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Abstract: Nickel is the main alloying element of stainless steel. Along with the increasing
demand for stainless steel, the demand for nickel will also increase. Currently, the Indonesian
government plans to add several smelters. Along with the increase in the number of smelters, this
will have an impact on the production capacity of nickel and other metals. The positive impact that
can be felt is the increase in the country's foreign exchange in terms of investment and also exports
and imports. However, in the nickel extraction process, there is more slag was produced than the
product itself. Then the waste in the form of slag in production will also increase. So the authors
research and prove that this ferronickel slag can still produce a much more useful and useful output.
This study aims to make refractory material from ferronickel slag with the addition of MgO which
is compacted and through a roasting process. The magnesia additive variables used were 10, 20, 30,
and 40 wt%. The roasting process was carried out at a temperature of 1200, holding time for 30
minutes, and oven heat rate of 5°C/minute. The results of the roasting process carried out two
characterizations and 1 test. For characterization using SEM-EDS (Scanning Electron Microscope —
Energy Dispersive X-Ray) and XRD (X-Ray Powder Diffraction). The test carried out is a
compressive strength test. In the production of refractory raw materials, it is found that forsterite
(Mg:Si04) and spinel phases are increasing along with the addition of MgO additives. In terms of
compressive strength, there is a maximum point obtained when adding 30 wt% additives.

Keywords: Ferronickel Slag; Magnesia; Roasting; Forsterite; Spinel Phase; Compressive
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1. Introduction

The increase in the number of smelters will have an
impact on increasing ferronickel production capacity. On
the other hand, the number of slags will increase
dramatically. The production of each ton ferronickel
generates 8 tons of slags). Many research activities
focused on using slag or the ferronickel slag for recovery
the precious compounds or valuable metals by applying
various methods such as selective recovery or other
treatment®¥. Other studies showed that slag or ferronickel
slag could be used as a raw material for specific purpose
for example in construction materials>®.

More than 65% of nickel is used in the stainless-steel
industry, and about 12% is used in the manufacturing of
superalloys or nonferrous alloys”®. Indonesia is one of the
world's nickel-producing countries of the lateritic type, as

well as world nickel reserves based on the United States
Geological Survey report in January 2015,

Laterite Nickel is a nickel resource derived from laterite
nickel ore. The formation of laterite nickel ore is from a
collection of several serpentine and goethite minerals, the
type of rock that experienced the earliest weathering of the
Earth's mantle!?. The composition and characteristics of
laterite nickel vary in Indonesia. These differences can be
influenced by the type of physical appearance on the
surface, including the type of laterite, lithology, growing
vegetation, and morphological conditions'”. Laterite
nickel from the Palangga area, Southeast Sulawesi has
limestone as a cover for laterite nickel deposits. Then
under the limestone, there are new lateritic nickel deposits
which are divided into three zones, namely the limonite,
saprolite, and bedrock zones'?. Then in the Pomalaa area,
Southeast Sulawesi. The highest levels of nickel are also
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found in the saprolite layer. That contains about 1.5 - 3%.
The saprolite zone in this area has a thickness of 2-7
meters'?. Indonesian laterite ore mainly been used for
ferronickel production and in the future several number of
smelters will be constructed; the number of ferronickel
slags ~ will also increase. = Pyrometallurgical,
hydrometallurgical by-products or any other products
produced by mining-extractive metallurgy processing
may lead environmental issue for example heavy metal
pollution caused by industrial wastewater discharged'®.
Therefore, it is important to use environmentally friendly
process to extract valuable metals from ores for example
the implementation of bioleaching to process low grade
ore'. The other way is the utilization of these by-products
for other applications.

In recent studies that have been carried out on the
beneficiation of ferronickel slags, such as: as an addition
to geo-polymers, it has been shown to improve
mechanical properties of geo-polymers and have less
discontinuities'®, as a cement mixture that can increase
workability and delays the hydration process so that the
cement strength increases by more than 90%'!”, as a
secondary source of several precious metals'®), and as a
refractory material by adding magnesia which results in
good effects in terms of thermodynamics'® 20,

2. Methods

This research uses ferronickel slag from Sulawesi as the
main raw material. Its purpose is to make refractory
material. In the first stage, the slag is subjected to a drying
process, then crushing and grinding to a size of 200 mesh.
After the size is uniform, several gram samples were
characterized to obtain initial composition and
morphology data using SEM-EDS (scanning electron
microscope — energy dispersive X-ray), and XRD (X-ray
powder diffraction). Then the other slag samples were
divided and added with magnesia additives with 4
percentage variables and each had 3 samples. Those
variables are 10, 20, 30, and 40 wt% addition of MgO.
Furthermore, the 12 samples were each compacted with a
pressure of 200 MPa Each sample was compacted with a
gradual increase in compressive strength until it reached
200 MPa. The goal is that the contact between the particles
is getting closer and closer so that when removing the
sample from the briquette, the pellet is in the perfect shape
without defects.

