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Abstract In the selective reduction process of lateritic

nickel ore, the formation of the liquidus phase could be

obtained by increasing the temperature and additive,

resulting in an uneconomic process. Nevertheless, it could

also be obtained by modifying the ore basicity by adding

low-cost fluxes, such as CaO, SiO2, MgO, and Al2O3. In

this work, the effect of three types of basicity (binary,

ternary, and quaternary) in selective reduction of saprolitic

nickel ore on metallic grade and recovery, phase transfor-

mation, and microstructure of ferronickel was investigated

clearly. The nickel ore, sodium sulfate, coal, and flux

mixture was reduced to 1150 �C for 60 min. Then, the wet

magnetic separation process was continued to separate

ferronickel from impurities. The result showed that the

optimum basicity for the selective reduction of saprolitic

nickel ore was 0.6 of ternary basicity (CaO ? MgO/SiO2),

modified by CaO addition. It produced 16.11% and 50.57%

for nickel grade and recovery in concentrate, respectively.

Modified basicity with CaO addition is more effective than

MgO, Al2O3, and SiO2 addition due to its ability to break

the forsterite structure and release iron and nickel. It also

could be reacted with magnesium silicate structure to form

calcium–magnesium silicate structure such as melilite and

monticellite.
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1 Introduction

Nickel’s global demand has grown rapidly. Almost 65% of

nickel consumption is used for stainless steel, while others

go to batteries and chemicals [16]. There are two kinds of

nickel ore resources on land, i.e., lateritic and sulfidic.

Nowadays, nickel laterite production increases due to the

depletion of nickel sulfide [3]. Nickel laterite has lower

nickel content than nickel sulfide. Nickel is found in

complex structure and has high water content, which cau-

ses difficulties in improving the nickel content by physical

separation and flotation method [6, 23]. Therefore, it has

become challenging in lateritic nickel ore processing.

Selective reduction continued with magnetic separation

process is a new method to generate high nickel concen-

trate from nickel laterite by using lower temperature than

conventional pyrometallurgy technology, such as blast

furnace and rotary kiln electric arc furnace [12, 28]. The

main role of selective reduction is to inhibit the reduction

of iron oxide to metallic iron for generating high-nickel-

grade ferronickel [1].

Nickel laterite is classified into saprolite and limonite.

Saprolite has higher nickel content than limonite. Never-

theless, it also has higher impurities, such as silicon dioxide

(SiO2) and magnesium oxide (MgO). Iron and nickel are

mainly associated with magnesium silicon hydroxide or

lizardite ((Fe,Ni,Mg)3Si2O5(OH)4). From the previous

study, lizardite is more difficult to reduce than goethite.
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Low recovery of iron and nickel has been resulted from the

selective reduction process of saprolitic nickel ore. How-

ever, it produces a higher nickel grade in concentrate than

limonite [17]. The reduction mechanism of saprolite is

expressed in Reaction (1–5) [8].

C þ CO2ðgÞ ! 2CO gð Þ ð1Þ

Fe;Ni;Mgð Þ3Si2O5 OHð Þ4! 3=2 Fe;Ni;Mgð Þ2SiO4

þ 1=2SiO2 þ 2H2O gð Þ ð2Þ

Na2SO4 þ 4CO gð Þ ! Na2Oþ S gð Þ þ 3CO2 gð Þ ð3Þ

Na2Oþ 2 Fe;Nið Þ2SiO4 ! 4 Fe;Nið ÞOþ Na2Si2O5 ð4Þ

Fe;Nið ÞOþ CO gð Þ ! Fe;Nið Þ þ CO2 gð Þ ð5Þ

There are some important parameters in the selective

reduction process of nickel laterite to generate ferronickel

with high nickel grade and recovery; they are (1)

temperature, (2) duration time, (3) reductant, and (4)

additives. The initial temperature reduction of nickel oxide

is lower than iron oxide [20, 24]. However, reducing nickel

laterite below the reduction temperature of iron oxide will

result in a low recovery of nickel [29]. The reduction rate

of iron and nickel oxide increases with the increase in the

temperature and duration time of the reduction process.

Zhu et al. [32] reported that iron and nickel grades increase

significantly with increasing temperature from 1100 to

1250 �C and duration time from 20 to 60 min. According

to Jiang et al. [9], the particle size of ferronickel increases

with the increase in the temperature. The large particle size

of ferronickel will promote the liberation degree of the

metallic phase from impurities in this selective reduction

process.

