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Abstract

Lateritic ore carbothermal reduction is currently the focus of many
researchers. This process uses a relatively lower temperature of
operation than the smelting. Therefore, the carbothermal reduction
process has a relatively lower primary energy demand and CO: gas
emissions. This research examines the appropriate briquette form to
obtain the optimum recovery, concentration of nickel, and selective
reduction of nickel, as well as analyzes the compounds/phases formed.
The briquette in this study was formed into three different geometries,
i.e., the pillow, spherical, and cylindrical forms. First, this research was
carried out by mixing the raw materials and forming it into specified
briquette forms. Second, the formed briquettes were put into a crucible.
Third, the coal-limestone bed mixture was used to cover the briquettes.
Then, the carbothermic reduction process was started by heating to 700
oC for 2 hours and continued to 1400 °C for 6 hours. Finally, the
magnetic separation process was performed to separate the reduced
briquettes. As a result, the cylindrical shape briquette obtained better
results at 6.74% Ni, with a nickel recovery of 96.20% and a selectivity
factor value of 10.39. The compounds formed after carbothermic
reduction process products include FeNi, FesSi, and SiOz. In a spherical-
shaped briquette, Fes04 and Mg2Si04+ were found in the reduced
product, indicating impurities in the reduced briquettes.

1. Introduction

The increasing demand for Electric Vehicles (EVs) has led to increasing demand for nickel-based batteries [1]. In
its application for EVs, in recent times, nickel-based batteries are still a priority option for EV manufacturing,
especially for hybrid-type EVs [2]. As a result, nickel demand is predicted to experience an increasing trend
shortly [3]. Laterite nickel is a primary nickel source that is currently the concern of many researchers. It is
because of its greater availability in nature compared to sulfide nickel ores [4]. In order to process laterite nickel
ores, several options can be used, including proven technologies that run on a commercial scale. Examples of
these technologies are Rotary Kiln-Electric Furnace (RK-EF) technology [5], blast furnace [6], or High-Pressure
Acid Leaching (HPAL) [7] depending on whether the nickel ore is saprolite or limonite.
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Although existing technologies have proven for decades to be effective and economical in processing
lateritic nickel ores, researchers are now studying the carbothermic reduction of lateritic nickel ores with lower
operating temperatures than RK-EF or Blast Furnace smelting processes. The process is a combination of a
direct reduction process followed by a physical separation process through magnetic separation, such as studies
from following researchers [8-11]. A direct reduction technology like these studies has existed for a long time in
Japan, namely at the Oheyama works [12]. However, along with the global policy to reduce energy and COz gas
emissions in the industrial sector, research on the nickel ore direct reduction has become increasingly attractive
in recent years. The carbothermic reduction process uses relatively lower temperatures than the smelting
process. Therefore, from an environmental point of view, this process has a relatively lower primary energy
demand and CO:z gas emissions than the smelting process. In addition, the products from the carbothermal
reduction process can be used for further processing, such as for stainless steel through the pyrometallurgical
process or for nickel and cobalt sulfate powder production through the hydrometallurgical process.

Research on carbothermic reduction of lateritic nickel ores followed by magnetic separation has mostly
focused on the effectiveness of using additives to improve nickel reduction selectivity combined with the use of
optimal reduction temperatures and times [13] and briquetting pressure [14]. Additives that can be used for the
process include Na2S04, Na2C0s, and NaCl [15], CaSO4 [16], CaClz [17], Naz2S203 and sulfur [18], gypsum [19], and
others. However, the shape or geometry of laterite nickel ore briquettes is rarely studied. The shape of the
briquette is essential for designing operations when this direct reduction technology will be scaled up in pilot
plants or commercial-scale research. In addition, the shape of the briquette will affect the reductant gas flow and
heat transfer that occurs during the carbothermal reduction process [20, 21]. This research studies the effect of
briquette shape of lateritic ore in the carbothermal reduction process. In order to study this, several things will
be observed, including nickel content after the reduction process, compounds formed, nickel recovery after the
reduction process, and nickel selectivity factors.

2. Materials and Method

2.1 Raw Materials and Chemical Additives

Coal as a reductant and laterite ore as a source of nickel are obtained from areas in Indonesia, namely from
Sulawesi and Kalimantan. Meanwhile, limestone was purchased from East Java, Indonesia. An elemental
composition characterization and X-Ray examination were accomplished to get the elemental composition and
constituent compound mineral of laterite nickel, as presented in Fig. 1 and Table 1. The coal, employed as the
reductant and carbon source, was firstly passing anlysis of proximate, as tabulated in Table 2. Furthermore,
Table 3 provides the elemental content of limestone. Calcite compounds are the main compounds that make up
the limestone. Calcite will then be decomposed when heating which produces COz gas. Then this CO2 gas will
react with C (inside coal) to produce reductant gas (CO). Sodium sulfate (Na2S04) and tapioca were used as
chemical additives organic binders, respectively.