The result of compaction in the form of solid pellets is
reheated in a tube furnace with inert conditions, with a
temperature of 1200°C for 30 minutes, and a heat rate of
5°C/minute. This process is to sinter the particles
uniformly and make a strong bonding between each
particle?!). After held the samples for five minutes at the
specific temperature, immediately turn off the oven to
start cooling down the samples. Those samples were kept
in the oven until the atmosphere of the oven is back to
room temperature. Then one roasted product is taken from
each variable, a compressive test is carried out to

determine its compressive strength. The rest of the roasted
product was then milled to 200 mesh and characterized
using SEM-EDS and XRD.

3. Results and Discussions

After the sintering process is carried out in the furnace,
the sample is again subjected to the milling process to a
size of 200 mesh. The milling process aims to make the
SEM-EDS and XRD characterization process runs well.
The SEM-EDS characterization of the slag sample refers
to the morphology of the structure and also the elements
contained in the sample according to the area being
observed. EDS observations are in the area that is inside
the red box area.

(©

Fig. 1 (a) SEM picture of pure ferronickel slag sample (b)
SEM picture of 10 wt% sample (¢) SEM picture of 20 wt%
sample (d) SEM picture of 30 wt% sample (e¢) SEM picture of
40 wt% sample

As seen from Fig. 1(a), there has not been much
bonding between particles. The particle size is still not
uniform. This proves that the XRD observations are
correct, showing that only a few compounds have been
detected. The majority of these compounds are hematite
(Fe203), forsterite, and Si0,%?). In terms of grain size, it
tends to be non-uniform and looks large. The results
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obtained from the SEM-EDS observations are attached in
Table 1. If you look at the table, the effect of adding MgO
to the 10 wt% sample is seen in the significant increase in
Mg levels. In addition, Si and O contained also increased.
This may refer to the increased formation of forsterite
(Mg2Si0g).

From Fig. 1(b), it can be seen that the grains at the
electron shooting location look darker than the SEM
image in Fig. 1(a). The grain size is also smaller than the
sample in Fig. 1(a). With the change in the size of the
existing grains, it indicates that more compound bonds
occur between MgO and the compounds contained in
ferronickel slag. In the sample of 20 wt%, the elements
detected by the EDS tool are as shown in Table 1. In these
data, there is not too much increase related to the addition
of MgO which is now 20 wt%. From Fig. 1(c) it can be
seen that the grain size of the sample becomes smaller and
tends to be more homogeneous in size.

In Fig. 1(d), it can be seen that the particle size of the
particles is smaller and more uniform and the bonds
between the particles appear darker. From this, it indicates
that the darker color is the forsterite compound formed.
The reaction occurs as the MgO increases following the
reaction in Equation 1.

Table 1. EDS Data

MgO Addition (Wt%)
Elements 10 | 20 | 30 | 40
0 4127 | 2376 | 24.81 | 2829 | 293
Mg 092 | 536 | 7.11 | 1525 | 26.14
Al 829 | 404 | 35 | 3.98 | 4.07
Si 1632 | 824 | 7.19 | 8.85 | 11.26
P 44 | 266 | 622 | 3.61 | 2.47
Ca 13.57 | 18.08 | 19.17 | 14.53 | 9.97
Ti 743 | 15.45 | 16.03 | 10.71 | 6.66
Fe 762 | 1632 | 12.83 | 11.55 | 8.09
Others | 0.18 | 6.09 | 3.14 | 3.23 | 2.04

In the 40 wt% sample, there was a significant increase
in Mg levels compared to other samples. And there is an
increase in levels of Si and O elements leading to the
formation of a more dominant forsterite phase. When
viewed from the SEM results, the visible bond colors tend
to be darker than the images in the other samples. This
further indicates that the more dominant phase in this
variable is forsterite?”. The grain size is also smaller and
uniform when compared to other samples.