Coal is a carbon-bearing material commonly used as a

reductant in the nickel ore reduction process [7, 13]. From

the Bouduard reaction, as expressed in Reaction (1), the

CO gas will be generated and used to reduce the metal

oxide. The increasing reductants will increase the reducing

atmosphere, thus increasing the reduction rate of metallic

oxide. However, more metallic iron in ferronickel will be

harmful to nickel grade [19, 25]. Thus, the optimum coal

addition should be selected.

Additives are very important in the selective reduction

of nickel laterite to produce high nickel grade in fer-

ronickel [4]. Additives, such as carbonate [30], chloride

[31, 14], and sulfur or sulfate [20, 8, 26] are already used.

From the previous result, sodium sulfate showed its supe-

riority for enhancing ferronickel’s nickel content over

sodium chloride and sodium carbonate [22]. The increase

of nickel grade in concentrate is resulted from the addition

of sulfate or sulfur additive in the reduction process to

suppress the metallization of iron by sulfidation mecha-

nism [11, 5, 21], as expressed in Reaction (6–8). It pro-

motes non-magnetic iron sulfide (FeS); thus, some iron will

go to the tailing after the magnetic separation [15]. Iron

sulfide also has a low melting point temperature, 985 �C;
thus, the liquidus phase could lower the diffusions rate of

reductant gas, which could inhibit the reduction of iron

oxide [32]. Using sodium sulfate as additives could pro-

mote nepheline (Na2Si2O5) which also has a low melting

point. Iron sulfide and nepheline play an important role in

the agglomeration of ferronickel particles. The large fer-

ronickel size improves the liberation degree of metallic

particles from impurities, increasing the metal

recovery [8].

Na2SO4 þ 4CO ! Na2Sþ 4CO2 gð Þ ð6Þ

Na2Sþ FeOþ 2SiO2 ! FeS þ Na2Si2O5 ð7Þ
Feþ S ! FeS ð8Þ

The previous result required 10 wt% of sodium sulfate

in selective reduction of saprolitic nickel ore with 1.78%

Ni at temperature 1250 �C for 60 min to obtain 12.35%

and 34.4% for nickel grade and recovery, respectively [17].

More iron and nickel from magnesium silicate structure

will be released with the increase of additives and

temperatures, which could affect the increase in the cost

production. Therefore, it becomes a challenge in the

selective reduction of saprolitic nickel ore to conduct the

reduction process at a temperature below

1200 �C. Nevertheless, the more sulfur or sulfate

addition, the more sulfur content in ferronickel will be

found. Sulfur content should be minimized in stainless steel

products due to lowering its mechanical properties.

Therefore, the use of more sulfur additives in selective

reduction should be considered.

The liquidus phase plays an important role in the

pyrometallurgy process. Diffusion rate, chemical reaction,

and agglomeration of a metallic particle are performed

faster in the liquidus phase than in the solidus phase. In the

selective reduction process of lateritic nickel ore, the for-

mation of the liquidus phase could be obtained by

increasing the temperature and sodium sulfate, resulting in

an uneconomical process. The low melting point phase can

be obtained by modifying the basicity of ore in the smelting

process of metallic ore [27]. Generally, there are three

types of basicities, i.e., binary (BB), ternary (BT), and

quaternary (BQ) basicity, which is expressed in Eq. (9–11).

Modification of the basicity is carried out with the addition

of calcium oxide (CaO), magnesium oxide (MgO), alu-

minum oxide (Al2O3), and silicon dioxide (SiO2).

BB ¼ CaO

SiO2

or
MgO

SiO2

ð9Þ

BT ¼ CaOþMgO

SiO2

ð10Þ
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BQ ¼ CaOþMgO

SiO2 þ Al2O3

ð11Þ

Chuang et al. [2] have investigated the effect of binary

basicity (CaO/SiO2) in the reduction process of iron-

bearing minerals on low melting point phase formation,

which promoted the strength of direct reduced iron pellet.

Nevertheless, there is no information about its effect on

metal and recovery grade. Pan et al. [19] have studied the

effect of basicity (CaO/SiO2) on selective reduction of

nickel slag containing iron–nickel–copper oxide with 37.8

Fe-0.9 Ni-0.34Cu. Reducing the material to 1200 �C for

20 min with basicity of 0.15 resulted in 3.25% Ni and 1.2%

Cu with 82.2% and 80.0% for nickel and copper recovery,

respectively. However, there is still less information about

the effect of basicity on selective reduction of lateritic

nickel ore.

