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EffEcts of oxygEn Partial PrEssurE and slag Basicity on thE BEhavioral charactEristics  
of ni in slag drying smElting

This study was intended to investigate the effects of basicity and oxygen partial pressure on the distribution behavior of ni 
in the nickel smelting process using nickel oxide ore, the raw material of nickel, among natural ores. experiments were conducted 
in a vertical tube furnace using Fe-ni metal and Feo-mgo-Sio2 ternary slag, which simulated the composition of natural ore. 
an equilibrium experiment was conducted to observe the distribution ratio of ni, and thermodynamic data required for this experi-
ment was calculated through Factsage. as a result, it was found that as the oxygen partial pressure increased, the ni content in the 
slag increased linearly. The ni content in the slag increased as the basicity moved away from 0.60.
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1. introduction

in line with issues on global carbon neutrality, the secondary 
battery market, which uses eco-friendly electric energy instead 
of fossil fuels that unavoidably generate carbon, has been rapidly 
expanding in recent years [1-4]. in addition, nickel is used as a rep-
resentative lithium-ion battery cathode active material and a raw 
material for stainless alloys, and as an element that cannot be re-
placed with other elements, demand for it is steadily increasing [5]. 
nickel is generally obtained from nickel oxide ore or nickel sul-
phide. about 69% of nickel oxide ore and 31% of nickel sulfide 
ore distributed around the world, but 60% of nickel is actually 
produced from nickel sulfide ore and 40% from nickel oxide ore 
[6]. This is because nickel sulfide ore is easy to separate as a group 
due to its crystal structure, whereas nickel oxide ore contains 
goethite (Feo(oH)) containing adsorbed water, and since nickel is 
substituted in the lattice, group separation through physical separa-
tion is difficult and therefore it is hard to manufacture high-purity 
nickel [7,8] However, as the resources available for economical 
mining of nickel sulfide have been depleted in recent years, 
high-purity nickel production technology is required with nickel 
oxide ore. Therefore, to determine the optimal slag composition 
of the pyrometallurgical process of nickel oxide ore, the effect of 
oxygen partial pressure and basicity on the behavioral characteris-
tics of ni in  Feo-mgo-Sio2 slag was investigated in this study.

2. Experimental 

a schematic diagram of the vertical tube furnace, which is 
a device for the high-temperature melting test used in this study, 
is presented in Fig. 1. The usable temperature range of the verti-
cal tube furnace is up to 1800°C, and an al2o3 reaction tube was 
installed inside the furnace. For a crucible for melting samples, 
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Fig. 1. Schematic Diagram of experimental Device
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a mgo crucible and Zro2 crucible (outer diameter 55 mm, in-
ner diameter 50 mm, height 70 mm) was used. 

all samples in the experiment had 99.9% purity, and all 
samples were vacuum-packed to prevent oxidation after use to 
maintain reproducibility. in particular, for Fe, electrolytic iron 
(eF), which was not in powder form, was used and the samples 
requiring mixing were placed in a container with a diameter of 
120 mm and mixed uniformly for 20 minutes at 50 rpm. among 
the composition of the sample, metal : slag was fixed at 10 g:10 g 
during the experiment and Fe(eF) and ni were used for molten 
metal, and Feo, mgo, and Sio2 were used for slag.

oxygen partial pressure was controlled by passing a Co/Co2  
mixed gas through a mass Flow Controller (mFC). Below is a 
relational expression for this.

 Co + 1/2 o2 = Co2 (1)

 ΔG° = –28000 + 85.23T  J/mol (2)
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This study is an experiment to confirm the behavior of ni 
through an equilibrium experiment between molten slag and 
metal. Therefore, there should be no reaction between the slag 
and the crucible that are initially injected. Below is the reaction 
between slag and crucible calculated through Factsage 8.2, 
a thermodynamic analysis program.

The reaction with the crucible was minimized using 
mgo crucible in the olivine saturated region (m/S 0.5-0.8) 
and Zro2 crucible in the Sio2 saturated region (0.2-0.4). The 
slag also uses pre-melted slag manufactured by rapid cooling  
at 1550°C.

in the experiment for manufacturing the pre-melted slag, 
high-purity samples were evenly mixed, loaded into a crucible, 
and then heated to 1550°C, the temperature of this experiment. 
The furnace atmosphere was maintained at ar and heated 

Fig. 2. Crucible Test with Factsage 8.2 (a) mgo (b) Zro2 (at 0.2 Basicity) (c) Zro2 (at 0.3 Basicity) (d) Zro2 (at 0.4 Basicity)
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after purging ar gas for 2 hours. after that, the slag is kept 
at the highest temperature until the target retention time, and  
quenching

