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IIposeodeno docnidicennsn 3 6unyUenns mazuito 3 Qeponi-
KeJsle6020 wnaxy, 00pooieH0z0 360pOMHUM UNY206YBAHHAM
posuunamu ziopoxcudy nampiro (NaOH). @eponixenesuii
WIAK 8 0CHOBHOMY CKIAOAEMBCS 3 CUNIKAMY MAZHIIO0 1 CuNiKa-
my 3aniza. llepwum emanom docniovcenns 6yna nideomosxa
Qeponixenesozo wnaxy 00 noopibHenHs 3a 00NOMO2010 KYNb0-
6020 mauna 0o posmipy —200 mew. Ilo-dpyee, nposcaprosans
Qeponixenesux wnaxie 0ns 6udanenns Kpucmaniunoi 600u i
30i1bWEHHA NOPUCMOCMI 0151 NOJIE2ULEHHSL NPOUECY BUNY206Y -
eanns. Hacmynnum xpoxom 6yao 36opomue 6uny208y68anus
3 euxopucmannam 2iopoxcudy nampiro (NaOH) oan posuu-
Henns kpemnesemy. Ilpu pozuunenni xpemneszemy ouixyea-
J0CA 30INbWEHH BMICTY 6 3ANUWKY MAKUX eleMeHmis, AK
MazHiil i 3ani30. SMIHHUMU 6 0AHOMY 00CHIONCEHHI 3 UNY20-
8Yy6anus (PeponiKene6020 waaxy OyYau 4ac 6uIY208Y6aHHs,
KOHUeHmMpauis po3uunHUKa i memnepamypa 6Uiy208Y6aHHs.
3eopommne sunyzosysanns eponixenesozo wWNaAKY npoeo-
Qunu 3i 3aminoro uacy 6i0 15 0o 240 xeunun, memnepamyporo
30 °C, 70 °Ci 100 °C, xonuyenmpauismu NaOHI9 M, 10 Mi 11 M.
Jns eusuenns euxionux xapaxmepucmux @eponixenego-
20 waaKy i pe3yabmamie npouecy 6unYz208Y8aHHs GUKO-
PUCMOBYBANU PEHMZEHOCMPYKMYPHULL AHAJI3, PEeHM2EHO-
dayopecuenmuuil ananiz i mac-cnexkmpomempiio 3 iHOYK-
mueHo-36'13ano10 naazmor. Pesynvmamu euznavenns xa-
paxmepucmux 3pasxie Qeponixeneeozo wnaxKy memooom
PeHmzeHOCMPYKMYPHO20 aHAI3Y NOKA3YI0Mb, WO 6 CKAAdi
dominyrouux 3'eonanv npucymui opcmepum (Mg,Si0,),
encmamim (MgSiOs) i paanim (FeySi0,). Kpim moeo, pe-
3ybmamu maxoxc niomeepoicYromocs penmzenodayopec-
UEHMHUM AHATI30M | PACMPOBOIO eNeKMPOHHOI0 MIKPOCKO-
nieto. Kinvrichnuii POA ananiz noxasye, wo eponixenesuil
wnax micmumo 45,69 % Si0y, 29,32 % MgO i 16,5 % Fe30s.
Pesynomamu pacmpoeoi enexmponnoi mikpocxonii noxkasy-
tomv, wo Mg, Si, Fe i O 38'a3yromvcsa pazom, wo 6xasye
Ha npucymuicmo cuaikamy maezuito i cunikamy 3aniza. Haii-
Oivumuil 610comox eunyuenns mazniro cmanosums 73,10 % ¢
ymogax excnepumenmanvioi memnepamypu 100 °C npomsieom
240 xeunumn, xonuenmpauii pozuunnuxa 10 M i weudxocmi
nepemimyeanns 300 06/x6. 36invmenns eidcomxa eunyuen-
HSL MA2HiI0 00YMOBIIEHO POHUHEHHAM KPeMHe3eMYy 6 npoueci
eunyzo6yeanns. Pozuunenns xpemnesemy niomeepoxrcyemo-
¢ Hasenicmio ziopoxcudy maenito i ziopoxcuody 3aniza (1)
6 3anUWKY, WO NOKA3AHO PEeHM2eHOCMPYKMYpHUM AHATi-
3om. Ile npuseeno 0o snaunozo 30invuenns emicmy MgO ¢
s3anuwxy do 42,8 %, ax noxazae penmeenodayopecuenm-
Huil ananiz. Kpim moeo, pacmposa enexmponna mixpocko-
nis noxasye, wo Mg i O 368'a3ytomvcsa pasom, wo 6Ka3ye Ha
npucymuicmo MgO. Taxosc moxncna euznauumu, wo MgO e
dominyrouum

