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Abstract: Ferronickel slag is a by-product of nickel smelting that provides an abundant silica source.
Based on data, every ton of nickel production is equal to eight tons of ferronickel slag production,
increasing without any recycling process. It is essential to create an end-to-end process for nickel
production and its by-products because this would be a problem in the future and is relevant for
many industrialized countries. This study describes a strategy to process ferronickel slag to produce
silica. A pyrometallurgy—hydrometallurgy process and ferronickel slag were used to increase the
silica content. The process was conducted through alkali fusion; the ferronickel slag was mixed with
sodium carbonate at a temperature of 1000 °C for an hour and continued via leaching, precipitation,
and cleaning processes. The leaching process was conducted with four concentrations (4 M, 6 M,
8 M, and 10 M) of sodium hydroxide and three different leaching durations (2 h, 4 h, and 6 h).
Using hydrochloric acid (HCI) at pH 2 and deionized (DI) water cleaning, the precipitation process
was adopted to synthesize a silica powder with the lowest agglomeration and enhance its purity.
Characterization was carried out using X-ray Diffraction (XRD), Scanning Electron Microscopy-—
Energy-Dispersive Emission (SEM-EDS), X-ray Fluorescence (XRF), and Inductively Coupled Plasma—
Optical Emission Spectroscopy (ICP-OES). This study highlighted silica characteristics that indicate
high recovery by 85% through alkali fusion, HCI leaching, precipitation, and deionized water cleaning.
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1. Introduction

The discovery of the beneficial applications and characteristics of silica is attractive
given its ability to reinforce mechanical strength [1], its bio-applications [2—4], and its
potential for energy storage [5], bioremediation [6], construction materials [7-9], renewable
energy materials [10], and electricity insulation [11]. The recent development of silica
characteristics in industries shows that the particles range from microns to the nanoscale
have better properties and improved quality. However, it requires a high-cost process,
and the high energy required is a major concern for silica production. In terms of primary
conditions, a method for silica production was first reported by the hydrolysis of tetraethyl
orthosilicate (TEOS) [12]. Unfortunately, this led to limited commercial use since it requires
a high-cost precursor. Further development has shown that sodium silicate solution (SSS)
is another low-cost precursor that can be used to synthesize silica particles. Silica particles
are precipitated from sodium silica solutions by using acids such as hydrochloric acid
(HCI) [13,14] and nitric acid (HNOs3) [15] as precipitation agents.

According to the Ministry of Energy and Mineral Resources of Indonesia, the nickel
industry produces molten nickel and ferronickel slag during smelting and, on average,
accounts for 2.4 million tons of ferronickel [16]. The production of each ton of ferronickel
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generates 8 tons of slag [17]. This means that the ferronickel slag output in 2019 was
approximately 19.2 million tons as a by-product. Indonesia and many other countries face
a critical challenge in mitigating the environmental issues caused by ferronickel slag and
increasing its quality for value-added materials. Ferronickel slag mainly contains silica
(5i07) and other metallic impurities [17].

The main objective of this paper is to explore how to optimize and synthesize silica
extraction from ferronickel slag and how to maximize the cleaning efficiency during water
leaching. Although many researchers are working on the synthesis of silica, very few
researchers have reported optimized silica extraction from ferronickel slag as a low-cost
raw material and the enhancement of its cleaning efficiency to achieve high purity. Direct
leaching using NaOH solution to obtain ferronickel slag resulted in approximately 30%
silica extraction [17]. This might be caused by the complex phases of ferronickel slag,
which must be decomposed beforehand. For a low-cost synthesis precursor of silica,
the extraction process was conducted through alkali fusion, which includes the use of
ferronickel slag along with sodium carbonate (Na,COg3) at a high temperature; this was
studied to produce a water-soluble sodium silicate phase [18,19] that subsequently can
be separated by a water leaching process. Alkali roasting followed by water leaching
was carried out to extract a pregnant silicon solution [20]. Although sodium silicate was
formed, magnesium silicate, however, also existed [18,19]. This could decrease the recovery
of silicate from ferronickel slag. Therefore, alkali roasting by Na,CO3 addition followed
by sodium hydroxide leaching was conducted in this study, instead of a water leaching
process, to increase the silica extraction from ferronickel slag through the dissolution of the
remaining silicate compound in the alkali-roasted product. Moreover, a cleaning process
was conducted to produce high-purity silica.