From a previous study, the effect of basicity in the

selective reduction of limonitic nickel ore has been

investigated. Binary basicity is more appropriate than

ternary and quaternary basicity for limonitic ore due to the

fact that it contains high SiO2, while it has low MgO,

Al2O3, and CaO. The optimum condition has resulted from

0.1 of binary basicity (CaO/SiO2) [18]. Saprolite has a

different composition than limonite; thus, the proper

basicity type could be different. However, the effect of

modified basicity in the selective reduction of saprolitic

nickel ore is still less studied. Tian et al. [25] reported that

the addition of CaCO3 in the reduction of saprolitic ore has

increased the nickel recovery due to the destruction of iron

and nickel in magnesium silicate compounds. Unfortu-

nately, this study did not reveal the effect of basicity in the

reduction of saprolite.

2 Materials and Methods

2.1 Materials

The saprolitic nickel ore was from Halmahera Island,

Indonesia. The chemical composition of saprolite was

analyzed by using XRF, as listed in Table 1. The iron and

nickel contents are 18.48% and 1.81%, respectively. It has

high SiO2 and MgO content. From the XRD analysis, as

illustrated in Fig. 1, it can be observed that most iron and

nickel are associated with lizardite ((Ni,Fe,Mg)3Si2O5(-

OH)4. Some goethite ((Fe,Ni)OOH) and chromium oxide

(CrO2) are also found. From the Rietveld analysis using

high score plus software, the composition of goethite,

lizardite, and chromium oxide was 41.6 wt%, 49 wt%, and

9.3wt%, respectively.

Bituminous coal and sodium sulfate were used as

reductant and additive, respectively. The proximate

analysis of the reductant is listed in Table 2. Fluxes, such as

CaO, MgO, SiO2, and Al2O3, were used to modify basicity

from 0.1 to 1.0. Sodium sulfate and all fluxes were of

analytical grade.

2.2 Methods

Saprolite ore and bituminous coal were ground into less

than 149 lm. 50 g of saprolite, 1.9 g of bituminous coal,

5 g of sodium sulfate, and some fluxes were mixed

homogeneously using a milling unit prior to pelletization

into 10–15 mm diameter. Various amounts of fluxes were

added into the pellets to modify ore basicity from 0.1 to

1.0. The saprolite ore basicity, according to Eqs. (9–11), is

presented in Table 3.

The pellets were then placed in a tightly closed graphite

crucible for the reduction process, carried out in a muffle

furnace at 1150 �C for 60 min. After the reduction process,

the pellets were quenched rapidly into the water to prevent

them from re-oxidized. It was then dried and crushed into

95% less than 74 lm prior to the magnetic separation

process using 500 Gausses of a magnetic field. It produced

concentrates (magnetic) containing ferronickel and tailings

(non-magnetic) containing impurities. The workflow dia-

gram is illustrated in Fig. 2.

3 Results and Discussions

The effect of binary, ternary, and quaternary basicity on

metal grade and recovery, phase transformation, and

microstructure of ferronickel in the selective reduction

process of saprolitic ore has been briefly discussed. The

appropriate basicity types for the selective reduction pro-

cess of saprolitic nickel ore will be determined from the

optimum result of nickel grade in concentrate.

3.1 Effect of Binary Basicity (BB)

The effect of binary basicity (BB1 = CaO/SiO2 and BB2-

= MgO/SiO2) on the selective reduction of saprolitic

nickel ore was investigated clearly. The value of binary

basicity was modified from 0.1 to 1.0 with the addition of

CaO for BB1, while SiO2 and MgO for BB2. From Fig. 3a,

the nickel grade increases to the optimum value, then

decreases significantly with the increase of binary basicity.

The optimum nickel grade is 14.12% and 13.29%, with

nickel recovery of 37.02% and 26.94%, resulting from 0.2

of BB1 and 0.3 of BB2, respectively. Figure 3b and c shows

that the nickel and iron recovery increase with the increase

in the binary basicity value.