Kanrouogi cnosa: peponixens, wnax, popcmepum, maenii,
KpemHeseM, 6UNY208Y6aHHs, 360PONHE 6UY208YEAHHI, 2I0POK -
cud nampiro, Qinempam, 3anuwox ,% eunyuenns
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1. Introduction

Slag utilization is one of the ways that can be taken
to extract valuable elements from secondary sources oth-
er than primary mineral sources. Some previous studies
utilized secondary sources from byproducts of slags in the
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metallurgical process [1-3]. Some secondary sources that
can be used from the byproduct of slags in the metallurgical
process are tin slags, steel slags, aluminum slags, and ferron-
ickel slags. The ferronickel slag is a byproduct of the smelting
of nickel ores categorized as hazardous and poisonous to the
environment [4]. The current use of ferronickel slag is only




as construction material and most of its remaining slags are
only piled around its environment [5-9].

The ferronickel slag still contains some valuable miner-
als such as silica, magnesium, nickel, iron, cobalt and some
rare-earth elements [4, 10—14]. The major element content
in the ferronickel slag is Si about 30 %, others are 20 % of
Mg, 12 % of Fe, 1-2 % of Al, and other elements [15]. The
condition where the content of magnesium is high, it is
possible to extract its element from the ferronickel slags so
that it will increase the value of the ferronickel slag waste.
Magnesium can be used in several applications, for exam-
ple, as aluminum alloys, foundries, steel desulfurization,
and other applications in the chemical industry [16, 17].
The aluminum industry that uses magnesium as an alloy
material aims to increase strength, ductility and corrosion
resistance.

The explanation above is some of the utilization of pro-
cessed ferronickel slag waste so that it gets a more economic
value. From the available literature, it is explained that some
of the metal content can still be taken for use. Especially Si
and Mg which is a content that has high levels. So that the
best technique is needed to separate the precious metals
contained in the ferronickel slag waste.

2. Literature review and problem statement

Research that has been done to process ferronickel slag
waste has been carried out by several researchers, both
with pyrometallurgical, hydrometallurgical processes and
a mixture of both pyro-hydrometallurgy. Several studies
with pyrometallurgical processes are by roasting or reduc-
ing ferronickel slag with a mixture of additives NaOH [13],
Na,CO;3 [18] and NaySOy [12]. The roasting process is
carried out by adding an additive of NayCOj for the decom-
position of forsterite and enstatite into magnesium oxide
and sodium silicate so that it will facilitate the process of
separating precious metals, especially magnesium [4]. The
hydrometallurgical process using the nickel slag leach-
ing method was carried out at a leaching temperature of
140-200 °C with sulfuric acid as a leaching agent. Co and
Ni metal extraction results obtained more than 97 % and Cu
extraction of more than 95 % [19]. The pyro-hydrometallur-
gical process with the alkali roasting method is followed by
leaching using water. The optimum percent extraction yield
of 92.33 % under conditions of a roasting temperature of
600 °C for one hour, followed by washing water under condi-
tions of research temperature at 50 °C for one hour at a ratio
of 10 ml/g of liquid-solid [5].

