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ABSTRACT

Ferronickel slag is the by-product that was obtained from ferronickel production and contains Si and Mg as the main elements. The
decomposition process using alkali could decrease energy consumption to process ferronickel slag by decreasing its melting point.
The mixing methods before the decomposition process could significantly affect the interaction between reactants over the process,
therefore it is essential to study. This study aims to determine the effect of mixing methods of ferronickel slag and NaOH prior
decomposition process on the chemical composition, phase, and microstructure of decomposed ferronickel slag. Two different mixing
methods, physical mixing and impregnation, followed by roasting process at 350 °C for 60 minutes were performed, characterized,
and analysed. Thermodynamic analysis was calculated and shows a good agreement with the characterization results which the for-
mation of sodium silicate, magnesium hydroxide and iron oxide were identified. The formation of spotty decomposition and distribu-
tion of the product layer can be observed as the decomposed ferronickel slags that were priorly mixed by physical mixing and im-

pregnation, respectively. Therefore, the effectiveness of impregnation over physical mixing was investigated.
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INTRODUCTION

Nickel production in Indonesia has increased sharply as well as
globally. Report of USGS shows that nickel production in Indo-
nesia was about 130,000 metric ton in 2015 and dramatically es-
calated up to 1,600,00 metric ton in 2022, almost half of world-
wide nickel total production [1], [2]. Consequently, the by-prod-
uct, ferronickel slag, increased as well since the production of a
part of ferronickel generated 8 - 14 parts of ferronickel slag. In-
creasing the value added of ferronickel slag could support a cir-
cular economy and is essential to tackle further problems that
might emerge due to its accumulation and complex chemical
content that might be environmentally leached to the soil and
ground water. Furthermore, it has various opportunities to recy-
cle [3]. Previous studies were conducted to utilize ferronickel
slag as materials for cement [4] — [7], concrete [8]-[11], polymer
[12], mortar [7], [8], magnesium [13] — [15], magnesium metal
and ferro alloy [16] as well as for refractory [17].

The ferronickel slag contains SiO2 41 — 46%, MgO 30 — 41%,
Fe20310 — 14%, Al203 2 — 5%, Cr203 1,4 — 1,9% and other com-
pounds including rare earth elements (REE) in the amount of
less than 1% [15], [18]. It allows ferronickel slag to be used as
secondary raw materials for Si, Mg and REE as well through
pyrometallurgy, hydrometallurgy, and combination of both pro-
cesses. However, refractory components in the ferronickel slag
such as SiOz and MgO, caused it has high melting point, about

1450 — 1650 ° C. Therefore, high energy is required for ferro-
nickel slag processing. Decomposition process can be performed
to reduce high energy that is required for the process. Some pro-
cesses such as alkali roasting [18], reduction process [16], [19]
—[21], leaching [12], [22] - [23], and combination of these pro-
cesses [14] — [15], [24] — [26] were studied. Na.CO3 addition
could reduce the melting point of the mixture to about 850° C
[18], [27]. Utilization of lower melting point chemicals such as
Na202 [26], NaOH, and NazSiOs [12] allow decomposition pro-
cess conducted at lower temperature.

Beside the energy consideration, contact between reactants with
respect to the mixing process, however, influences characteriza-
tions of decomposed product. Solid-solid mixing is a simple
method prior to decomposition process, but it needs higher tem-
perature and longer time to decompose as well as smaller parti-
cle size to enlarge contact area that also needs additional time
for milling and sieving. On the other hand, solid-liquid mixing
is expected in resulting better reactions and diffusions processes
by using lower energy since diffusion occurred from solid to lig-
uid more quickly and vice — versa. In the leaching process that
solid-liquid reaction conducted, contact between reactants can
be maximized by various parameters such as solid to liquid ratio
and mixing speed. However, in the pyrometallurgical process,
such as reduction and roasting, mixing process thoroughly might
bring different results since it affects interaction between reac-
tants. Therefore, it is essential to study to determine the appro-
priate preliminary process, primarily to promote better reactions.
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In this study, ferronickel slag and NaOH were mixed by two dif-
ferent methods, roasted, and characterized. Transformation of
chemical composition, phase, and microstructure of roasted fer-
ronickel slag with two different mixing methods were deter-
mined and discussed. This provides a new insight into mixing
mechanism in the preliminary step of decomposition process for
ferronickel slag using NaOH with lower energy consumption
that led sodium silicate formation, and subsequently directed to
the selective silica separation and upgrading remaining metals
contained.