The addition of CaO, MgO, and SiO2 in the selective

reduction process is very important for destroying the iron–
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nickel magnesium silicates structure in saprolitic nickel ore

[10, 27]. Thus, iron and nickel will be released, then

reduced into metallic iron and nickel. From Fig. 3, the

concentrate with optimum nickel grade is obtained from a

low binary basicity value. Nevertheless, It has low nickel

recovery, which indicates that more iron and nickel go to

the tailing. From XRD analysis in Fig. 4a and b, more iron

and nickel are still entrapped in magnesium silicate struc-

ture, i.e., forsterite ((Fe,Ni,Mg)2SiO4) and enstatite

((Fe,Ni,Mg)2Si2O6) at low basicity. Therefore, the fer-

ronickel peak is low, for both BB1 and BB2.

From the XRD analysis in Fig. 4a, it looks that the

ferronickel peaks increase with the increase in the binary

basicity (BB1). It was agreed with Li et al. [10] that the

CaO addition in the reduction of saprolitic ore could

destroy the iron–nickel–magnesium silicate structure and

release the nickel and iron to form ferronickel. At 0.2 of

BB1, the diopside is found. The addition of a small amount

of CaO could replace the iron and nickel forsterite structure

to form diopside ((Ca,Mg)2SiO6) and iron–nickel silicate

((Fe,Ni)2SiO4), as expressed in Reaction (12). Furthermore,

the iron–nickel silicate will be reduced into metallic fer-

ronickel by the following Reaction (4–5). The addition of

more CaO, resulting in higher basicity, would transform

the diopside into melilite (Ca,Na)2MgSi2O7, as expressed

in Reaction (13). This reaction also generates iron–nickel

oxide ((Fe,Ni)O), released from the silicate structure.

Therefore, the recovery of nickel and iron increases sig-

nificantly from 0.2 to 0.6 of basicity, as illustrated in

Fig. 3. Nevertheless, the increase in iron recovery results in

decreasing the nickel grade. At 0.6 basicity, monticellite

((Ca,Mg)SiO4) is observed. It is observed by the reaction of

melilite with CaO, as expressed in Reaction (14). No more

iron and nickel is extracted from silicate structure. There-

fore, the iron recovery look steady at basicity 0.6 to 1.0.

ðFe;Ni;MgÞ2SiO4 þ 2CaOþ 2SiO2

! Ca;Mgð Þ2Si2O6 þ Fe;Nið Þ2SiO4 ð12Þ

Ca;Mgð Þ2Si2O6 þ ðFe;NiÞ2SiO4 þ CaO
! Ca2MgSi2O7 þ SiO2 þ 2 Fe;Nið ÞO ð13Þ

Ca2MgSi2O7 þ CaO ! 2CaMgSiO4 ð14Þ

Phase transformation of reduced saprolitic ore with

various basicity is also analyzed using a ternary diagram as

shown in Fig. 5. The result is almost similar to the XRD

analysis. At 0.2 basicity, it shows the presence of pyroxene

or diopside. Furthermore, with the increase in the basicity,

the melilite and monticellite phases are formed. The phase

transformation of saprolite in various binary basicity values

(BB1 = CaO/SiO2), modified by CaO addition, is illustrated

in Fig. 6.

Diopside, melilite, and monticellite have high melting

point temperatures, i.e., 1391, 1454, and 1503 �C, respec-
tively. It would contribute to a negative effect on the

agglomeration of ferronickel particles. The presence of iron

sulfide or troilite (FeS), which has a low melting point

temperature, is very important in the selective reduction of

nickel ore. Nevertheless, the troilite peaks seem to decrease

with the increasing binary basicity (BB1) in this work, as

shown in Fig. 4a. CaO could react with sulfur to form CaS.

Therefore, the more the CaO is added, the less the FeS is

formed.

The illustration of phase transformation of saprolite with

SiO2 and MgO addition is given in Fig. 6. From XRD

analysis, as shown in Fig. 4b, forsterite ((Fe,Ni,Mg)2SiO4),

enstatite ((Fe,Ni,Mg)2Si2O6), quartz (SiO2), and small of

Table 1 Chemical composition of saprolite (wt%)

Fe Ni Cr SiO2 MgO Al2O3 CaO

18.48 1.81 0.8 22.94 9.5 1.06 0.43

Fig. 1 XRD pattern of saprolitic nickel ore

Table 2 Proximate analysis of reductant (wt%)

Fixed carbon Moisture Volatile matter Ash

35.47 9.44 47.72 7.37

Table 3 Saprolitic ore basicity

Binary (BB) Ternary (BT) Quaternary (BQ)