Theoretically, the ferronickel extraction can be done by
dissolving the silica with an acid or base solution to sepa-
rate it with magnesium. Dissolving the silica using NaOH
solution was carried out to separate silica from vanadium
steel slag using the leaching process concentrated in the
polytetrafluoroethylene (PTFE) autoclave at a tempera-
ture of 140-240 °C. Most of the silica can be dissolved
effectively and just left 4.28 % low silica content in the res-
idue [20]. Dissolving silica using NaOH solution at a lower
temperature, 25-110 °C, can decrease energy consump-
tion, however, it resulted in lower dissolved silica at about
31.48 % for 4 hours leaching process [21]. Increasing disso-
lution temperature can increase the solubility of silica from
raw materials, thus it affects silica recovery. Moreover, the
dissolution of ferronickel slag with acid was also carried out

by the hydro-pyrometallurgy process. The leaching process
of ferronickel slag using the hydrochloride acid solution fol-
lowed by the calcination process was carried out [22, 23].
The concentration of the solvent, leaching temperature and
time as well as calcination condition affect the percentage
of MgO resulted. Utilization of HCI in the leaching process
at 30 °C for 30 minutes followed by the precipitation pro-
cess using NH,OH and calcination process at 600 °C for
30 minutes, resulted in 95 %MgO [23]. Increasing leaching
temperature and time up to 80 °C and 24 hours resulted
in the high content of Mg in the filtrate [22]. Furthermore,
sulfuric acid [24, 25] and nitric acid were also used for the
magnesium leaching process [24]. Even though dissolving
ferronickel slag using the acid solution can dissolve magne-
sium directly, but an irregular tridimensional framework
of silica gel would form in the filtrate and caused a dra-
matically longer filtration process to separate filtrate and
residue from the leaching process previously [26]. Recently,
the recovery of magnesium from ferronickel slag has been
carried out by vacuum reduction followed by condensation
at the temperature of 1573 K and 10 Pa for 3 hours. Silica
and CaO were added as a reducing agent. Gaseous magne-
sium resulted from the process since it is the lightest metal
present in the raw materials. 97.74 % Mg resulted from
the condensation of the gaseous metal [27]. However, this
process needs high energy consumption since the condition
process is performed at high temperatures and vacuum.
Moreover, additional equipment such as condenser is need-
ed to convert gaseous magnesium resulted.

Silica separation is essential for higher results of mag-
nesium recovery since it has the highest content in the fer-
ronickel slag. Dissolving silica using NaOH solution is likely
effective for those purposes since longer filtration processes
can be avoided. Moreover, extraction in the autoclave needs
higher energy than atmospheric leaching even though it
allows it to obtain a higher recovery. However, lower energy
for the optimum condition in the overall processes of magne-
sium recovery needs to discover to efficiency. In this study,
determining optimum atmospheric leaching is a critical issue
to be solved previously to obtain a high recovery of silica
that is beneficial to a higher result of magnesium recovery
subsequently.

3. The aim and objectives of the study

The aim of this study is to upgrade the value of
ferronickel slag as a result of a byproduct of nickel ore
processing, especially for magnesium element. To achieve
this aim, the reverse leaching processes are carried out by
varying the leaching temperature and time as well as the
concentration of the NaOH solution used. It is expected
to determine the optimum process condition of reverse
leaching processes, then the highest magnesium recovery
is accomplished.

To achieve that goal, the following was applied:

— characterization of ferronickel slag using XRF, XRD
and SEM mapping;

—reverse leaching using NaOH to find the optimum
leaching conditions for variations in the concentration of
NaOH9 M, 10 M and 11 M, temperature leaching 30, 70 and
100 °C and leaching time 15-240 minutes;

— characterization of residual results of reverse leaching
using XRF, XRD and SEM mapping.