MATERIAL AND METHODS

Materials

In this study ferronickel slag was obtained from a smelting plant
in Morowali, Central Sulawesi, Indonesia. The ferronickel slag
was prepared by drying at 110 °C for 12 hours in the oven fol-
lowed by crushing, milling, and sieving to produce ferronickel
slag with particle size of -149 um. Analytical chemical grade of
sodium hydroxide (NaOH) from Merck was previously mixed
by both, physical mixing, and impregnation, to decompose the
sieved ferronickel slag in the roasting process.

Methods

The sieved ferronickel slag and NaOH were weighted with ratio
of 1:1 by weight prior mixing process that was conducted into
two methods, physical mixing, and impregnation. For the for-
mer, NaOH pellets were directly mixed to the ferronickel slag
by physical mixing before roasted at 350 °C for 60 minutes, and
the roasted product is mentioned as RWI. For the later, NaOH
was diluted in the distilled water before impregnated to the
weighted ferronickel slag that accompanied by mixing at 200
rpm and heating at 100 °C. The impregnated mixture was then
evaporated at 110 °C for 240 minutes, followed by roasting at
350 °C for 60 minutes, and the roasted product cited as RI.
Roasting process of both were conducted in the carbolite furnace
CWF 1300 using ceramic crucible and incurred subsequently af-
ter reaching ambient temperature. Furthermore, RWI and RI
were characterized to determine the effect of mixing methods
prior the decomposition process of the ferronickel slag. Thermo-
dynamic analysis was counted by using HSC Chemistry 6.0.

Characterizations

XRF (X-ray fluorescence), XRD (X-ray diffraction), and SEM-
EDS (Scanning Electron Microscope-Energy Dispersive Spec-
troscopy) analysis were conducted to the sieved ferronickel slag,
RI and RWI to investigate the transformations. XRF analysis
was performed using Bruker S2 Puma to determine chemical
compositions. XRD analysis was carried out by Smartlab
Rigaku at a 260 angle from 20 — 80 °, using Cu anode and wave-
length of 1.541487A to interpret the phase transformation.
Moreover, SEM-EDS was performed by JOEL Jsm 6390A to
figure out the morphology transformations, semi-quantitative
chemical composition in the specific area, and mapping.

RESULTS AND DISCUSSION

Thermodynamic analysis

Olivine ((Mg,Fe)2SiO4) is the main phase of ferronickel slag
[18], [26], [28], which is in the atmospheric condition sintering
of the olivine could be detected as MgzSiOa, SiO2, Fe20s [18],
[26], Fe2SiO4 [14] [15] and MgSiOs [29] . Based on the main
phase in the ferronickel slag, reactions between ferronickel slag
and NaOH in the decomposition process are proposed as fol-
lows:

SiO2 + 2NaOH - NazSiOs + H20 (1)

Fe2SiOs + 2NaOH - NazSiOs + 2FeO+H20 (2)

MgSiOs + 2NaOH - Na;SiOz + Mg(OH): (3)
Mg2SiO4 + 2NaOH - NazSiOs + 2Mg(OH)2 (4)

Fig. 1 shows the graph of Gibbs free energy of ferronickel slag
and NaOH for reaction (1) — (4) at temperature of 0 — 1100 ° C.
Reactions (1) and (2) indicate spontaneous reaction can be oc-
curred over the temperature range. However, the value of Gibbs
free energy tends to increase as temperature rise and become
unspontaneous for reactions (3) and (4) at temperature of about
900 ° C and 620 ° C, respectively. It shows that decomposition
can be performed at low temperatures and provides beneficial
impact for energy utilization. Moreover, formation of product
reactions as mentioned in reaction (1) — (4) can be confirmed by
XRD analysis in the further discussion.
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Fig. 1 Gibbs free energy of reaction (1) — (4)

The effect of mixing methods prior decomposition process of
ferronickel slag

NaOH addition to the ferronickel slag with ratio 1:1 by weight
followed by roasting process assured the transformation of
chemical composition, phase, and microstructure. Due to the dif-
ferent mixing methods, physical mixing and impregnation, were
performed in this study, the effect of mixing methods that was
conducted prior decomposition process to the decomposed fer-
ronickel slag is discussed here.