2. Results and Discussion
2.1. Characterization of Roasted Product

Figure 1 shows the XRD patterns of the roasted product. The crystalline peaks of
quartz (5i0,), sodium silicate (NaySiO3), forsterite (Mg,SiO4), and hematite (Fe;O3) can
be seen in the roasted product, which shows the effect of Na,COj3 addition. This result is
supported by a previous study [21]. A slight qualitative change from the initial slag to the
roasted product in some compounds was observed, such as for fayalite, hematite, and silica.
In the roasted product, fayalite was no longer detected, and it was indicated that fayalite
did not change into other compounds. However, forsterite and quartz remained, which
showed that the decomposition process could not transform the overall silicate phases into
sodium silicate.

A. B. Prasetyo et al., 2019, reported that sodium silicate is obtained by the follow-
ing reactions [18]:

Mg3SiO4(s) +NaCO3 — 2MgO + NapSiO; + COxg), €))
SiOz(S) + N32C03(S) — Na28103(s) + COz(g), 2)
Na2C03(S) — NazO(S) + COz(g), (3)

NazO(s) + SIOQ(S) — NaQSiO3(S), (4)

FeZSiO4(S) + Na2C03(S) — Fezog(s) + Nazsi03(s) + CO(g). (5)

Table 1 shows the chemical composition of the roasted product. Mostly, compounds ex-
perienced a decline in content, with the exception of the Na;O content, which dramatically
increased—this is reasonable as Na,CO3; was added to the ferronickel slag for the roasting
process. Moreover, reactions (1)—-(3) represent the release of CO, and reaction (4) reflects
the discharge of CO in the formation of sodium silicate; thus, a decline in the content of the
compounds occurred. The roasted product was then leached to produce a pregnant silicon
leached solution.
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Figure 1. XRD pattern of roasted product. The roasted product consisted of silica, hematite, forsterite,

and sodium silicate.

Table 1. Chemical composition of roasted slag, measured by XRF.

Compound Content (wt%) Compound Content (Wt%)

A1203 4.95 NaZO 10.76
SiO; 35.23 Fe,O3 13.67
MgO 20.28 TiO, 1.78

CaO 3.82 NiO 0.09

KO 0.58 SO3 0.78
CI‘203 2.48 P205 3.96
MnO 1.62

2.2. Leaching Process

The leaching process was conducted on the roasted product by using NaOH solution as
a leaching agent for various leaching times (2, 4, and 6 h) and with different concentrations
of NaOH solution (4, 6, 8, and 10 M). The utilization of NaOH solution instead of water as
a leaching agent was intended to increase the silicon dissolution of the roasted product,
since silica and forsterite were not decomposed into water-soluble sodium silicate overall.
Reactions (6) and (7) illustrate the reaction and dissolution that might have occurred during
the leaching process. Si(OH); was formed along with Na,O, which was subsequently
expected to react with the remaining SiO, and Mg,SiOy to form a sodium silicate solution
(S5S).

NaySiO3(s) + 4NaOH(aq) — Si(OH)4(aq) + 3NapO(aq), (6)
SiOy(s) + NapO(aq) — NapSiOs(aq), 7)
Mg;SiO4(s) + Nap,O(aq) — NapSiOs(aq) + 2MgO(s). (8)