4. Materials and method for investigation of reverse
leaching magnesium from ferronickel slag

4. 1. Materials and apparatus used in the experiment

The sample used in this research is the ferronickel smelt-
ing slag from Morowali, Central Sulawesi, Indonesia. The
ferronickel slag was crushed to obtain a grain size fraction
of =200 mesh. The compound composition of the slag sam-
ple was analyzed using X-ray fluorescence (XRF) from the
Bruker S2 Puma brand, while X-ray diffraction (XRD) anal-
ysis from Shimadzu MAXima XRD-7000 brand with Cu Ka.
radiation (A=1.54) was used to determine the composition
in it. The SEM (Scanning Electron Microscope) mapping
test from the JEOL Jsm 6390A brand was conducted to de-
termine the mineralogical structure and the distribution of
elements in the particles of the ferronickel slag sample.

4. 2. Procedure for conducting the experiments

The initial procedure of the study is the preparation of
samples using a ball mill to get a grain size of —200 mesh
by a grinding process. Secondly, the calcination process
was carried out at a temperature of 800 °C for 60 minutes
using a carbolite type of muffle furnace. The temperature
and calcination time conditions are based on previous stud-
ies conducted from TG/DTA analysis towards ferronickel
slag [4]. This calcination process is carried out to remove
crystal water and to increase the porosity of the slag so it
will facilitate the leaching process.

The next procedure is the process of reverse leaching
using NaOH solutions. The reverse leaching of ferron-
ickel slag was carried out with a time variation of 15 to
240 minutes, the temperature of 30 °C, 70 °C, and 100 °C
and NaOH concentrations are 9 M, 10 M, and 11 M. The
reverse leaching aims to dissolve the impurity which is
silica so that it is separated from the valuable metal settle.
The silica dissolved in the NaOH leaching agent reduces
silica content in the residue so that it will increase the
magnesium content. According to previous research, the
reason for a leaching process using strong base solutions
is to reduce the deposition of the metal elements that must
be carried out if it is using acid solvents because valuable
metals are found in the filtrate [21]. Moreover, the use of
base solvents can reduce the damage of the leaching tank
caused by acid solvents due to corrosion.

The leaching process reactions that might occur are as
follows:

MgSi0;4(s)+2NaOH (aq)+H,0(1)—
—NaySi03(aq)+2Mg(OH),, @

MgSiOs(s)+2NaOH(aq)—Na,SiO3+Mg(OH),, 2)

Fe,Si04(s)+2NaOH (aq)+HyO()—
—NaySiO3+2Fe(OH),. 3)

Reaction 1 shows the formation of sodium silicate solu-
tion (NaySiO3) in the filtrate in the leaching process with
NaOH while the solid magnesium hydroxide (Mg(OH),)
separated on the residue subsequently [28].

The next procedure is dissolving the residue from the
leaching results with aqua regia and diluting it. Then,
the results will be analyzed using ICP OES from Agilent
Technologies 700 brand to determine the magnesium
content.

5. Experiment result of the initial characterization of
ferronickel slag, reverse leaching magnesium from
ferronickel slag and characterization of residual results of
reverse leaching

Sub-sections of the results of the study are as follows:

1) characterization of ferronickel slag with XRF, XRD,
and SEM,;

2) reverse Leaching uses NaOH with variations in leach-
ing time, leaching temperature and NaOH concentration;

3) characterization of residue results from reverse leach-
ing with NaOH.

5. 1. Initial characterization of the ferronickel slag
samples

The initial characterization of ferronickel slag was carried
out using the XRF analysis. XRF analysis was performed to
determine the compounds contained in the ferronickel slag
that is shown in Table 1. XRD analysis was performed to
determine the composition of dominant compounds in the
ferronickel slag. XRD analysis is shown in Fig. 1. SEM
mapping analysis is used to determine the distribution of
elements in the ferronickel slag, shown in Fig. 2.