CaO/

SiO2

MgO/

SiO2

CaO ? MgO/

SiO2

CaO ? MgO/

SiO2 ? Al2O3

0.02 0.41 0.43 0.41

123

3252 Trans Indian Inst Met (2021) 74(12):3249–3263



ferronickel (FeNi) are found at low basicity. The reaction

of forsterite with SiO2 will promote the formation of

enstatite as expressed in Reaction (15). Thus, the iron and

nickel recovery of saprolitic nickel ore at 0.2 of BB2 is low

due to the remaining iron and nickel in the enstatite

structure. However, no enstatite is found at 0.4 of BB2,

which means that the MgO addition could suppress the

enstatite. It has resulted in increasing the forsterite for-

mation, as shown in the ternary diagram (Fig. 5). By

adding MgO, the magnesium atom could replace the iron

and nickel in the forsterite structure, as expressed in

Reaction (16). Therefore, the ferronickel peaks starts to

increase significantly at 0.5 of BB2. Nevertheless, the

release of more iron from forsterite is very harmful. It

decreases the nickel grade in ferronickel, as shown in

Fig. 3.

ðFe;Ni;MgÞ2SiO4 þ SiO2 ! Fe;Ni;Mgð Þ2Si2O6 ð15Þ

ðFe;Ni;MgÞ2SiO4 þMgO ! Mg2SiO4 þ Fe;Nið ÞO ð16Þ

From microstructure analysis of reduced ore, as

illustrated in Fig. 7, the ferronickel (point 1) slightly

grows large with the increasing binary basicity, for both

BB1 and BB2. Due to the high melting point and less troilite

phase, which inhibits the agglomeration of ferronickel

particles, thus resulting a small ferronickel size. However,

this particle growth indicates that more iron and nickel are

released from the forsterite. The ferronickel in BB1 is larger

than BB2, which means that CaO addition is more effective

for releasing the iron and nickel from forsterite than MgO.

The flux addition (CaO and MgO) also could release the

iron from chromite (point 2). Figure 7 shows that the

particle size of chromite (Fe–Cr–O) is getting smaller with

the increase in the basicity.

3.2 Effect of Ternary Basicity (BT)

The effect of ternary basicity (BT = CaO ? MgO/SiO2) in

selective reduction of saprolitic nickel ore is discussed

briefly in this section. The basicity value is modified from

0.1 to 0.4 with the addition of SiO2, while it is modified

from 0.5 to 1.0 with the addition of CaO and MgO. The

ternary basicity value modified from 0.1 to 1.0 with SiO2–

CaO and SiO2–MgO addition are BT1 and BT2, respec-

tively. From Fig. 8a, the nickel grade increases signifi-

cantly from 0.1 to 0.2; then, it tends to steady until 0.4 of

ternary basicity, for both BT1 and BT2. The nickel grade

increases from 0.5 to 0.6, then decrease significantly to 1.0

of BT1. Nevertheless, the nickel grade tends to decrease

significantly from 0.5 to 1.0 of BT2. From Fig. 8b and c, the

Fig.2 Schematic of workflow diagram

Fig. 3 Effect of modified binary basicity (BB1 and BB2) on a nickel

grade; b nickel recovery; c iron recovery

123

Trans Indian Inst Met (2021) 74(12):3249–3263 3253



nickel grade and iron recovery increase with increasing

ternary basicity, for both BT1 and BT2. It means that SiO2,

MgO, and CaO addition in ternary basicity also could

destroy the iron–nickel–magnesium silicate structure, thus

releasing iron and nickel from this complex structure. In

this work, the optimal ternary basicity value is found at 0.6

of BT1 (with CaO addition), resulting in 16.11 wt% and

50.57% for nickel grade and recovery, respectively.

Fig. 4 XRD pattern of reduced

saprolitic nickel ore modified

the binary basicity for a BB1 and

b BB2. 1—Forsterite; 2—

ferronickel; 3—diopside; 4—

melilite; 5—chromium oxide;

6—troilite; 7—monticellite; 8—

quartz; 9—enstatite; 10—CaS
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Figure 9a illustrates the phase transformation of reduced

saprolitic nickel ore by modifying the ternary basicity of

nickel laterite with SiO2–CaO addition (BT1). At low

basicity, the reduced ore is dominated by forsterite and

enstatite. A small peak of ferronickel is also found.