In order to determine the silicon content in the leaching filtrate, analysis via ICP-OES
was conducted. Figure 2 shows that the silicon content increased with the longer duration
of the leaching process, especially for the filtrate that used 8 M of NaOH solution, which
reached the highest silicon content, 22.40%, for a leaching duration of 6 h. However, the
other concentrations of NaOH solution displayed different trends. The silicon content
was increased significantly in the first 2 h and remained stable with a longer duration
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of the leaching process. Moreover, the high Na,O content in the roasted slag used as a
raw material for the leaching process, which accounted for one third of the SiO, content,
was boosted by the Na content from the NaOH solution. Therefore, it influenced the
elemental composition; the Na content was high and suppressed the Si content in the
leaching filtrate. In addition, previous studies [17,22] reported that increasing silicon
dissolution was observed upon increasing the concentration of NaOH solution up to a
definite concentration, and decreasing silicon dissolution was observed with a higher
concentration of NaOH solution.
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Figure 2. Effect of sodium hydroxide concentration and leaching time on silicon content in the
leaching filtrate. Leaching process was performed at temperature of 95 °C, s/L ratio 1/10, and
300 rpm.

Figure 3 shows the extraction efficiency of silicon. It can be inferred that the extraction
efficiency of silicon increased upon increasing the concentration of NaOH solution up
to 8 M. Increasing the concentration of NaOH further caused the extraction efficiency of
silicon to decrease. This result is reflected in Figure 2. Based on a previous study [23],
the dissolution of silica that occurred in the alkaline condition could cause glass layer
formation, which might hinder further silica dissolution. Moreover, the higher viscosity of
the 10 M NaOH solution used for leaching, along with a longer heating duration, might
increase the viscosity of the mixture; therefore, mass transfer was slower, and this condition
could support glass layer formation as well. Therefore, the extraction efficiency decreased
with the utilization of 8 M NaOH solution as a leaching agent.

For these reasons, variation in the s/L and stirring speed during the leaching process
are required to address the glass layer formation, which could hinder further dissolution.
A higher s/L ratio and stirring speed during leaching were reported to enhance silicon
dissolution in the leaching process [24].



Recycling 2023, 8,13

50f 14

70 DO2hours [@M4 hours M6 hours
60 -
& 50 ]
= i
5
8 ]
3 %07
b=
z ]
g W o
aa EY
g
S 20 z
54 2 )
10 -
0 1
1M 6 M 8 M 10 M
NaOH Concentration

Figure 3. Effect of NaOH concentration and leaching time on the extraction efficiency of silicon.
Leaching process was performed at temperature of 95 °C, s/L ratio 1/10, and 300 rpm.

2.3. Precipitation Process

In the previous study, sodium silicate was used to produce silica via acid leaching with
HCI [13]. In the present study, precipitated silica was produced by the precipitation process
of the filtrate that contained Si(OH)4 and SSS with 1:4 HCI solution from pH 14 to pH 2. The
effect of an acidic pH on the synthesized silica from a sodium silicate solution was studied
previously to produce high-purity and nanoparticle silica [8]. Reactions occurring in the
precipitation process are described in Equations (9) and (10). When the filtrate is treated
with HCI, sodium chloride would be produced as impurities, along with precipitated silica
as the dominant component to be enriched. Moreover, Si(OH)4 was also condensed to form
precipitated silica.
Si(OH)4 + HCI — SiO; + HCI + 2H,0, )

Na,SiOs + 2HCI — SiO, + 2 NaCl + H,O. (10)

Figure 4 shows the XRD patterns of precipitated silica produced from the filtrate
after the precipitation process with 1:4 HCl solution at pH 2. The XRD data show that
the process is effective and efficient to produce silica particles, as its phases correspond
to the above reaction. The pattern corresponds to the characteristic crystalline nature of
silica. The dominant components were silicon, oxygen, sodium, and chloride, from whose
compositions they can be identified as SiO, and NaCl compounds. The phases of silica
that appeared in XRD were directly related to the compound analysis of silica in the XRF
analysis, as shown in Table 2, and the elemental silicon analysis of the EDS data that is
depicted in Table 3.
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Figure 4. XRD pattern of silica that was synthesized with HCl at pH 2, temperature of 90 °C, 300 rpm,
and with 1:4 HCl solution.

Table 2. Composition of silica produced by HCI precipitation at pH 2. It was measured with XRF.

Component Content (wt%)
F8203 0.29
5i0, 58.82
P,0s5 2.43
Na,O 0.008
KO 0.12
Cl 24.57

Table 3. EDS element composition on the surface of precipitated silica.