Table 1 Elemental matter of limonitic laterites nickel

Element Fe 0 Si Mg Al Ca Ni Cr

Wt% 42.01 25.89 17.78 591 2.50 2.36 1.59 1.29

Table 2 Analysis of proximate result of coal reductant

Parameter Result Unit Standards
Ash Content 1.7 % ar ASTM D3147-02
Fixed Carbon Content 61.8 % ADB ASTM D3175-02
Volatile Matter 36.5 % ADB ASTM D3172-02
Calorie Number 7,044 cal/gr, ADB ASTM D5865-03

Table 3 Limestone composition

Element Ca Mg Si Al 0

Wt% 43.01 0.57 6.51 2.43 33.93
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2.2 Carbothermal Reduction Procedure

Prior to the carbothermic reduction process, all raw materials (nickel laterite, coal, and limestone) are crushed
and ground until passing 50 standard mesh siever. Next, the nicke laterite fines, coal, and additives are mixed
homogeneously using manual mixing. The mass portion in the mixing process is based on the mass balance
calculation carried out previously. Since this research examined three different shapes, the briquette was
formed into the pillow, spherical, and cylindrical shape (Fig. 2). The quantity of additive was 10% by weight so
that selective reduction can take place as desired. After the mixing process, the binder (starch) and some waters
are mixed together with nickel laterite, coal, and additives. Then, the mixed materials are fed into the mold
cavity of the briquetting machine to make briquettes of different shapes. During briquetting, a pressure of 30
kgf/cm? was applied [14] to make 3 cm3 volume of briquettes. After being released from the briquette mold, the
green briquettes were dried at 100 °C for 3 h in an oven. Fig. 3 shows the XRD results of the limestone.

& = Mg;Si,0,(OH), - Lizardite
O = FeO(OH) - Goethite
s""' ¥t = (Fe,Mg,Al)(Si,A1),O(OH), - Chlorite
@ = CaCO; - Calcium carbonate
o] B = CoO(OH) - Heterogenite
O = Fej0,.NiO - Nickel Iron Oxide I:.o

Intensity (a.u)

20.00 40.00 60.00 80.00
2 Theta (Degree)

Fig. 1 XRD diffractogram of laterite nickel
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Fig. 2 Briquette shape in this study
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Fig. 3 XRD pattern of limestone
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When preparing carbothermic reduction experiment, delicate coal-limestone blends were inlayed in the
graphite crucible as the bed. After that, four briquettes (dried) of every sample were inserted into the crucible
and subsequently covered by a layer of coal limestone. The carbothermal reduction was performed directly after
the graphite crucible was inserted in a gas-type muffle furnace at 700 °C for 2 h to allow the dehydroxylation and
continuous at 1400 °C for 6 h. After the reduction, the cooling process of the crucible was performed in the
furnace until reaching ambient temperature. Before analysis, reduced briquettes were firstly crushed to
approximately 1-2 mm size and followed by a magnetic separation (dry condition, 500 Gs) to classify a magnetic
and non-magnetic portion.

2.3 Heat Transfer Analysis of Briquettes

The heat transfer was also considered in this study because the shape of the object will significantly affect heat
transfer. Heat transfer analysis in this experiment can be done with Eq. 1.

Q= quei XV (1)

Where, Q is Heat transfer rate (J/s), Qfuel is Heat produced by fuel per volume (J/s.m3), and V is Briquette
volume (m3). This equation was derived from Fourier’s law. Eq. 2 describes the heat flux equation [22]. Then Eq.
2 is derived into Eq. 3. Eq. 3 can be derived further into Eq. 1. The heat transfer phenomenon here was assumed
to occur in one dimensional steady state to simplify the phenomenon.

q= k5 @
Q= —mg (3)

2.4 Reduced Product Characterizations

X-Ray Diffraction (XRD) characterization (PANalytical) with Cu Ka of 0.154 nm was conducted to evaluate the
constituental phases of both magnetic and non-magnetic portion. In order to obtain the element constituent of
each carbothermic reduced sample, a Scanning Electron Microscope-Emission Dispersive X-Ray (SEM-EDX) was
performed. From this analysis, the elemental content in products and raw materials can be used to calculate the
selectivity factor value according to Eq. 4. On the contrary, recovery of Ni and Fe were also estimated based on
[23].