In order to determine the chemical composition and
compounds contained in the sintered sample, XRD testing
was carried out. According to Fig. 2(a) regarding the XRD
results of the slag samples used. In samples that have not
been added with MgO additives, the high intensity of
hematite (FeoO3) which is the strongest absorber of heat
energy, makes MgO react with hematite and Cr,O3 to form
magnesium iron chromate spinel?”. This reaction is as
shown in Equation 2.
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Fig. 2 (a) XRD pattern of pure ferronickel slag sample (b)
XRD pattern of 10 wt% sample (¢) XRD pattern of 20 wt%
sample (d) XRD pattern of 30 wt% sample (e) XRD pattern of
40 wt% sample

In Fig. 2(b), the enstatite compound is the compound
with the highest intensity. Next is the hematite phase as
the second-highest intensity compound in the sample.
With the addition of MgO additive, a forsterite formation
reaction occurs where a reaction occurs between enstatite
(MgSiOs) and MgO'?,

MgSiO; + Mg0 = Mg,SiO4.....c.coevenennn. @

However, the spinel phase formed tends to have low
intensity. For the formation of magnesium iron chromate
spinel??, the following reaction occurs:

5Mg0 + 3Cr,03 + 2Fe,03 = 5MgFeygCry ,0,...(2)

If in the sample of 10 wt% MgO, the enstatite
compound has the highest intensity, in Fig. 2(c), the
compound with the highest intensity is forsterite.
Forsterite is increasing because the enstatite present reacts
with MgO. Furthermore, in Fig. 2(d), the forsterite phase
begins to tend to stabilize and the magnesium iron
aluminate spinel phase begins to form. The formation of
the magnesium iron aluminate spinel phase occurs due to
the reaction between MgO, alumina, and hematite as in
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Equation 327,
5MgO + 4Al203 + F6203 = 5MgFeO’4Al1’604......(3)

Samples of 40 wt% MgO, had spinel and forsterite
phases which were more dominant than the previous
samples. As seen in Fig. 2(e). So that it can be said that
the more MgO additives are added, the more dominant
phases are forsterite and spinel phases. Where the two
phases react with each other with MgO which makes the
growth of the forsterite and spinel phases increase.

35 - | —=— Compressive Strength |
30 4
25 4

20 4

10 20 30 40
wi% MgO

Compressive Strength (MPa)

Fig. 3 Compressive Strength

One of the requirements for a material to become a
refractory material is to have a high compressive strength.
The compressive strength obtained from this test is shown
in Fig. 3. Where the graph is obtained from the data from
Table 2. It shows that the maximum compressive strength
is in the sample containing the additive 30 wt% MgO.
Then the compressive strength decreased in samples
containing 40 wt% additives. Eventually, the maximum
compressive strength with the addition of MgO for 30
wt% can reach 206.62 MPa, with some differences in
additives and the slag conditions'?. The beneficiation of
slag in this study can be an alternative process to reduce
the environmental problem which will be increase in the
future due to smelting activities in Indonesia. In the future,
it is essential that every activity related to mining, refining
or processes that have a risk of environmental impact to
comply with environmental regulations issued by the
government 29,

Table 2. Compressive Strength Data

Sample Diameter | Area UTS Comp.

(wt % 2 | Strength

MgO (mm) (mm®) | (kgf/mm°) (MPa)
10 253 502.93 0.128 1.26
20 19.4 295.7 0.88 8.63
30 20.4 326.98 3.24 31.77
40 20.5 330.2 2.27 22.3

4. Conclusions

There are three dominant compound elements
contained in Ferronickel Slag. These compounds are
hematite, SiO,, and forsterite. Compounds produced by
sintering products are diverse. With the addition of 10-40
wt% additives, the resulting compound is started from the
growth of the forsterite phase, and the formation of the
spinel phase. And the more additives are added, the more
dominant phases are forsterite and spinel phases. One of
the properties of refractory materials is that they have high
compressive strength. In this case, from the variables
carried out in the study, the variable addition of MgO 30
wt% was the most optimal sample. According to the
results of the compression test, the variable is the
maximum point of the compressive strength achieved.
The compressive strength of the addition of 30 wt% MgO
is 31.77 MPa.

Acknowledgements

The authors would like to express their gratitude for the
funding from Hibah Publikasi Terindeks Internasional
(PUTI) Prosiding 2020 Universitas Indonesia : BA-
1045/UN2.RST/PPM.00.03.01/2021.