Enstatite is formed due to the reaction of forsterite with

SiO2, as expressed in Reaction (15). The enstatite and

forsterite peaks decrease, while the ferronickel peaks

enhance with the increase in the BT2 value. Melilite starts

to form at 0.8 of BT1, and the ferronickel peak increases

significantly. It means that most of the iron and nickel in

forsterite decomposes into the ferronickel with the increase

in the CaO addition. Furthermore, melilite is transformed

to monticellite with more CaO addition at 1.0 of BT1. This

calcium silicate formation is expressed in Reaction (12–

14). The phase transformation of BT1 is almost similar with

BB2 in Fig. 6. The lower monticellite peaks is of BT1 than

BB1 due to the lower amount of CaO addition at 1.0 of

basicity value. From Fig. 9a, the troilite peak seems to

increase from the 0.2 to 0.6 basicity. It then decreases to

1.0 of BT1. No calcium silicate (diopside) structure in this

basicity seems to affect this process positively. As

Fig. 5 Binary basicity analysis

using a ternary diagram of

CaO–SiO2–MgO–5%Al2O3

Fig. 6 Schematic phase

transformation of reduced

nickel ore in various binary

basicity
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explained before, the diopside has a higher melting point

than troilite. Thus, the presence of diopside, as resulted in

0.6 of BB2, could inhibit the troilite formation. Troilite is

very important for suppressing the metallization of iron and

agglomeration of ferronickel size, thus enhancing the

nickel grade in ferronickel [4]. It is indicated with the low

peak of ferronickel in 0.2–0.6 of BT2. The addition of more

CaO at a higher BT2 value results in more releasing iron

from forsterite, which indicates the increase in the fer-

ronickel peaks. Thus, low nickel grade is obtained, as

shown in Fig. 9a. Nevertheless, it also suppresses the

troilite due to the CaS formation.

Figure 9b shows the phase transformation of reduced

ore in various values of BT2. The ferronickel peaks

increase, with the increase in the ternary basicity, starting

from 0.6 of BT2. It means that the addition of MgO will

release the iron and nickel from the forsterite structure,

then it transforms to ferronickel, as expressed in Reaction

(16). A high peak of ferronickel indicates high iron content

on it, thus lowering the nickel grade. The troilite phase

decreases significantly with the increase in the ternary

basicity. It is regarding the presence of more forsterite at

high basicity along with the increase in the MgO addition.

Forsterite has high melting point (1890 �C). Its presence

surrounding the ferronickel phase will inhibit the reaction

of iron with sulfur to form troilite.

Phase transformation analysis of ternary basicity in this

work is also carried out using a ternary diagram, as shown

in Fig. 10. The SiO2 is found at 0.2 to 0.4 of ternary

basicity, for both BT1 and BT2. Furthermore, modified

ternary basicity with CaO addition (BT1) results in pyrox-

ene (diopside) and melilite at basicity 0.8 and 1.0. It is

almost similar to XRD analysis (Fig. 9). Nevertheless,

monticellite could appear due to its basicity point located

on the melilite–monticellite boundary phase.

The microstructure analysis of reduced ore with various

ternary basicity is illustrated in Fig. 11. It shows that the

Fig. 7 SEM–EDS analysis of reduced ore: a 0.1 BB1; b 0.5 BB1; c 1.0 BB1; d 0.1 BB2; e 0.5 BB2; d 1.0 BB2; 1—ferronickel; 2—Fe–Cr–O; 3—Fe–

Mg–Si–O; 4—Na–Fe–Mg–Si–O; 5—Si–O

Fig. 8 Effect of modified ternary basicity (BT1 and BT2) on a nickel

grade; b nickel recovery; c iron recovery
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ferronickel size is growing large with increasing ternary

basicity, for both BT1 and BT2. However, the ferronickel

size of BT2 is larger than BT1 at the same value of basicity.

It indicates that the addition of MgO is more effective than

CaO in releasing iron and nickel from forsterite structure in

the ternary basicity system. It is contrary different from the

binary basicity. The amount of CaO addition in ternary

basicity is lower than binary basicity. Thus it affects the

Fig. 9 XRD pattern of reduced

saprolitic nickel ore modified

the ternary basicity for: a BT1

and b BT2. 1—Forsterite; 2—

ferronickel; 3—diopside; 4—

melilite; 5—chromium oxide;

6—troilite; 7—monticellite; 8—

quartz; 9—enstatite; 10—FeS
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releasing of iron and nickel from the magnesium silicate

structure.

