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Abstract: An alternative laterite nickel ore processing using sulfuric acid as a leaching agent to
produce class 1 nickel as a raw material for electric vehicle batteries produces natrojarosite residue as
a by-product during the precipitation of iron and aluminum step. The natrojarosite residue contained
iron and high sulfur, which is challenging to utilize as an iron source for steel manufacturing
since sulfur can contaminate the steel product. This study focuses on sulfur elimination and iron
extraction from natrojarosite. The natrojarosite was roasted for sulfur removal isothermally at
different temperatures ranging from 500 until 1100 ◦C for 4 h. Roasting at 1100 ◦C resulted a decrease
in sulfur content from 12.18% to 3.81% and an increase in iron content from 16.23% to 28.54%. The
sulfur released during roasting can, in principle, be recirculated to a sulfuric acid plant and reused
as a leaching agent in the nickel ore processing plant. The unroasted and roasted natrojarosite
residues were then reduced by coconut shell charcoal in the temperature range of 1000–1400 ◦C. The
results showed that the metallic iron could be obtained from both unroasted and roasted natrojarosite
residue at a temperature of 1200 ◦C and higher. The sulfur content in the oxide phase of unroasted
natrojarosite residue was significantly higher than roasted natrojarosite residue. However, the
roasting did not significantly influence the sulfur content in the metal phase. The sulfur content in
the metal phase from unroasted and roasted natrojarosite residue was less than 1.2%. This result
indicated that the removal of sulfur and metal oxide reduction in the natrojarosite residue could be
carried out simultaneously in one stage where the natrojarosite residue is reduced by carbonaceous
material at a temperature of 1200 ◦C or higher.

Keywords: laterite nickel; natrojarosite residue; sulfur removal; metal extraction

1. Introduction

The consumption and demand for nickel increased in line with the production of
stainless steel, nickel-based superalloys, and the raw material for Li–ion batteries. Pol-
icy changes in many countries to reduce greenhouse gas emissions, one of which is the
conversion of internal combustion engine vehicles to electric vehicles (EV). The rise in
EV production increases the nickel extraction from laterite nickel ore to meet the demand
for class 1 nickel as raw material for EV batteries. Laterite nickel ore can be classified
into saprolite and limonite types. In 2021, most of the nickel production emanated from
saprolite type of laterite nickel ore which was processed via pyrometallurgical route mainly
using rotary kiln–electric furnace (RKEF) technology to produce class 2 nickel such as
ferronickel and nickel pig iron. The processing of limonite-type laterite nickel ore is still
challenging both in terms of technology and the leach residue (tailings) produced, which
require special attention for handling. High-pressure acid leach (HPAL) is one of the consid-
ered technologies for processing limonite type of laterite nickel ore. The HPAL technology
was applied at Ravensthorpe in Australia, Meta Nickel and Goerdes in Turkey, Murrin

Metals 2023, 13, 52. https://doi.org/10.3390/met13010052 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13010052
https://doi.org/10.3390/met13010052
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-6670-1764
https://doi.org/10.3390/met13010052
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13010052?type=check_update&version=1


Metals 2023, 13, 52 2 of 14

Murrin in Australia, Goro in New Caledonia, Ambatovy in Madagascar, Ramu in Papua
New Guinea, Taganito and Coral Bay in the Philippines, and currently, Halmahera Persada
Lygend in Indonesia [1–3]. In those projects, the leach residue is either placed in the tailings
dam, as in the case of Taganito [4], dried by filter press and stacked, as in the case of
Halmahera Persada Lygend, or placed in the deep sea, as in the case of Ramu [5]. However,
the leakage of the pipeline for deep sea tailing placement was reported at Ramu, which
forced a different treatment method for HPAL tailing, e.g., to extract iron and chromium [5].

An alternative technology is now being developed to process the laterite nickel ore
by combining pyrometallurgy and hydrometallurgy. The nickel ore and sulfuric acid
mixture is roasted in a rotary kiln at a specific temperature range. The roasted nickel
ore is leached by water or weak sulfuric acid in a tank to dissolve nickel sulfate into a
solution. The natrojarosite residue is produced during the iron and aluminum separation
step. The amount of natrojarosite is around 20% of the processed laterite nickel ore. In
general, natrojarosite residue behaves similarly to HPAL residue, which requires specific
pre-treatment, special handling, and careful storage.