TaBLe 1 and TaBLe 2 show the composition of the input 
pre-melted slag and the composition of the pre-melt Slag after 
manufacturing. There was little change in the component during 
the initial pre-melting process through the mgo crucible, but 
there was no additional elution of Zro2 during the manufactur-
ing stage of the slag through the Zro2 crucible, but changes in 
basicity and Feo components occurred significantly, unlike the 
results of the thermodynamic calculation program. The reason 
is that the equilibrium state derived from the thermodynamic 
program calculates the state of the material that exhibits the 
most stable phase under the given conditions as a state function, 
but in the actual experiment, the reaction takes place through 
a specific reaction path. Therefore, in this equilibrium experi-
ment, in order to match the composition content of slag to the 
level of TaBLe 1 in the Final Slag Composition of TaBLe 2, 
additional small amounts of components were mixed. in this 
case, since most of the slag components have completed the 
melting reaction during the pre-melting process, unlike the initial 
pre-melted slag, the activity value of the components has been 
lowered. Therefore, it is judged that the additional reaction level 
will not have a significant effect on the results of the subsequent 
equilibrium experiment.

2.1. distribution Behavior of ni in slag  
with differential oxygen Pressure

according to the content of Feo in the slag, the equilibrium 
oxygen partial pressure between Fe-Feo is controlled by the 
following relational equation (9). Therefore, in order to con-
firm the distribution behavior of ni in the slag according to the 
oxygen partial pressure, an equilibrium distribution experiment 
was conducted by changing the content of Feo in the slag to 20, 
30, 40, and 50 wt%. at this time, the oxygen partial pressure 
was calculated by the following relational equation (5) and the 
oxygen partial pressure was maintained by injecting a Co/Co2 
mixed gas. and the activity of Fe and Feo was calculated 
through Factsage.

 Feo = Fe + 1/2o2 (6)

 ΔG° = –228,640 + 43.71T  (J/mol) (7)

 K = aFeo/aFe · (Po2)1/2 = exp(–ΔG°/RT) (8)

 Po2 = (aFe · K/aFeo)2
 (9)

2.2. distribution Behavior of ni in slag according  
to slag Basity

next, we conducted an experiment to investigate the effect 
of basicity in slag on ni behavior. The experiment was carried 

out through the previously manufactured Premelt Slag. it was 
conducted at a temperature of 1550°C and the equilibrium oxy-
gen partial pressure was controlled by the activity calculated 
through Factsage.

TaBLe 1

initial slag composition before reaction

no. composition crusible mgo 
(wt%)

sio2 
(wt%)

feo 
(wt%)

#1 mgo/Sio2 = 0.2 
Feo = 30wt% Zro2 11.67 58.33 30

#2 mgo/Sio2 = 0.3 
Feo = 30wt% Zro2 16.15 53.85 30

#3 mgo/Sio2 = 0.4 
Feo = 30wt% Zro2 20 50 30

#4 mgo/Sio2 = 0.5 
Feo = 30wt% mgo 23.33 46.67 30

#5 mgo/Sio2 = 0.6 
Feo = 30wt% mgo 26.25 43.75 30

#6 mgo/Sio2 = 0.7 
Feo = 30wt% mgo 28.82 41.18 30

#7 mgo/Sio2 = 0.8 
Feo = 30wt% mgo 31.11 38.89 30

#8 mgo/Sio2 = 0.6 
Feo = 20wt% mgo 30 50 20

#9 mgo/Sio2 = 0.6 
Feo = 30wt% mgo 26.25 43.75 30

#10 mgo/Sio2 = 0.6 
Feo = 40wt% mgo 22.5 37.5 40

#11 mgo/Sio2 = 0.6 
Feo = 50wt% mgo 18.75 31.25 50

TaBLe 2

Final slag composition after reaction

no. composition crusible mgo 
(wt%)

sio2 
(wt%)

feo 
(wt%)

#1 m/S = 0.1592 
Feo = 25.02wt% Zro2 10.31 64.74 25.02

#2 m/S = 0.2617 
Feo = 24.61wt% Zro2 15.48 59.13 24.61

#3 m/S = 0.3649 
Feo = 24.94wt% Zro2 20.07 54.99 24.94

#4 m/S = 0.5259 
Feo = 28.89wt% mgo 24.51 46.60 28.23

#5 m/S = 0.6102 
Feo = 27.41wt% mgo 27.51 45.08 27.41

#6 m/S = 0.7082 
Feo = 28.05wt% mgo 29.83 42.12 28.05

#7 m/S = 0.8101 
Feo = 27.74wt% mgo 32.34 39.92 27.74

#8 m/S = 0.6195 
Feo = 20wt% mgo 30.91 49.89 19.02

#9 m/S = 0.6064 
Feo = 30wt% mgo 26.86 44.29 28.15

#10 m/S = 0.5979 
Feo = 40wt% mgo 23.23 38.85 37.35

#11 m/S = 0.6084 
Feo = 50wt% mgo 19.44 31.95 48.21
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3. results and discussion

3.1. Behavior of ni in slag under Partial oxygen Pressure

Fig. 2 shows the ni content in the slag according to the 
oxygen partial pressure. Prior to the experimental results, 
the behavior of ni according to the oxygen partial pressure can 
be expressed by the following equation.