3.3 Effect of Quaternary Basicity (BQ)

In this section, the effect of quaternary basicity

(CaO ? SiO2/Al2O3 ? MgO) value in selective reduction

of saprolitic nickel ore on metal grade and recovery, phase

transformation, and microstructure of ferronickel is

described clearly. The nickel ore basicity value is modified

with the addition of SiO2 decreasingly from 0.1 to 0.4 and

CaO increasingly from 0.5 to 1.0 basicity, namely with

BQ1. It is also modified with the addition of Al2O3

decreasingly from 0.1 to 0.4 and MgO increasingly from

0.5 to 1.0 basicity, namely with BQ2. Figure 12 shows that

the nickel grade increases from 0.1 to 0.5 and then

decreases from 0.6 to 1.0 of ternary basicity value, for both

BQ1 and BQ2. However, the iron and nickel recovery

increase with the increase in the ternary basicity. The

optimum nickel grade is obtained from 0.5 of quaternary

basicity value for BQ2, i.e., 14.62 wt.% Ni with 46.25% of

nickel recovery.

Figure 13 illustrates the phase transformation of reduced

saprolitic ore with various quaternary basicity values, for

both BQ1 and BQ2. From Fig. 13a, where the value of

basicities are modified with the addition of SiO2 and CaO,

the forsterite decreases with the increasing of SiO2 and

CaO addition. At low basicity (0.2 of BQ1), the reduced ore

is dominated by forsterite and enstatite. However, the

enstatite also decreases with the increase in the basicity

until BQ1 = 0.4, which is modified by decreasing the SiO2

addition. From Reaction (14), the enstatite is formed when

forsterite is reacted with SiO2. The troilite seems to

increase with the decreasing SiO2 addition from 0.1 to 0.4

of BQ1, which means that the SiO2 addition will suppress

the troilite formation. Nevertheless, the troilite decreases

with the increase in the CaO addition from 0.5 to 1.0 of

BQ2. It is due to the fact that CaO could be reacted with

sulfur, which could inhibit the troilite formation. At high

basicity (0.8 of BQ1), the melilite is formed. More CaO

addition could transform the melilite into monticellite,

which is found at 1.0 of BQ1. It is similar to the binary and

quaternary basicity modified by CaO addition, as expressed

in Reaction (12–14).

Fig. 10 Ternary basicity

analysis using a ternary diagram

of CaO–SiO2–MgO–5%Al2O3
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Figure 13b, where the quaternary basicity is modified

with Al2O3 and MgO addition, shows that the forsterite and

troilite increase, while the ferronickel decreases from 0.1 to

0.4 basicity, which is modified by decreasing Al2O3 addi-

tion. It seems that Al2O3 could replace the iron and nickel

in the magnesium silicate structure to promote the forma-

tion of ferronickel. It also has a similar role with SiO2 and

MgO to suppress the formation of troilite. As shown in

Fig. 13b, the forsterite increases with the increase in the

MgO addition from 0.5 to 1.0. Li et al. [11] reported that

the forsterite will cover the iron and nickel oxide structure.

Thus, it will inhibit the reaction of iron with sulfur to form

troilite. From Reaction (16), the more the MgO addition,

the more the iron and the nickel released from a silicate

structure to form ferronickel.

Phase transformation analysis is also carried out by

using a ternary diagram, as shown in Fig. 14. Pyroxene

(diopside) and forsterite dominate at 0.4 to 0.8 of BQ1 due

to the basicity point located on its boundary. At 1.0 of BQ2,

the basicity point is located on the boundary phase of

melilite and forsterite. However, from the XRD analysis

(Fig. 13a), monticellite is also observed. For BQ2, it is

observed that the forsterite is more dominant with the

increase in the basicity, which is modified by increasing the

MgO addition.

The effect of quaternary basicity (BQ1 and BQ2) on the

microstructure of reduced ore is illustrated in Fig. 15.

Similar to the previous discussion, the ferronickel particle

(point 2) is growing large with the increase in the quater-

nary basicity value, for both BQ1 and BQ2. It indicates that

CaO, SiO2, Al2O3, and MgO effectively release iron and

nickel from the forsterite structure.