Table 1
Data Results of XRF Analysis on the Ferronickel Slag
Compound Content (%)

Na,O 0.294

MgO 29.324

ALO; 4.811

SiOy 45.69

P,0s 0.055

SO, 0.092

CaO 0.934

TiO, 0.121
Cry0O3 1.403

MnO 0.575

FeyO4 16.503

NiO 0.121

ZnO 0.035

V505 0.010

Table 1 shows the results of the XRF analysis of the
initial ferronickel slag with compounds including SiOs,
MgO, Fe;,03, Al;O3, CryO3 and the remaining compounds
with small levels. Fig. 1 shows the graphs of the peaks XRD
analysis results of ferronickel slag dominated by magne-
sium silicate and iron silicate compounds, namely forste-
rite (Mg,Si0y,), enstatite (MgSiOs), and fayalite (FesSiOy).

Fig. 2 shows the results of SEM mapping analysis of fer-
ronickel slag. The distribution of the elements contained in
the ferronickel slag, especially the distribution of Mg, Si, Fe,
Al and O can be seen.

The distribution of Mg, Si, and O is very strongly
marked by a bright red color. From Fig. 2, a—d, it can be
concluded that Mg, Si, and O are in the same area, showing
that these elements form a bond as magnesium silicate.
This is in accordance with the result of the XRD analysis
in Fig. 1 that the main phase of the ferronickel slag is mag-
nesium silicate.
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Fig. 1. Results of XRD characterization on ferronickel slag
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Fig. 2. SEM mapping towards the distribution of elements in
the ferronickel slag: a — ferronickel slag; 6 — O distributions;
¢ — Mg distributions; d — Si distributions;

e — Al distributions; f— Fe distributions

5. 2. Effect of leaching time on magnesium extraction
percentage

The leaching calcination result of ferronickel slag was
carried out with a time variation of 15 to 240 minutes. The
leaching process used variable temperature of 30 °C, 70 °C,
and 100 °C. The ferronickel slag leaching process was carried
out by the agitation leaching method using a hotplate with
a magnetic stirrer, stirred at 300 rpm and consisted of 5%
solid. By doing a long time variation in the ferronickel slag
leaching process, it is expected to affect the value produced

in magnesium extraction percentage. The NaOH concentra-
tions are 9 M, 10 M, and 11 M.
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Fig. 3. Graph of the effect of leaching time on magnesium
extraction percentage:a —9M, b—10M, c— 11 M

Fig. 3, a—c shows the effect of leaching time on the
percentage of magnesium extraction from ferronickel slag.
Fig. 3, a—c shows the percent extraction of magnesium
obtained with 9 M, 10 M and 11 M of NaOH solution. The
results show that the concentration of NaOH 9, 10 and 11 M
at a leaching time of 240 minutes and the temperature of



100 °C increase the percent extraction of magnesium sig-
nificantly.

5. 3. Effect of leaching temperature on magnesium
extraction percentage
The ferronickel slag leaching temperature variety ranges
from 30°C, 70°C, and 100 °C. Leaching was performed
using a fixed variable leaching time of 240 minutes, stirring
speed of 300 rpm and percent solid 5 %. Fig. 4 shows a graph
of the effect of temperature on the percent of magnesium
extraction found in ferronickel slag with a concentration
variable of NaOH solution and a fixed variable of leaching
time for 240 minutes.
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Fig. 4. Graph of the effect of leaching temperature on
magnesium extraction percentage

The best results obtained by magnesium extraction oc-
curred at a temperature of 100 °C at a concentration of 10 M.

5. 4. Effect of solvent concentration on magnesium
extraction percentage

The solvent concentration in the ferronickel slag leaching
process varies from 9 M, 10 M, and 11 M at 100 °Cof a leach-
ing temperature with 300 rpm of stirring speed and percent
solid 5 %. It can be seen in Fig. 5 that the highest magnesium
extraction value is when 10 MNaOH concentration is used
as a solvent in the leaching process.
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Fig. 5. Graph of the solvent concentration effect on
magnesium extraction percentage

Fig. 5 shows the effect of different concentrations of
NaOH solution on the percent extraction of magnesium with

a variable leaching time of 15-240 minutes and a tempera-
ture of 100 °C.