The jarosite is also produced from the zinc processing plant during iron precipitation,
where each ton of zinc produced generates around 0.5 tons of jarosite as waste. Therefore,
the utilization of jarosite has become a concern of researchers worldwide. Jarosite as a
partial replacement for cement has been reported by Ray et al., where the increase of jarosite
up to 15% improved the mechanical properties of cement [6]. Ahamed et al. [7] investigated
the production of Zn-Fe alloys from jarosite by hydrometallurgy and electrometallurgy
routes. The recovery of valuable metals from jarosite by pyrometallurgy route was also
reported extensively, especially for iron extraction [8–11].

This study aims to utilize the natrojarosite residue from laterite nickel ore processing
by sulfuric acid leaching as a secondary source of raw materials for producing iron and
sulfuric acid. Due to the high sulfur content in the natrojarosite residue, which negatively
affects the steel products, the sulfur separation shall be carried out, e.g., by roasting. The
released sulfur in the form of sulfur dioxide, in principle, can be sent back to the sulfuric
acid plant, which is then reused in the nickel processing plant. This sustainable utilization
of natrojarosite residue as a source of iron and sulfur can reduce the environmental impacts
related to mining activities for iron and sulfur, waste management, and energy needs.

2. Materials and Methods
2.1. Materials

The natrojarosite residue originated from a nickel extraction processing pilot plant in
West Java, Indonesia. The sample was dried in an oven at 150 ◦C for 10 h to remove the
surface moisture. The size reduction process was performed using a roll crusher and a ball
mill to obtain a grain size of less than 65# (−0.210 mm). Coconut shell charcoal was used
as a reductant, which was prepared by grinding using a ball mill to obtain a size of less
than 60# (−0.250 mm). The mineralogical composition of the natrojarosite residue based on
X-ray diffraction (XRD) using a Rigaku SmartLab diffractometer and X-ray fluorescence
(XRF) using a Rigaku Supermini 200 is shown in Table 1. The iron, sulfur, and calcium
contents in the jarosite residue are 16.23%, 12.18%, and 9.06%, respectively. The proximate
analysis of the coconut shell charcoal is listed in Table 2.

Table 1. Mineralogical composition of natrojarosite residue (in wt%).

NaFe3(SO4)2(OH)6 CaSO4·2H2O Fe2O3 Al2(SO4)3·12H2O MgSO4·2H2O

8.71 38.91 18.89 10.68 4.09

NiSO4·6H2O Cr2(SO4)3 SiO2 MnO2 Moisture Other

9.03 0.75 2.80 1.73 3.92 0.45
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Table 2. Proximate analysis of coconut shell charcoal (in wt%) and its calorific value.

Moisture Ash Volatile Matter Fixed Carbon Total Sulfur Gross Calorific Value (Kcal/kg)

7.01 1.95 16.57 74.47 0.02 6.987

2.2. Experimental Method

For the experiments of sulfur removal via roasting, 10 g of natrojarosite residue was
inserted into a porcelain cup without a lid; placed into a muffle furnace; and then heated
isothermally at different temperatures of 500, 600, 700, 800, 900, 1000, and 1100 ◦C for
4 h. Three replicate samples were roasted for each roasting temperature. Before and
after roasting, the samples were weighed using an analytical balance to determine their
weight losses. The chemical composition of the roasted samples was determined by XRF,
and the phases formed in the roasted samples were analyzed by XRD. Furthermore, the
thermogravimetric analysis (TG) and differential thermal analysis (DTA) of the natrojarosite
were carried out using Setaram SE 1600. During the TG-DTA analysis, approximately
13 mg of natrojarosite sample was heated to 1200 ◦C in a nitrogen atmosphere at a heating
rate of 10 ◦C/min. During the heating process, the mass change and calorimetric effect
were recorded, and the thermogravimetric and differential thermal analysis curves were
obtained.

For the experiments of iron extraction via reduction, two different types of feed were
considered, i.e., unroasted (initial) natrojarosite residue and roasted natrojarosite residue
at 1100 ◦C. These residues were molded into cylindrical briquettes each with an average
weight of 3–4 g and a thickness of 10–15 mm using a steel die, which was then pressed
with a compressive strength of 5 metric tons for 5 min. Before a briquette was placed in
a 20 mL porcelain crucible, the bottom of the porcelain crucible was protected by placing
a layer of 0.5 g alumina powder, followed by adding approximately 1 g of coconut shell
charcoal to prevent direct contact between the briquette and the porcelain crucible and
alumina powder. After a briquette was inserted into the crucible, approximately 3 g of
coconut shell charcoal was added to cover the whole briquette surface, thus providing a
sufficient reductant source for the iron oxide reduction. To prevent direct contact of the
charcoal with the surrounding air, 2 g of alumina powder was added to the top layer of the
charcoal. The crucibles were placed inside a muffle furnace in which a type B thermocouple
was installed for temperature controlling and monitoring. The reduction experiments were
performed at an isothermal temperature of 1000 ◦C for 2 h, at an isothermal temperature of
1200 ◦C for 2 h, and via an isothermal–temperature gradient pattern (ITGP) starting from
1000 ◦C to a final temperature of 1400 ◦C, with a heating rate of 8 ◦C/minute for a total
heating duration of 2 h. The latter was tested to examine the possibility of producing iron
granules, as observed in previous work [12–14].