Element Content (Wt%)
O 38.16
Na 14
Si 22.43
P 4.95
Cl 15.99
K 4.47

The presence of SiO, and NaCl compounds was confirmed by the XRF results. The
purity of S5iO, was relatively low, at 58.82 wt%, and it had a high impurity content of
24.57 wt% chloride compounds.

Figure 5 shows that the morphology of precipitated silica tends to display fine particles
with fast agglomeration. In a previous study, the agglomeration rate and morphology of
precipitated silica were affected by the pH conditions during silica synthesis. The high-pH
condition results in fast agglomeration of the silica precursor, whereas a low-pH condition
induces slow agglomeration [25]. In this study, the precipitation process was conducted at
a low pH, pH 2. The reaction induced slow agglomeration. The impurities had sufficient
time to escape between the silica particles and then appeared at the surface. It could be
seen that impurities were largely detected in the SEM-EDS mapping images; see Figure 6.
Under this condition, high cleaning efficiency can be achieved afterwards.
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Figure 5. SEM images of precipitated silica, synthesized from precipitation with HCI at pH 2,
producing non-uniform particle size and fast agglomeration.

- .
S o

Figure 6. (a) SEM and (b—-g) EDS mapping images of silica after precipitation process with HCI.
The silica was synthesized at pH 2 (b) silicon; (c¢) oxygen; (d) sodium; (e) chloride; (f) phosphor;
(g) potassium.

The distribution of silica appeared as a less bright purple color (Figure 6b), while chlo-
ride presented a reddening color (Figure 6e) in one major area. This is in good agreement
with the XRF and XRD analysis of precipitated silica.

Nanoparticles and microparticles of precipitated silica were produced with a size
range of 58.3-730.6 nm. The particle distribution analysis is shown in Figure 7. When the
pH values were neutral (pH 7) during the investigation, the silica precursor was in the gel
state, with fast agglomeration. It was then changed to the solid state, and then became a

powder during the drying process.
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Figure 7. Particle size distribution of silica synthesized after precipitation with HCI at pH 2 in
SEM-EDS using Image].

2.4. Purification Process

SEM and EDS analysis indicated that silica, NaCl, and the impurities remained after
the precipitation was completed. It was expected that the impurities could be removed,
and the purity of silica could be significantly increased. The cleaning process with DI water
showed promising results, as demonstrated by the XRD analysis in Figure 8.
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Figure 8. XRD pattern of purified silica after cleaning with deionized water at 60 °C, 300 rpm, s/L
ratio 1:4, for 3 h.

The dominant impurity that resulted from the precipitation process, NaCl, was not
detected in this product. To precisely determine the composition of the main components
and impurities, elemental composition analysis was performed via EDS; see Table 4. When
examining a specific region, as in Figure 9, the composition was found to include silicon at
41.74 wt% and oxygen at 52.51 wt%.

Table 4. EDS elemental composition of purified silica after cleaning with DI water at 60 °C for 3 h.

Element Content (wWt%)
O 52,51
Na 0.091
Si 41.74
P 5.37
K 0.132

Ca 0.152
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Figure 9. SEM images of purified silica powder, which was removed with DI water at 60 °C for 3 h.

The dominant impurities were sodium and chloride, which were mostly removed,
and this was confirmed by the EDS and XRF results (Table 5). Under similar treatments
of synthesis silica, this study was compared to a previous study examining the effect of
pH conditions on particle size. The size of the aggregates was 161 nm for pH 7 [8]. On the
other hand, the size of particles at pH 2 was 26.3-95.8 nm (Figure 10).

Table 5. Composition of purified silica after cleaning with deionized water. It was measured

using XRFE.

Component Content (wt%)
Fe2 03 0.9
5i0, 85.41
P,05 11.26
Cl 0.14

Frequency

.
.

20 30 40 50 60 70 80 90 100
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Figure 10. Distribution of purified silica particles, which were removed with DI water at 60 °C for

3 h. Analyzed using Image].