Fig. 11 SEM–EDS analysis of reduced ore: a 0.1 BT1; b 0.5 BT1; c 1.0 BT1; d 0.2 BT2; e 0.5 BT2; f 1.0 BT2; 1—ferronickel; 2—Fe–Cr–O; 3—

Fe–Mg–Si–O; 4—Na–Fe–Mg–Si–O; 5—Si–O; 6—FeS

Fig. 12 Effect of modified quaternary basicity (BQ1 and BQ2) on

a nickel grade; b nickel recovery; c iron recovery
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Fig. 13 XRD pattern of

reduced saprolitic nickel ore

modified the quaternary basicity

for a BQ1 and b BQ2. 1—

Forsterite; 2—ferronickel; 3—

diopside; 4—melilite; 5—

chromium oxide; 6—troilite;

7—monticellite; 8—quartz; 9—

enstatite
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Fig. 14 Quaternary basicity

analysis using a ternary diagram

of CaO–SiO2–MgO–5%Al2O3

Fig. 15 SEM–EDS analysis of reduced ore: a 0.1 BQ1; b 0.5 BQ1; c 1.0 BQ1; d 0.1 BQ2; e 0.5 BQ2; f 1.0 BQ2; 1—ferronickel; 2—Fe–Cr–O; 3—

Fe–Mg–Si–O; 4—Na–Fe–Mg–Si–O
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3.4 The Appropriate Basicity Type for Selective

Reduction of Saprolitic Nickel Ore

Saprolitic nickel ore consists of high MgO and SiO2 con-

tent. It also has lower iron and higher nickel content than

limonite. Most iron and nickel are associated with mag-

nesium silicate to form lizardite. Furthermore, the lizardite

will be hydroxylated into forsterite at 600 �C. Iron and

nickel in forsterite are more difficult to reduce than goe-

thite. Therefore, it is important to break the magnesium

silicate structure of forsterite to release the iron and nickel

to form ferronickel. From the previous discussion, iron and

nickel could be released from the forsterite structure by

modifying the ore basicity with the addition of CaO, MgO,

Al2O3, and SiO2. It is indicated by the increase in the iron

and nickel recovery with the increase in the basicity. The

optimum nickel grade is obtained from reducing saprolitic

nickel ore using 0.6 of ternary basicity (modified with CaO

addition), which results in the concentrate of ferronickel

containing 16.11 wt.% Ni grade with nickel recovery of

50.57%. This optimum basicity type for saprolitic nickel

ore is different from the limonitic nickel ore from the

previous work [18], which is obtained from the 0.1 of

binary basicity (CaO/SiO2). It might be because the limo-

nite consists of high SiO2 and a small amount of MgO.

Thus, the MgO does not play an important role in the

basicity calculation. In this work, the CaO is more effective

than MgO, Al2O3, and SiO2 for releasing iron and nickel

from forsterite because it could break the structure and

reacts with magnesium silicate structure to form calcium–

magnesium silicate structure, i.e., melilite and monticellite.

4 Conclusion

Binary (CaO/SiO2 or MgO/SiO2), ternary (CaO ? MgO/

SiO2), and quaternary (CaO ? MgO/Al2O3 ? SiO2)

basicity, which is expressed as the ratio of impurities oxide,

are common parameters used in pyrometallurgy to obtain

the characteristic of slag/impurities. In the selective

reduction process of saprolitic nickel ore, the basicity has

influenced the metal grade and recovery of ferronickel,

phase transformation, and microstructure. The nickel grade

is decreased with the increase in the basicity. Nevertheless,

the iron and nickel recovery increase with the increase in

the basicity. The addition of CaO, MgO, Al2O3, and SiO2

for modifying the basicity values has played an important

role in the breakage of forsterite structure, thus releasing

the iron and nickel to form ferronickel. However, more iron

released will suppress the nickel grade to concentrate. The

CaO, MgO, SiO2, and Al2O3 will replace the iron and

nickel in the forsterite structure. The addition of more CaO

at high basicity will transform the forsterite into melilite

and monticellite. The forsterite structure does not change

with the addition of MgO, Al2O3, and SiO2 unless it con-

tains less iron and nickel. More forsterite will be found at

high basicity with MgO addition.

The ferronickel particle is growing large with the

increase in the basicity. However, the modification basicity

with CaO addition results in a larger ferronickel size than

MgO addition, which indicates that the CaO addition is

more effective for releasing the iron and nickel from the

forsterite structure.

In this work, the optimum basicity value is found from

the 0.6 of ternary basicity (CaO ? MgO/SiO2), modified

by CaO addition, resulting in the highest nickel grade, i.e.,

16.11% wt. Ni with nickel recovery is 50.57%. Thus, this is

the appropriate basicity for the selective reduction process

of saprolitic nickel ore.
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