An additional reduction experiment was performed to evaluate the effect of com-
positing natrojarosite residue and coconut charcoal in the briquette on the iron reduction.
Natrojarosite residue was mixed with coconut charcoal weighted 20% of the residue. The
mixture was then formed into a briquette through a similar procedure mentioned before.
The composite briquette was reduced via an isothermal–temperature gradient pattern
(ITGP) with a heating pattern identical to that of a non-composite briquette.

After the reduction experiments, the reduced briquettes were naturally cooled and
were prepared through a conventional metallographic preparation technique, i.e., the
samples were mounted in resin and cross-sectioned through mechanical polishing. The
microstructure of the samples was characterized by a scanning electron microscope (SEM,
JEOL JSM 6510 A), and the chemical composition of the micro area was analyzed by an
energy dispersive spectrometer (EDS) available within the SEM.

2.3. Thermodynamic Simulation Method

A thermodynamic simulation was performed using FactSage 8.0 [15] to evaluate the
phase changes in the natrojarosite residue during heating. Natrojarosite residue of 100 g
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with chemical composition as shown in Table 1 was used as the basis of the simulation. Vari-
ous key databases were taken into account in the thermodynamic simulation, such as FactPS
database for the pure element, stoichiometric compounds, and gas phase; FToxid database
for oxide solid solutions and oxide liquid solutions; and FTmisc for sulfide and alloys. The
type and amount of phases resulting from the equilibrium of natrojarosite residues from
room temperature to 1400 ◦C were the output of this thermodynamic simulation.

3. Results and Discussion
3.1. Sulfur Removal

The appearance of the samples before and after roasting at 500–1100 ◦C for 4 h are
provided in Figure 1. The color of the roasted samples changed from yellowish-brown on
the initial sample to reddish-brown after roasting at 500–700 ◦C to dark brown after roasting
at 800–1000 ◦C and further to black after roasting at 1100 ◦C. The color changes coincided
with the minerals/phases change during the roasting, as shown in the XRD analysis results
in Figure 2. The main phase of minerals in the initial sample was natrojarosite, calcium
sulfate hydrate, aluminum sulfate hydrate, and magnesium sulfate hydrate. After being
roasted at 500 to 800 ◦C, the anhydrite phase and hematite were revealed. At 900 to 1100 ◦C,
the hematite transformed to maghemite. At 1100 ◦C, the anhydrite tended to disappear
due to its dissociation into calcium oxide and sulfur dioxide, followed by reaction between
calcium oxide, aluminum oxide, and silicon oxide forming Ca2Al2SiO7.
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Figure 2. The results of XRD analysis on the initial and roasted samples at temperatures of
500–1100 ◦C.

The results of the thermodynamic simulation of high temperature treatment of na-
trojarosite residue using FactSage 8.0 are shown in Figure 3. The natrojarosite data are
not available in the current version of thermochemical database; therefore, the sodium
sulfate (Na2SO4) and ferric sulfate (Fe2(SO4)3) are stable at room temperature instead of
natrojarosite (NaFe3(SO4)2(OH)6). Frost et al. [16] and Desborough et al. [17] reported that
natrojarosite dissociated in two steps: namely, dihydroxylation at a temperature range of
215–352 ◦C and releasing sulfur dioxide (SO2) gas at 555–595 ◦C according to the following
equation:

2 NaFe3(SO4)2(OH)6 (s)→ 2 NaFe(SO4)2 (s) + 2 Fe2O3 (s) + 6 H2O (g) (1)

2 NaFe(SO4)2 (s)→ Na2SO4 (s) + Fe2O3 (s) + 3 SO2 (g) + 1.5 O2 (g) (2)
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Figure 3. Thermochemical calculation by FactSage during the heating of 100 g of natrojarosite residue.