The size of the silica particles was small at low-pH conditions. Silica particles synthe-
sized after adding HCl were agglomerated but well dispersed. The size of these agglom-
erated particles was reduced after cleaning with DI water. DI water played a significant
role in controlling the particle size of silica during purification. During purification, the
NaCl present on the surface of the particles was dissolved in the DI water. This result
was supported by a previous study that generated smaller particles after cleaning with
DI water.



Recycling 2023, 8,13

10 of 14

To investigate the locations of impurities and wash away the impurities efficiently
after the purification process, the morphology of silica was analyzed using SEM equipped
with an EDS system. Specifically, most impurities were not detected on the surface region
of the SEM-EDS images (Figure 11). The purification with DI water eliminated the residual
impurities and improved the purity of the samples.

Figure 11. (a) SEM and (b-g) EDS mapping images of silica after cleaning with deionized water. The
purified silica was cleaned at 60 °C, 300 rpm, for 3 h. (b) silicon; (c) oxygen; (d) sodium; (e) calcium;
(f) phosphor; (g) potassium.

The silica synthesized at a low pH consisted of spherical aggregates that could escape
from the interparticle spaces of silica aggregates to the surface. Thus, the impurities were
easily cleaned out and we achieved high cleaning efficiency. This result indicated that
higher purity was achieved.

Table 5 shows the composition change after the synthesis process with HCl and
the purification process with DI water, demonstrating that the purification process of
precipitated silica with DI water dramatically increased the purity of the silica.

After purification, the change in composition in silica was from 58 wt% to 85 wt%.
The resultant cleaning efficiency was 85 wt%.

3. Materials and Methods
3.1. Materials

In the present study, ferronickel slag from Southeast Sulawesi, Indonesia, was used
as a raw material. Chemical composition analysis was performed by XRF (PANalytical,
Almelo, The Netherlands), as shown in Table 6. Silica dominates the chemical composition
at slightly under two fifths, followed by MgO and Fe,Os at almost a quarter and less than
a fifth, respectively. Moreover, a very small amount, less than 5%, is identified for each of
the remaining compounds.

X-ray diffraction (PANalytical, The Netherlands) was used to observe the main phases
of ferronickel slag, either crystalline or amorphous. As shown in Figure 12, there were
four main compounds, quartz (SiO,), fayalite (Fe;SiOy), forsterite (Mg,SiO4), and hematite
(FepO3), which was similar to the result of a previous study [6]. The results showed that
ferronickel slag was in a crystalline state. Compared to XRF, Table 6 shows the elements
that were the constituents of the compound considered in the XRD result, such as Fe, Mg,
Si, and O. These elements indicate the presence of hematite (Fe;O3), silica (5iOy), forsterite
(MgpSiOy4), and fayalite (Fe;SiOy).
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Table 6. The chemical composition of ferronickel slag by XRF.
Compound Content (wt%) Compound Content (wt%)
A1203 421 Na20 0.48
Si0, 38.18 Fe,O3 15.22
MgO 24.33 TiO, 1.88
CaO 4.88 NiO 0.11
KO 0.32 SO3 1.29
CI‘203 2.9 P205 4.34
MnO 1.86
Qu: Quartz (Si0;) Fo: Forsterite (Mg,SiO,) Fa: Fayalite (Fe,SiO,) He: Hematite (Fe,0;)
10 >
(<]
B P
.
= g g 8 . odw 2
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(=]
T ‘ T
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200)

Figure 12. XRD patterns of ferronickel slag.

Chemical analysis-grade materials, including Na,CO3, NaOH, and HCI, from Merck
(Darmstadt, Germany), were used in this study, along with distilled water and DI water,
which were needed for the dilution and cleaning process, respectively.