References

1) F.R. Mufakhir, Z. Mubarok and Z. T. Ichlas., (2017).
Leaching of silicon from ferronickel (FeNi) smelting
slag with sodium hydroxide solution at atmospheric
pressure. IOP Conf. Series: Materials Science and
Engineering 285 (2017) 012003. doi:10.1088/1757-
899X/285/1/012003

2) Banda, W., Morgan, N., Eksteen, J.J., (2002). The
role of slag modifiers on the selective recovery of
cobalt and copper from waste smelter slag. Miner.
Eng. 15, 899-907. https://doi.org/10.1016/S0892-
6875(02)00090-0.

3) Huang, F., Liao, Y., Zhou, J., Wang, Y., Li, H.,
(2015). Selective recovery of valuable metals from
nickel converter slag at elevated temperature with
sulfuric acid solution. Sep. Purif. Technol. 156, 572—
581. https://doi.org/10.1016/j.seppur.2015.10.051

4) Rudnik, E., Burzynska, L., Gumowska, W., (2009).
Hydrometallurgical recovery of copper and cobalt
from reduction roasted copper converter slag. Miner.
Eng. 22, 88-95.
https://doi.org/10.1016/j.mineng.2008.04.016

5) Saha, A.K., Khan, M.N.N., Sarker, P.K., (2018).
Value added utilization of by-product electric furnace
ferronickel slag as construction materials: a review.
Resour. Conserv. Recy. 134, 10-24.
https://doi.org/10.1016/j.resconrec.2018.02.034

6) Katsiotis, N.S., Tsakiridis, P.E., Velissariou, D.,
Katsiotis, M.S., Alhassan, S.M., Beazi, M., (2015).
Utilization of ferronickel slag as additive in portland

- 522 -


https://doi.org/10.1016/S0892-6875(02)00090-0
https://doi.org/10.1016/S0892-6875(02)00090-0
https://doi.org/10.1016/j.seppur.2015.10.051
https://doi.org/10.1016/j.mineng.2008.04.016
https://doi.org/10.1016/j.resconrec.2018.02.034

Effect of 10, 20, 30, 40 wt% MgO addition on Ferronickel Slag Roasting to Produce Raw Materials for Refractory

cement: a hydration leaching study. Waste Biomass
Valori. 6, 177-189. https://doi.org/10.1007/s12649-
015-9346-7

7) Moskalyk, R.R., Alfantazi, A.M., (2002). Nickel
laterite processing and electrowinning practice.
Miner. Eng. 15, 593 - 605.
https://doi.org/10.1016/S0892-6875(02)00083-3

8) Johnson, Jeremiah, Reck, B.K., Wang, T., Graedel,
T.E., (2008). The energy benefit of stainless-steel
recycling. Energy policy 36 (1), 181-192.
https://doi.org/10.1016/j.enpol.2007.08.028

9) GEOMAGZ-Majalah Geologi Populer. (n.d.).
Geomagz. Retrieved December 04, 2020, from
http://geomagz.geologi.esdm.go.id/nikel-komoditas-
logam-strategis/.

10) V. Sagapoa, C., Imai, A., Ogata, T., Yonezu, K., &
Watanabe, K. (2015). Lateritization process of
peridotites in  siruka, Choiseul, = Solomon
Islands. Journal  of  Applied  Geology, 3(2).
https://doi.org/10.22146/jag.7184.

11) Mubdiana, A., Widodo, S., Anshariah., (2015).
Karakteristik Endapan Nikel Laterit Pada Blok X Pt.
Bintang delapan Mineral Kecamatan Bahodopi
Kabupaten Morowali Provinsi Sulawesi Tengah.
Jurnal Geomine, Vol. 01 No. 1.

12) Lintjewas, L., Setiawan, 1., & Kausar, A. A. (2019).
Profil Endapan Nikel Laterit di Daerah Palangga,
Provinsi Sulawesi Tenggara. RISET Geologi Dan
Pertambangan, 29(1), 91.
doi:10.14203/risetgeotam2019.v29.970.

13) Kamaruddin, H., Indrakususma, R. A., Rosana, M. F.,
Sulaksana, N., & Yuningsih, E. T. (2018). Profil
Endapan Laterit Nikel Di Pomalaa, Kabupaten
Kolaka, Provinsi Sulawesi Tenggara. Buletin Sumber
Daya Geologi, 13(2), 84-105.
doi:10.47599/bsdg.v13i2.221.