- : Xni¥
Selectivity Factor of Reduction = —-F¢ (4)
XraYnni

Where, X is the original elemental composition of iron and nickel in the nickel ore, and Y is the elemental
composition of nickel and iron after carbothermal reduction process and separation by magnet. Table 4 shows
the mass ratio of each raw material for this research.

Table 4 This study used the mass ratio of raw materials for each briquette shape variation

Variations Mass ratio of Ore : Coal : Naz2S04 : Limestone : Binder
Pillow 100:60:21:58:4
Spherical 100:60:21:58:4
Cylindrical 100:60:21:58:4

3. Results and Discussion

3.1 Effect of Various Briquette Shapes on Heat Transfer Rate

The carbothermic reduction was carried out with various briquette shapes applied to determine the effect of the
briquette shape on the heat transfer rate. The heat transfer rate of the briquette has been analyzed and
calculated using Eq. 1. Fig. 4 shows the heat transfer rate of each briquette shape. From the result of heat
transfer calculation, it is known that every briquette shape has different values due to differences in surface area
and volume from variations in the shape of briquettes. This difference in the rate of heat transfer also affects the
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rate of reduction, which affects the content and recovery of the product resulting from direct reduction. This
heat transfer rate also signifies heat supplies received by the briquette so the reduction reaction can concur.

3.2 Effect of Various Briquette Shapes on Nickel and Iron Content of Reduced Products

After the carbothermic reduction process was conducted with shape of briquettes variation in the form of a
pillow, cylindrical, and spherical, then to understand the influence of briquette shape variations on the elemental
content of the magnetic portions, the EDX characterization was carried out. Table 5 and Fig. 5 show the results of
the EDX characterization for Ni and Fe content from the reduced product.

80
70 |
60 |
S 50 |
k3
a 40
o
=30t
b
T 20}
10 |
0
Pillow-shaped Spherical shape Cylindrical shape
Shape of briquette
Fig. 4 Heat transfer rate of each briquette shapes
Table 5 EDX Analysis of Reduced Limonitic Ore
Variation Ni Content (%) Ni Mass (g) Fe Content (%) Fe Mass (g)
Pillow 5.00 1.38 27.06 7.47
Cylindrical 6.74 1.53 17.13 3.88
Spherical 4.02 1.05 22.96 6.00

The reduction of nickel and iron oxide in laterite nickel begins with the dehydroxylation process of Goethite
and Lizardite (Eq. 5 and 6),

2(Fe,Ni)0.0H — (Fe,Ni)203 + H20 (5)
MgsSi20s5(0OH)s — 3MgO + 2Si02 + 2 H20 (6)

Then, the product of dehydroxilation reaction will continue with the reduction by CO gas (Eq. 7 and 8) [24].

NiFe204 + CO — Ni +Fe203 + CO2 (7
Fe203 + 3CO — 2Fe + 3CO2 (8)

In addition, CO gas will react with Na2S04, which act as a selective agent becomes Naz§, S, and Naz0 (Eqg. 9 and
10) [25].

NazS04 + 4CO — NazS + 4CO: (9
Na2S04 + 3CO — Naz20 + S + 3CO2 (10)

This research is based on the effect that the shape of the briquettes will affect the rate of combustion due to
differences in surface area. The difference in surface area will affect the reduction rate of the direct reduction
process [26].

In pillow form, The Ni content obtained due to the heat transfer rate of the pillow model has an optimal
heat transfer where the reduction rate of sulfur formation from additives is also optimal. In the spherical form,
the cause of the low content of Ni obtained is because the combustion rate is slower than in the pillow and
cylindrical forms, which causes less carbothermic reduction of products. In cylindrical form, the iron content
produced is very small due to a large amount of iron reacting with sulfur which causes the iron content in the
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reduced product to be smaller than the other variations. And this affects the nickel content, which is quite high
compared to other variables. It is due to the high rate of heat transfer in the cylindrical form, which causes
NazS0s4 to be easily reduced to Naz0 and sulfur, so a lot of Fe reacts with sulfur [27].

3.3 Effect of Various Briquette Shapes on Nickel and Iron Content of Reduced Products

The purpose of the carbothermic reduction process is to separate valuable minerals from worthless minerals.
Recovery is a measuring tool to determine the quality of the carbothermal reduction process [19]. The recovery
of nickel and iron is calculated by correlating the amount of each element in magnetic portion with its initial
condition as raw material. The recovery determination in this research is established on the weight and
composition of magnetic portion separated from a magnetic separation process. Fig. 6 shows the recovery of
nickel and iron.