3.2. Methods

A flowchart of the pyro-hydrometallurgy route to recover silica from ferronickel slag
is shown in Figure 13. There are four main steps, roasting, leaching, precipitation, and
purification, which can be described as follows: (1) The roasting process was performed at
1000 °C for an hour, in inert conditions, using an alumina crucible. Previously, ferronickel
slag and Nap,CO3 were weighed in a 80:20 (wt%) ratio, respectively. The weighed materials
were mixed with a disc mill and pressed with a hydraulic pressing machine to obtain the
samples in briquette form, with a diameter of 2 cm, and then the roasting process was
performed. Roasted briquettes were milled to obtain fine particles; (2) The leaching process
was conducted on the fine particles of the roasted product in various concentrations of
NaOH (4, 6, 8, and 10 M), at various leaching times (2, 4 and 6 h), at a leaching temperature
of 95 °C, stirring speed of 300 rpm, and a solid/liquid (s/L) weight ratio of 1/10. The
roasted product was added to the NaOH solution when these conditions were reached.
Under alkaline conditions, leaching at a high temperature could increase sodium silicate
dissolution [23,26]. Then, filtration was performed to separate the residue and the filtrate;
(3) The precipitation process was conducted on the filtrate to produce silica at 90 °C and a
stirring speed of 300 rpm by adding 1:4 hydrochloric acid solution gradually up to pH 2.
Then, a 1:4 hydrochloric acid solution was obtained by mixing hydrochloric acid and
distilled water with a volumetric ratio of 1:4, respectively. Precipitated silica was collected
and dried at 45 °C for 24 h to obtain silica powder; (4) The precipitated silica was purified
by cleaning with deionized water for 3 h at 60 °C. A double-stage cleaning method was
conducted to minimize the impurities before the drying process was performed at 45 °C
for 24 h to produce high-purity silica.
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Figure 13. The flowchart of pyro-hydrometallurgy route to recover silica from Indonesian fer-
ronickel slag.

3.3. Characterization

XRF analysis (PANalytical, The Netherlands) was carried out to determine the chemical
composition of the raw ferronickel slag, roasted slag, precipitated silica, and purified silica.
Moreover, SEM-EDS with EDAX was also performed to characterize the morphology and
perform the mapping and semi-quantitative analysis of precipitated silica and purified
silica. The distribution of the particle size from SEM images was then analyzed using
Image]J. Phases transformation from each process was analyzed by XRD using a Panalytical
Epsilon 1 device, using a Cu anode and wavelength of 1.5406 A. The silicon content in the
leaching filtrate was characterized using the ICP-OES 725 from Agilent and subsequently
used for extraction efficiency calculation, as follows:

. . . o\ Csi X Msi
Extraction ef ficiency (%) = % M; x 100 (11)
where C; and Cg; are the initial silicon content in the roasted product and the silicon
content in the leaching filtrate, respectively, while M; and My; are the initial mass of the
roasted product used for the leaching process and the mass extracted in the leaching
filtrate, respectively.

4. Conclusions

Pyro-hydrometallurgy methods were conducted to recover silica from Indonesian fer-
ronickel slag. A sodium silicate phase formed during the roasting process of the ferronickel
slag with Na,COj3 addition. Decomposition occurred mostly for SiO, and Fe;SiOy,

The extraction efficiency was affected by the concentration and duration of leaching.
At the same time, the use of a high concentration of NaOH and a longer period of leaching
produced high silicon extraction in the pregnant solution. It was discovered that the highest
extraction efficiency of silicon in the filtrate after the leaching process could be reached
at an NaOH concentration of 8 M and leaching time of 6 h, with an extraction efficiency
of 61.75%.

The precipitation of the filtrate using HCl resulted in precipitated silica and NaCl
as impurities. The purity of the precipitated silica can be dramatically increased via a
purification process using DI water, which could enhance the dissolution and separation of
NaCl from the precipitated silica and also reduce its particle size.

Eventually, in this study, silica with high purity was obtained using pyro-hydrometallurgy
methods from ferronickel slag at the amount and particle size of 85.41% and 26.3-95.8 nm,
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respectively. In the future, the optimization of the roasting process, including the composition
of mixtures and process conditions, should be carried out to maximize the sodium silicate
formation. Moreover, variation in the s/L ratio and stirring speed during the leaching process
can be used to tackle the glass layer formation that could hinder further dissolution, and heat
treatment may be an option to enhance the purity of silica, since it can eliminate phosphor
and chloride substances.
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C; initial silicon concentration in the roasted product
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DI deionized
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M;; dissolved roasted product mass in the leachate
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