14) Masaki, Yusei. (2016) Evergreen Joint Journal of
Novel Carbon Resources Sciences & Green Asia
Strategy, Vol. 03, Issue 02, pp. 59-67.
https://doi.org/10.5109/1800873

15) Tanaka, Masahito. (2017). Evergreen Joint Journal of
Novel Carbon Resources Sciences & Green Asia
Strategy, Vol. 04, Issue 04, pp. 1-7.
https://doi.org/10.5109/1929724.

16) Maragkos, 1., Giannopoulou, I. P., & Panias, D.
(2008).  Synthesis of Ferronickel Slag-based
Geopolymers. doi:10.1016/].mineng.2008.07.003.

17) Lemonis, N., Tsakiridis, P., Katsiotis, N., Antiohos,
A., Papageorgiou, D., Katsiotis, M., & Katsioti, M.,
(2015). Construction and Building Materials.
Hydration Study of Ternary Blended Cements
Containing Ferronickel Slag and Natural Pozzolan.
https://doi.org/10.1016/j.conbuildmat.2015.02.046.

18) Li, Y., Perederiy, 1., & Papangelakis, V. (2008).
Cleaning of Waste Smelter Slags and Recovery of
Valuable Metals by Pressure Oxidative Leaching.
https://doi.org/10.1016/j.jhazmat.2007.07.052

19) Gu, F., Peng, Z., Zhang, Y., Tang, H., Ye, L., Tian,
W., lJiang, T. (2018). Facile Route for Preparing
Refractory Materials from Ferronickel Slag with
Addition of Magnesia.
https://doi.org/10.1021/acssuschemeng.7b04336.

20) Peng, Z., Tang, H., Augustine, R., Lee, J., Tian, W.,
Chen, Y., Jiang, T. (2019). From ferronickel slag to
value-added refractory materials: A microwave
sintering strategy. Resources, Conservation and
Recycling, 149, 521-531.
doi:10.1016/j.resconrec.2019.06.019.

21) Phanny, Y., & Todo, M. (2014). Effect of sintering
time on microstructure and mechanical properties of
hydroxyapatite porous materials for bone tissue
engineering application. Evergreen, 1(2), 1-4.
https://doi.org/10.5109/1495025.

22) Huang, Y., Wang, Q., & Shi, M. (2017).
Characteristics and reactivity of ferronickel slag
powder. Construction and Building Materials, 156,
773-789.
https://doi.org/10.1016/j.conbuildmat.2017.09.038.

23) Sabri, K., Rais, A., Taibi, K., Moreau, M., Ouddane,
B., & Addou, A. (2016). Structural Rietveld
refinement and vibrational study of MgCr x Fe 2—x O
4 spinel ferrites. Physica B: Condensed Matter, 501,
38-44. https://doi.org/10.1016/].physb.2016.08.011.

24) Rivai, T.A.; Yonezu, K.; Syafrizal;Watanabe, K.
(2019). Mineralogy and geochemistry of host rocks
and orebodies at the Anjing Hitam prospect (Dairi,
North Sumatera, Indonesia) and their environmental

implications.  Evergreen 2019, 6, 18-28.
https://doi.org/10.5109/2320997.
25) Dwiki,  Sendy.  (2018). Development of

Environmental Policy in Indonesia regarding Mining
Industry in Comparison with the United States and
Australia: The Lesson That Can Be Learned.
Evergreen. 5 (2), pp.50-57, 2018-06.
https://doi.org/10.5109/1936217

- 523 -


https://doi.org/10.1007/s12649-015-9346-
https://doi.org/10.1007/s12649-015-9346-
https://doi.org/10.1016/S0892-6875(02)00083-3
https://doi.org/10.1016/j.enpol.2007.08.028
https://doi.org/10.22146/jag.7184
https://doi.org/10.5109/1800873
https://doi.org/10.5109/1929724
https://doi.org/10.1016/j.conbuildmat.2015.02.046
https://doi.org/10.1016/j.jhazmat.2007.07.052
https://doi.org/10.1021/acssuschemeng.7b04336
https://doi.org/10.5109/1495025
https://doi.org/10.1016/j.conbuildmat.2017.09.038
https://doi.org/10.1016/j.physb.2016.08.011
https://doi.org/10.5109/2320997
https://doi.org/10.5109/1936217