5. 5. Characterization of ferronickel slag residues af-
ter leaching process

After identifying the compounds and compositions con-
tained in the residue, the best results of the leaching process
occurred under research conditions of 10 M solvent concen-
tration at a temperature of 100 °C and for 240 minutes with
300 rpm of stirring speed and percent solid 5 %. The silica
that associates with magnesium is still detected even though
its intensity is less than before the dissolving.

Table 2

XRF analysis results towards residue samples after the
leaching process

Compound Content (%)
Na,O 3.467
MgO 42.886
Al,O4 7.78
SiOy 32.19

SO;3 0.096
CaO 0.946
TiO, 0.143
CryO3 1.307
MnO 0.695
Fe,O3 10.295
NiO 0.051
ZnO 0.018
V1,05 0.034

Table 2 shows the results of the XRF analysis of the
residues from the leaching process with the MgO as great-
er the compound formed. Fig. 6 shows the results of XRD
characterization of the residual leaching results from the fer-
ronickel slag which produces compounds such as magnesium
hydroxide and iron hydroxide.

Fig. 6. XRD characterization results of ferronickel slag after
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the leaching process

Fig. 7 shows the results of SEM mapping analysis of
the distribution of elements in the residue from the reverse



leaching process. The distribution of Mg and O dominates in
spots marked in bright red.
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Fig. 7. SEM mapping towards the distribution of elements in
the ferronickel slag after leaching:
a — residue; b — O distributions; ¢ — Mg distributions;
d— Si distributions; e — Al distributions;
f— Fe distributions

6. Discussion of the results of reverse leaching
magnesium from ferronickel slag

Characterizations of raw ferronickel slag, effect of leach-
ing time and temperature as well as a concentration of NaOH
solution are discussed here. Moreover, the residue which was
resulted from the leaching process is also characterized to
determine the effect of a series processing carried out.

Characterizations of ferronickel slag were performed by
three kinds of analysis consisting of XRF, XRD and SEM
mapping that have conformance with each other. Table 1, it
is known that the dominant contained compound in ferron-
ickel slag s silica (SiO9) 45.69 %. Other elements contained
in ferronickel slag are magnesium, iron, and aluminum with
the content of 29.32 %, 16.5 %, and 4.8 % respectively.
These XRF analysis results are consistent with the previ-
ous study that carried out the analysis even though it has
a different use of sources in the analyzed samples [21]. The
compounds identified in the ferronickel slags are associat-
ed with different mineral phases that were characterized
using X-Ray diffraction instruments shown in Fig. 1. The
composition of silica is SiO, forsterite (Mg,SiOy), enstatite
(MgSiO3) and fayalite (Fe;SiO4) which are dominant.
This can be seen in the graphs of Fig. 1 that the three

strongest diffraction peaks are forsterite (MgySiOy), fay-
alite (Fe;SiO4) and enstatite (MgSiO3) compounds. This
XRD result is appropriate with previous researchers who
have characterized the ferronickel slag [15, 18, 22]. More-
over, morphological structure and mapping from SEM-EDS
analysis, Fig. 2, have also a similar tendency that show these
phases from XRD analysis. Fig. 2, a shows that the ferron-
ickel slag is dense and glossy. Based on the mapping analysis,
the elements are distributed throughout the area. However,
Fig. 2, a—c show O, Mg and Si mapping elements are dis-
tributed on the edge area. It can be interpreted as Mg,SiOy
and MgSiOj3 phases. Meanwhile, Fig. 2, d, e shows Al and
Fe distribution throughout the area and can be interpreted
associating in the Al,O3 and Fe,SiO4 phases.