 
     2Ni O NiO

2metal n
nl g l slag    (10)

Therefore, if equation (1) is expressed as a formula for 
deriving the equilibrium constant,
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Here, K1 is the equilibrium constant of equation (2), the activity 
of component i is expressed as αi the oxygen partial pressure is 
expressed as Po2 the mole fraction of component i was expressed 
as xi; and the activity coefficient of component i is expressed 
as γni. The ni distribution ratio between metal and slag can be 
expressed as.
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Here, Lni represents the distribution ratio of ni, and since nickel 
dissolved in slag is very small (less than 0.1 mass%), the activity 
coefficient γni can apply Henrian behavior characteristics. Look-
ing at equation (12) above, the equilibrium constant K is a func-
tion related to temperature and is expressed as a constant value 
at a specific temperature. Therefore, since the distribution ratio 
and K value among the terms on the right side can be expressed 
as constants, it can be inferred that the distribution ratio Lni of 
nickel has a linear relationship with the oxygen partial pressure 
logPo2 under temperature conditions. 

Fig. 2. ni distribution ratio in slag according to oxygen partial pressure

3.2. results of testing the behavioral characteristics of ni 
in slag according to basicity 

The following Fig. 3 is the result of the distribution behavior 
experiment of ni in slag according to the basicity.

Fig. 3 below represents the distribution ratio of ni in the 
slag according to basicity. as a result, in the Sio2 saturated region 
(0.2-0.6), the nickel content in the slag tended to decrease as 
the basicity increased, and in the olivine (2mgSio4) saturated 
region, the nickel distribution ratio increased as the mgo content 
increased. in other words, the nickel distribution ratio was the 
lowest when the basicity was (wt.%mgo)/(wt.%Sio2) about 0.6. 

Fig. 3. ni distribution ratio in slag according to basicity

in this experiment, the component system of slag was com-
posed of mgo-Sio2-Feo, of which basic slag was divided into 
mgo and Feo, and acidic slag was divided into Sio2. However, 
Fe, which can have various electron valence ions in the actual 
process, is dissociated into slag in various forms such as Fe2+ 
and Fe3+, so Feo does not exist alone but is expressed as Feot 
because it exists with Fe2o3 and Fe3o4. Therefore, in considera-
tion of this, the basicity was fixed to mgo/Sio2.

at this time, the activity of oxygen ions in the Slag is as-
sumed to be the activity of mgo according to the basicity in the 
slag. Through this, the dissolution behavior of nickel has an 
inflection point in accordance with the mgo component content. 
Since ni in the slag is most stable to exist in the form of ni2+, 
it was determined that the dissolution behavior of ni in the molten 
slag takes place through the following two dissociation processes.

 (Basic slag) ni + 1/2o2 + o2– = nio2
2 (13)

 (acidic slag) ni + 1/2o2 = ni2+ + o2– (14)

in addition, through Factsage 8.2, the activity of nio in the 
slag according to the basicity (mgo/Sio2) at mgo-Sio2-Feo 
system was shown. it is shown in Fig. 4, the activity of nio 
was different from this experiment in the exact inflection point 
basicity, but it was found that it had an inflection point accord-
ing to the basicity.
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Therefore, in the mgo-Sio2-Feo component system, the 
dissolution behavior of nickel in slag is judged to act as acidic 
slag in the olivine saturated area and as basic slag in the Sio2 
saturated area.

in particular, comparing the results of this experiment with 
Figs. 12 and 13 calculated in the thermodynamic calculation 
program, it can be seen that the inflection point of nio activity 
is between the olivine saturation area and the Sio2 saturation 
area. This shows that as Sio2 or mgo components are saturated 
in slag, the dissolution behavior of ni changes, and this behav-
ior is oxides that have neither very large nor very small supply 
power of oxygen ions in a specific slag component system. These 

oxides perform basic slag behavior that supplies oxygen ions to 
maintain the neutrality of the slag, or on the contrary, acidic slag 
behavior that is intended to be simplified by receiving oxygen 
ions to cut the structure. Therefore, the dissolution behavior of 
ni in slag is also judged to have such a amphoteric behavior in 
the mgo-Sio2-Feo component system.

4. conclusions

in this study, the effects of oxygen partial pressure and 
basicity on the ni distribution ratio in the slag in a Feo-mgo-
Sio2 slag system were investigated to determine the optimal slag 
composition for nickel smelting in nickel oxide mines. as a re-
sult, it was found that the distribution ratio of nickel increased 
linearly as the oxygen partial pressure increased under the melt-
ing condition of 1550°C. in addition, since Fe in slag increases 
the oxygen partial pressure, it can be expected that the oxygen 
partial pressure will increase as the Feo content increases. in ad-
dition, the distribution ratio of ni under the melting condition 
of 1550°C tended to decrease in the Sio2 saturation zone and 
increased in the olivine saturation zone. 
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