The transformation of chemical compositions

The chemical compositions of ferronickel slag, RWI, and Rl are
shown in Table 1. It identified MgO and SiO as the main com-
ponents of ferronickel slag followed by Fe203, Al2Os, and Cr2Os.
Meanwhile, the remaining components are less than 1 %. More-
over, the chemical compositions of the RWI and RI show that
the main components, MgO and SiOz, experienced significant
change by NaOH addition that caused Na2O composition pre-
sented in the roasted products, RWI and RI, at 63.22 and 46.91
%, respectively. It is interesting to note that, the smaller Na.O
content, the higher content of MgO and SiO2 emerged in the
roasted products. The MgO content of RI was higher, about three
times, than RWI and exhibited 11.79 %. Meanwhile, the SiO2
content of RI surpassed RWI one and a half times at 25.16 %. In
addition, Al.O3 content of RI was higher about 2.5 times than
RWI. It indicates that mixing by impregnation that contacted
NaOH solution to the surface of ferronickel slag was able to
make a better contact and diffusion due to solid-liquid mixing.
Therefore, RI resulted in better decomposition compared to RWI
that has solid-solid mixing and causing spotted contact that fur-
ther could form agglomeration to the mixture. However, the con-
tent of Fe203 of raw ferronickel slag, RWI, and Rl are exhibited
identic for its chemical composition since it used same basis and
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were calculated as Fe;Os in the XRF analysis. The transfor-
mation of phases more affects iron oxide instead of chemical
composition in the decomposition process of ferronickel using
NaOH.

Table 1 XRF analysis of Ferronickel slag, RWI and RI

Compound (%) Ferro- RWI RI
nickel slag
Na,O - 63.22 46.91
Al,03 4.04 1.08 2.69
MgO 41.04 3.97 11.79
TiO2 0.0975 0.108 0.108
Fe20s 10.78 11.37 10.22
Si0. 40.74 16.89 25.16
Ca0 0.7050 0.588 0.607
Cr203 1.47 1.406 1.289
NiO 0.0535 0.066 0.054
Zno 0.0255 0.034 0.027

The phase transformations

Fig. 2 describes XRD analysis of ferronickel slag and shows ol-
ivine ((Mg, Fe)2SiOa) as the main phase of ferronickel slag that
has a good agreement with the previous research [18], [26] [28].
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Fig. 2 XRD analysis of ferronickel slag
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Fig. 3 XRD analysis of RWI and RI

Fig. 3 shows the XRD analysis of the RWI and the RI.
Naz(MgSiOa), FesO4, Na2SiOs and Na2A2ISiOs are identified in
the RWI and RI, while Mg(OH): is just detected in the RI. The
existence of Na2(MgSiO4) indicates that contact occurred, even
though, a longer reaction time might be required to optimize the
decomposition process. The presence of Na2SiOz and Mg(OH)2
are in good agreement with the thermodynamic analysis previ-
ously. However, Mg(OH)2 was not formed in the RWI. It shows
that magnesium silicates, Mg2SiO4 and MgSiOs, were not de-
composed as reaction (3) and (4) for RWI and causing higher
peak intensity of Naz(MgSiOa) at 26 angle of 35.26 than RI. On

the other hand, Mg(OH). was detected in the Rl and indicates
that reaction (3) and (4) for Rl were occurred, causing higher
peak intensity of NaSiOsthan RWI especially that is shown on
26 angle of 34.36 °. The presence of FesOq instead of FeO as
predicted in the thermodynamic analysis is due to oxidation that
might have occurred along the roasting process. Moreover,
Na2Al2SiO4 formation occurred due to reaction between Alumin-
ium oxide and sodium silicate that might reduce sodium silicate
formation in the roasted products.

The morphology transformations

SEM-micrograph and EDS analysis to the raw ferronickel slag
were performed in the previous study [18]. It has rough and var-
ious particle sizes with Si and O as the primary elements fol-
lowed by Mg and Fe. Fig. 4 (a) and (b) depict the morphology
of the RWI and the RI respectively. The differences of these two
figures are clearly can be seen, irregular surface decomposition
of decomposed slag was depicted on the RWI and more eroded
reaction product was observed in the RI. This indicates that de-
composition process in the RI, which was solid-liquid mixing,
was more effective than in the RWI, which was solid-solid mix-
ing.

Fig. 4 (c) and (d) depict the areas for EDS analysis of the RWI
and RI respectively in the magnification of 2000x. Brightness
areas of the RWI (area 1) and the RI (area 2) show that Mg, Al,
and Cr have higher content than the areas that have lowest
brightness. Meanwhile, Si and Fe was observed on the lowest
brightness areas (area 2 of the RWI and area 1 of the RI).