The optimal recovery value for nickel was obtained from the cylindrical shape, and the lowest recovery
value was obtained from the spherical shape. It is because the spherical shape has the lowest heat transfer rate,
and the cylindrical shape has the highest heat transfer rate compared to others. It also affects the reduction rate
of NazS04 as an additive in the nickel laterite reduction process, where the function of the Na2S04 additive is to
bind Fe to increase the recovery of Ni from the selectivity process [25]. Fig. 6 also shows cylindrical shape has
the lowest recovery value for iron. In addition to the effect of the additive, the reduction rate of limonitic laterite
nickel ore is also affected by the rate of formation of CO gas as a reducing agent [21].
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Fig. 5 Nickel and iron content of each briquette shapes
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3.4 Effect of Briquette Shapes on Compound Formed of Reduced Products

Fig. 7 shows the compound formed on reduced products. In each variation, the compound formed on the
reduced product is Ferronickel (FeNi), Quartz (SiOz), Forsterite (Mg2SiO4), and FesSi. In the variation of the
spherical shape, more forsterite (MgzSi04) compounds were found. It was due to the less-than-optimal reduction
of NazS04. Mg2SiO4 is a product from recrystallization of lizardite that has undergone dehydroxylation. The
recrystallization of MgzSiO4 will occur when lizardite is subjected to higher temperature. It captures Ni and Fe in
silica crystals resulting difficulty of these phases to be reduced in the next stage [28]. Because the reduction
process is more difficult due to the low heat transfer rate, the Ni levels will also be lower. In spherical shape,
forsterite and magnetite are also found due to a lack of sulfur supply from reduced Na2SO4. Therefore, it can be
concluded that the reduction process in the spherical form is not perfect. The existence of FesSi is because when
the temperature reaches more than 1300°C, iron from limonite ore will form a reaction with reduced silica [29].
Fig. 7 indicates that nickel and iron can still be included even though Mg2SiO4 and Fe304 present [30].

Cylindrical AFeaSi 08i0: O Felu
L_H £ FeNi < MgzSiOs

Spherical T

Intensity

0 10 20 30 40 50 60 70 80 90
2 Theta (Degree)
Fig. 7 Compounds are formed on each briquette shape

3.5 Selectivity Factor

By using Eq. 2, the selective reduction of nickel can be estimated by knowing the selectivity factor. Fig. 8 shows a
selectivity factor graph from each variation of briquette shapes. In selective reduction, the selectivity factor is
determined by the decomposition reaction of Na:SO4 as a reductive agent [31]. This decomposition occurs under
reductive conditions, so it affects the decomposition process of Na2SOs, which produces Naz0 and sulphur. The
selectivity factor will have an impact on the yield of the carbothermic reduction product. The selectivity factor
can be used to show how effective the additive works when the reduction process occurs. In the variation of the
briquette shape, the cylindrical shape has the best result, which is 10.39, followed by the pillow, which is 4.88,
and spherical, which is 4.63. It is because the spherical variation has a low heat transfer rate compared to the
pillow, which has an impact on the reduction rate of Na2SOs+. However, further research needs to be conducted in
the future to ascertain the effect of briquette shape on the selective reduction process.
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o
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2
0
Pillow-shaped Spherical shape Cylindrical shape
Shape of briquette

Fig. 8 Selectivity factor value from each briquette shapes
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4. Conclusion

The shape of the briquettes affects the yield of the carbothermal reduction product due to the influence of the
heat transfer rate experienced by each briquette. It is caused by different shapes having different volume and
surface area values. The higher the volume of the briquette, the greater the heat transfer received by the
briquettes. A high heat transfer rate causes limonitic laterite to be easily reduced into ferronickel as the final
product. It also may cause the reduction of NazS04 as a selective reduction agent rapidly reacts with iron to form
a non-magnetic compound which directly increases the content of nickel on the reduced product. The optimum
reduced products achieved by cylindrical shape with nickel content and recovery were 6.74% and 96.20%,
respectively. Selectivity factor affected by Na2S04 additive role. It will react with Fe to form a non-magnetic
product. These can be described by formed compounds that can show compounds formed on all variations. All
variations show FeNi, which indicates the reduction of nickel and iron can occur. Forsterite (Mg2SiO4) and
magnetite (Fes04) were found on the spherical shape, which causes the recovery value from the spherical shape
to be lower than the other shape.
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