATSUMORI T. Direct
reduction of garnierite ore for production of ferro-nickel with
a rotary kiln at Nippon Yakin Kogyo Co., Ltd., Oheyama
Works [J]. International Journal of Mineral Processing, 1987,
19(1/2/3/4): 173—-187.

[12] CHEN Song, GUO Shu-qiang, JIANG Lan, XU Yu-ling,
DING Wei-zhong. Thermodynamic of selective reduction of
laterite ore by reducing gases [J]. Transactions of Nonferrous
Metals Society of China, 2015, 25(9): 3133—-3138.

[13] YUAN Shuai, ZHOU Wen-tao., LI Yan-jun, HAN Yue-xin.
Efficient enrichment of nickel and iron in laterite nickel ore by
deep reduction and magnetic separation [J]. Transactions of
Nonferrous Metals Society of China, 2020, 30(3): 812—822.

[14] ELLIOTT R, PICKLES C A, PEACEY J. Ferronickel particle
formation during the carbothermic reduction of a limonitic
laterite ore [J]. Minerals Engineering, 2017, 100: 166—176.

[15] RAO Ming-jun, LI Guang-hui, ZHANG Xin, LUO Jun,
PENG Zhi-wei, JIANG Tao. Reductive roasting of nickel

laterite ore with sodium sulphate for Fe—Ni production. Part II:

Phase transformation and grain growth [J]. Separation Science
& Technology, 2016, 51(10): 1727-1735.

[16] ZHOU Shi-wei, DONG Jing-cheng, LU Chao, LI Bo, LI Fan,
ZHANG Bin, WANG Hua, WEI Yong-gang. Effect of sodium
carbonate on phase transformation of high-magnesium laterite
ore [J]. Materials Transactions, 2017, 58(5): 790—794.

[17] HAN Gui-hua, XUE Zheng-liang, WU Ying-jiang, ZHANG
Bo. Effect of CaF. on the aggregation and growth of
ferronickel particles in the self-reduction of nickel laterite ore
[J]. Metallurgical Research & Technology, 2021, 118(4): 407.

[18] PINTOWANTORO S, ABDUL F. Selective reduction of
laterite nickel ore [J]. Materials Transactions, 2019, 60(11):
2245-2254.

[19] LV Xue-ming, WANG Lun-wei, YOU Zhi-xiong, YU
Wen-zhou, LV Xue-wei. A novel method of smelting a
mixture of two types of laterite ore to prepare ferronickel [J].
JOM, 2019, 71(11): 4191-4197.

[20] LI Guang-hui, SHI Tang-ming, RAO Ming-jun, JIANG Tao,
ZHANG Yuan-bo. Beneficiation of nickeliferous laterite by
reduction roasting in the presence of sodium sulfate [J].
Minerals Engineering, 2012, 32: 19-26.

[21] SARBISHEI S, TAFAGHODI KHAJAVI L. The effect of
sulfur content of rotary kiln fuel on the composition of nickel
laterite calcine [J]. Fuel, 2020, 280: 118648.

[22] LIU Mei, LV Xue-wei, GUO En-guang, CHEN Pan, YUAN
Qiu-gang. Novel process of ferronickel nugget production
from nickel laterite by semi-molten state reduction [J]. ISIJ
International, 2014, 54(8): 1749—-1754.

[23] LV Xue-ming, LV Wei, LIU Mei, YOU Zhi-xiong, LV
Xue-wei, BAI Chen-guang. Effect of sodium sulfate on
preparation of ferronickel from nickel laterite by carbothermal
reduction [J]. ISIJ International, 2018, 58(5): 799—807.

[24] RAO Ming-jun, LI Guang-hui, ZHANG Xin, LUO Jun,
PENG Zhi-wei, JJANG Tao. Reductive roasting of nickel
laterite ore with sodium sulfate for Fe—Ni production. Part I:
Reduction/sulfidation characteristics [J]. Separation Science
and Technology, 2016, 51(8): 1408—1420.

[25] WANG Xiao-ping, SUN Ti-chang, CHEN Chao, KOU Jue.
Effects of Na2SO4 on iron and nickel reduction in a high-iron
and low-nickel laterite ore [J]. International Journal of
Minerals, Metallurgy, and Materials, 2018, 25(4): 383—390.

[26] LV Xue-ming, LV Wei, YOU Zhi-xiong, LV Xue-wei, BAI
Chen-guang. Non-isothermal kinetics study on carbothermic
reduction of nickel laterite ore [J]. Powder Technology, 2018,
340: 495-501.

[27] PARK J O, JEONG I, JUNG S M, SASAKI Y. Metal-slag
separation behaviors of pellets consisted of iron, graphite and
CaO—ALOs based slag powders [J]. ISIJ International, 2014,
54(7): 1530—1538.

[28] KIM H S, KANG Y B., KIM J G, SASAKI Y. The role of iron
oxide bearing molten slag in iron melting process for the
direct contact carburization [J]. ISIJ International, 2011, 51(1):
166—168.

[29] KIM H S, KIM J G, SASAKI Y. The role of molten slag in
iron melting process for the direct contact carburization:
Wetting and separation [J]. ISIJ International, 2010, 50(8):
1099-1106.

[30] HILLERT M. On the theory of normal and abnormal grain
growth [J]. Acta Metallurgica, 1965, 13: 227-238.

wMFEEREKAMEE S ERF 0

AR, KK, AFF, SFA!, AF F 12 FEM?, 5FMH 12
1. K MERES TR, EK 400044;
2. HIRKS PUKIAE SO AR R PR S seah s, HK 400044

#  FE: @I NaxSy NaxCOs. FeO. FeS fl C B ELE RAH IPERE, T 701K LI 7t £ )@ SRR KRN
EE T BRI . 45 R, NIRRT AR R R SR AR K, o NaoS IR RUR 5o 2 . NaoS.
Na2CO;3 fl FeO FEFZMEAHINIMERE, C M FeS F LM S BAH. LU, B4Rl 1297 C,
A 3.30% NaxS Fll 4.47% NaxCOs(JFL &40 80 5, W85 B AAIR L 53 I FE 22 1123 F1 1101 °Cs #4657 B AL AR IR B2
FEZWEA RN . TN 42 8 SR K IR P R R AL RE SN 125.32 k/mol;s WRINARRITRMFIE, PR
WUEACRE B PR, NaoS XEGRE I FRARAE At B 2% .
XA A LRAT VEARMERE: SEEREKK BENE; ¥

(Edited by Xiang-qun LI)