In Fig. 3, a—c it appears that the longer the leaching
process time, the higher the percent extraction produced.
It can be seen in Fig. 3, a, on the addition of 9 M concen-
tration of sodium hydroxide, the highest percent extraction
was obtained at 240 minutes leaching process time with
100 °C of temperature condition and produced 68.62 %
percent extraction, while the lowest percent extraction
was obtained at 15 minutes leaching process time with
30 °C of temperature condition and produced 30.77 %
percent extraction. In Fig. 3, b, on the addition of 10 M
concentration of sodium hydroxide, the highest percent
extraction was obtained at 240 minutes leaching process
time with 100 °C of temperature condition and produced
73.10 % percent extraction, while the lowest percent ex-
traction was obtained at 15 minutes leaching process time
with 30 °C of temperature condition and produced 34.42 %
of magnesium extraction percentage. In Fig. 3, ¢, on the
addition of 11 M concentration of sodium hydroxide, the
highest percent extraction was obtained at 240 minutes
leaching process time with 100 °C of temperature condition
and produced 55.92 % percent extraction, while the lowest
percent extraction was obtained at 15 minutes leaching
process time with 30 °C of temperature condition and pro-
duced 30.13 % of magnesium extraction percentage. This
is appropriate with the previous research which states that
the longer the leaching time, the more silica dissolves in
sodium hydroxide as there is more opportunity to contact
reactions between the sodium hydroxide samples. Silica
that is dissolved in the solutions increases and causes an
increment of magnesium content in the residue from the
leaching results [21].

It can be seen in Fig. 4 that the magnesium extraction
percentage increases along with the rise of the leaching
temperature. In heterogeneous reactions, the increment
of temperature is one of the parameters that greatly affect
the solubility rate in the leaching process with reactions
controlled by chemical reactions [29]. Fig. 4 shows that
the higher the leaching temperature, the higher the mag-
nesium extraction percentage produced. On the addition of
9 M NaOH concentration, it can be seen that the highest
percent extraction was obtained at 100 °C of temperature
condition and produced 68.62 % percent extraction, while
the lowest percent extraction was obtained at 30 °C of
temperature condition and produced 49.65 % magnesium
extraction percentage. Then, on the addition of 10 M
NaOH concentration, it is shown that the highest percent
extraction was obtained at 100 °C of temperature condition
and produced 73.10 % percent extraction, while the lowest
percent extraction was obtained at 30 °C of temperature
condition and produced 48.62 % magnesium extraction



percentage. On the addition of 11 M NaOH concentra-
tion, it is shown that the highest percent extraction was
obtained at 100 °C of temperature condition and produced
55.92 % percent extraction, while the lowest percent ex-
traction was obtained at 30 °C of temperature condition
and produced 41.86 % magnesium extraction percentage.
The increment of magnesium extraction percentage in the
reverse leaching process is due to the rise of silica solubility
in the NaOH solution as the process temperature increases.
This is appropriate with the theory that the solubility rate
is directly proportional to the temperature [29]. These
results are consistent with the studies that have extracted
silica from olivine with a basic solution, that the higher the
temperature of the silica extraction results, the higher the
magnesium content increase in residues [28].

Fig. 5 shows that the percent extraction of magnesium
increased from 9 M concentration of sodium hydroxide to
10 M concentration of sodium hydroxide and then decreased
at 11 M concentration of sodium hydroxide. A similar trend
occurred in previous studies which stated that the dissolu-
tion of silicon from the ferronickel slag increased significant-
ly with increasing NaOH concentration until it got a certain
concentration, then decreased significantly as well [11, 21].
They conclude that the higher the concentration used in
the solutions, the aluminosilicate precipitate formation will
occur which can inhibit the silica dissolution at its higher
NaOH concentrations. Aluminosilicate does not dissolve in
the leaching agent but it settles in the residue with magne-
sium and iron so that it will cause the decrease of magnesium
contents [11, 21].