Table 2 Semi-quantitative element analysis of EDS

Element RWI (%) RI (%)

Area 1 Area 2 Area 1 Area 2
(0] 42.28 45.41 37.34 40.81
Na 20.18 22.43 25.89 21.97
Mg 15.09 7.75 7.26 13.24
Al 291 212 1.98 2.14
Si 12.09 15.55 16.69 13.08
Cr 0.66 0.59 1.00 1.03
Fe 4.73 3.72 7.37 4.76
Cu 1.29 1.26 1.66 1.56
Zn 0.77 117 0.83 1.41

X500 50pm 0000 1130 SEI

(d)
Fig. 4 SEM micrograph of (a) RWI with 500x of magnification
(b) RI with 500x of magnification (c) RWI with 2000x of mag-
nification (d) Rl with 2000x of magnification

Decomposition mechanism of ferronickel slag using NaOH

The mechanism of decomposition process of the RWI and Rl are
illustrated in Fig. 5. Decomposition of the RWI could be oc-
curred after melting point of sodium hydroxide, 318 ° C, viscous
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melted sodium hydroxide could not be dispersed easily and react
to the surface that has contact to it, ferronickel slag tends to ag-
glomerate when contact to the viscous melted sodium hydrox-
ide, therefore spotty decomposition occurred, as figure out on
Fig. 5. Moreover, spotty decomposition is illustrated by SEM-
mapping of RWI on Fig. 6 (a) and marked by red square in the
top-right corner. It shows that Fe and Cr elements clearly dis-
tributed on that area without the presence of O, Na, Mg, Al, and
Si elements.

Physical miving

Roasting a1

350°C

Roasted f' L »
praduct L
-

Roasted
product

Roasting at
350°C

RI

O Ferronickelslag @ NaOIL

Fig. 5 Mechanism of decomposition process by physical mixing
and impregnation

NaOH Selution @ Roasted product

Meanwhile, the larger and further immerse decomposition oc-
curred in the Rl as is illustrated in Fig. 5 and shown in the SEM-
mapping of Rl in Fig. 6 (b). The elements are uniformly distrib-
uted over the surface area. Moreover, Zn content in the RI shows
more higher than the RWI. Reaction between sodium hydroxide
solution and ferronickel slag allows diffusion occurred from lig-
uid to solid and vice versa. Moreover, the presence of water in
the mixture reduced the viscosity of sodium hydroxide solution
and increased its flow ability that possibly make larger contact
and molecules attachment to the surface of ferronickel slag. Fur-
thermore, it could accelerate breakage of the components espe-
cially for Si-O, Mg-O and Al-O [25] that the contents have sig-
nificantly influenced. Heterogeneous reactions were occurred
from surface to the core forming product layer and progressively
eroded ferronickel slag as alkali roasting conducted continu-
ously [25]. Therefore, the morphology of RI looked more liber-
ated than RWI.

(b)
Fig. 6 SEM-Mapping of (a) RWI (b) RI

This current work represents how the preliminary process such
as mixing process influences interaction between reactants and
causing transformation of chemical composition, phases, and
microstructure. Mixing by impregnation provides better decom-
position compared to physical mixing, especially for sodium sil-
icate formation. Optimization to this process need to be per-
formed in the future to maximized sodium silicate formation and
prevent Na,Al:SiO4 formation. Therefore, main component of
the ferronickel slag, silica, could be selectively extracted first
optimally before recovering the other valuable metals.

CONCLUSIONS

The effect of mixing methods prior the decomposition process
of ferronickel slag was studied. The effectiveness of impregna-
tion over physical mixing is shown from the characterization re-
sults of the decomposed products. XRF analysis shows the
higher chemical compositions for Al, Mg and Si by 2.5, 3, and
1.5 times, serially. Moreover, the higher diffraction of sodium
silicate phase in the XRD analysis of the Rl was also supported.
Formation of Na;SiOs, Mg(OH)2 and FesO4 in the XRD analysis
indicated that decomposition of ferronickel slag and NaOH was
performed and having a good agreement with the thermody-
namic analysis. Furthermore, SEM analysis indicates the for-
mation of product layer from reaction of ferronickel slag and
NaOH solution of RI are more well distributed, while reaction
in the RWI tends to cause spotty decomposition.
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