Characterizations to the residue resulted from the
leaching process were performed by XRF, XRD and SEM-
EDS analysis. It can be compared with the characteriza-
tions of raw ferronickel slag. Fig. 6 is the XRD analysis
results showing that magnesium hydroxide and iron(II)
hydroxide are formed as a result of reverse leaching on the
ferronickel slag. This is appropriate to the reaction (1)—(3),
in which the magnesium hydroxide and iron hydroxide are
formed. It also indicated that the sodium silicate solution
is formed in the ferronickel slag reverse leaching process
using NaOH and be separated into the filtrate. The silica
is not dominant because a lot of silica has been dissolved
during the leaching process with NaOH solutions. It can
be proved by XRF analysis, which can be seen in Table 2.
The XRF result shows the magnesium content in the resi-
due that resulted from the leaching process on ferronickel
slag increased significantly to 42.8% and silica content
decreased to 32 %. This is consistent with XRD analysis,
which shows the dominant peak of magnesium hydroxide
Mg(OH),. However, silica still exists in the form of Mg,SiOy.
Moreover, the existence of Mg(OH), and Mg,SiOy4 can
also be proved by SEM and mapping analysis that is shown
in Fig. 7, a—f. Fig.7, a shows the morphology of leaching
residue that is more porous in some parts than the raw
ferronickel, even though dense morphology still exists.
It indicated that the dissolution of silica does not occur
completely. Fig. 7, b—d indicated the presence of Mg(OH),
and Mg,SiOy in both forms, porous and dense. The dense
one indicates silica that does not dissolve in the NaOH
solution through the leaching process. Fig.7, e,/ shows
the aluminum and iron that are still distributed entirely
in the area. It indicated that both of the elements are just
slightly affected by the leaching process using NaOH solu-

tion. However, the mapping of the aluminum shows the
accumulation in some areas that might be growth when
the calcination process is carried out. Based on the char-
acterizations of leaching residue, it can be discovered that
high magnesium content and low silica content resulted
from calcination followed by the leaching process using
NaOH solution.

Based on the results of this study, extraction of magne-
sium from ferronickel slag by calcination followed by the
reversed leaching process using NaOH solution can produce
percent extraction of magnesium up to 73.10 %. However,
the calcination process was performed at high temperature,
which needs high energy consumption. The issue of energy
is attractive to be solved. The lower the energy consumption,
the more profitable it will be.

Process development can be carried out to increase the
percent extraction of magnesium. The presence of Mg,SiOy
and MgSiO3 shows that silica does not dissolve completely
in the leaching process. Therefore, the optimum process to
dissolve the whole silica from ferronickel needs to determine
previously to obtain higher percent extraction of Mg, how-
ever it is still challenging to solve. Moreover, water glass
results from the leaching process. It provides the additional
advantage of the process since another beneficial product,
precipitated silica, can be resulted. However, the precipita-
tion process by acid and filtration processes must be added
subsequently.

7. Conclusions

1. The result of XRD shows ferronickel slag is composed
of forsterite (MgySiOy), enstatite (MgSiOs3) and fayalite
(Fe3Si0Oy) structures. The XRF analysis showed that most
of the ferronickel slag contains 45.69 % of SiO,, 29.32 % of
MgO and 16.5 % of FeyOs, and any other oxides leftover. The
SEM mapping analysis shows the distribution of elements of
Mg, Si, and O is very dominant.

2. The results showed that the highest percentage of
magnesium extraction was 73.10 % under experimental tem-
perature conditions of 100 °C, 10 M of solvent concentration
for 240 minutes with 300 rpm of stirring speed and percent
solid 5 %.

3. The XRD analysis results of the residue show that
magnesium hydroxide and iron(IT) hydroxide are formed as
a result of reverse leaching on the ferronickel slag. The XRF
result shows the magnesium content contained in the residue
during the leaching process on ferronickel slag increased
significantly to 42.8 % and silica content decreased to 32 %.
The results of the SEM mapping analysis showed that Mg
and Si bonds were not dominant because most of the silica
dissolved as filtrate.
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