Based on the XRD results in Figure 2, the natrojarosite completely disappeared at a
temperature of 500 ◦C and higher, which indicated that the dissociation of the natrojarosite
occurred at a temperature of less than 500 ◦C. A similar result was reported by Zhu et al. [11],
Kerolli-Mustafa et al. [18], and Linsong et al. [19], who observed that the dissociation of
natrojarosite occurred at about 400 ◦C.

The thermochemical calculation results in Figure 3 show that at 180 ◦C aluminum
sulfate hexahydrate transforms into alumina hydrate (Al2O3·H2O) by releasing sulfur
dioxide (SO2), moisture (H2O), and oxygen (O2), according to Equation (3).

Al2(SO4)3·6H2O (s) = Al2O3·H2O (s) + 3 SO2 (g) + 5 H2O (g) + 1.5 O2 (g) (3)

Ferric sulfate starts to dissociate into hematite and sulfur dioxide at 572 ◦C and its
dissociation is completed at 680 ◦C, as shown by Equation (4).

Fe2(SO4)3 (s)→ Fe2O3 (s) + 3 SO2 (g) + 1.5 O2 (g) (4)

Nickel sulfate, magnesium sulfate, and calcium sulfate start dissociating into magne-
sium oxide, nickel oxide, and calcium oxide by releasing sulfur dioxide and oxygen at a
temperature of 724, 800, and 1150 ◦C, respectively, following Equations (5)–(7).

NiSO4 (s)→ NiO (s) + SO2 (g) + 0.5 O2 (g) (5)
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MgSO4 (s)→MgO (s) + SO2 (g) + 0.5 O2 (g) (6)

CaSO4 (s)→ CaO (s) + SO2 (g) + 0.5 O2 (g) (7)

The resulting oxides react forming oxide compounds, oxide solid solutions, or molten
oxide/slag, depending on the temperature (blue line in Figure 3).

The TG/DTA measurement results of natrojarosite residue are shown in Figure 4. The
natrojarosite residue decreased in weight during the heating from room temperature to
1200 ◦C. The phase changes estimated from the thermochemical simulation were taken
into consideration in the interpretation of the TG/DTA measurement results. The weight
loss due to the evaporation of water and dehydration in the natrojarosite residue can be
seen in the temperature range of 90–150 ◦C (points 1 and 2 in Figure 4). Point 3 in Figure 4
seems to indicate the dissociation of natrojarosite following Equation 1, which takes place
in the temperature range 390–450 ◦C. The dissociation of nickel sulfate and sodium sulfate
appears to occur at 700–750 ◦C, as marked by point 4 in Figure 4. Point 5 in Figure 4 appears
to be the dissociation of magnesium sulfate at 870–955 ◦C. Finally, the calcium sulfate starts
to dissociate at 1000 ◦C (point 6 in Figure 4) which was confirmed by XRD measurements
at 1100 ◦C, where the calcium sulfate pattern tended to disappear (see Figure 2).
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Figure 4. TG-DTA results for natrojarosite residues with a heating rate 10 ◦C/min.

Figure 5 shows the comparison of weight loss percentage between the roasting ex-
periment, the results of the TG-DTA data, and the thermochemical calculation. All of
the roasting experiment data, TG-DTA data, and thermochemical calculation showed an
increase in weight loss of the sample with increasing temperature. The roasting experiment
showed a weight loss of 17% at 500 ◦C, which then continued to increase until it reached
44.56% at 1100 ◦C. TG-DTA data showed a weight change similar to the roasting exper-
iment. Changes in weight in every increase in temperature were caused by multi-stage
decomposition that occurred in a certain temperature range. The deviation of thermochem-
ical calculation compared to the roasting experiment and TG-TDA data, in particular at
more than 300 ◦C, was due to the overestimation of the dissociation temperatures of ferric
sulfate and calcium sulfate by the thermochemical software.
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Figure 5. Weight losses versus temperature from roasting experiments, TG/DTA data, and thermo-
chemical calculations by FactSage.

Changes in the chemical composition of the residue at different roasting temperatures
were obtained from the XRF analysis, which was complemented with the estimated stable
phases obtained from the XRD analysis and thermodynamic calculation. The data showed
that the sulfur content decreased from 12.18% in the natrojarosite residue to 3.81% after
roasting at 1100 ◦C as shown in Figure 6. Mombelli et al. [8] also reported that the sulfur
content can be reduced from 8.86% in the jarosite to 2.55% in the jarosite after calcination
at 1000 ◦C due to the release of sulfur in the form of SOx gas. Mombelli et al. [8] and Zhu
et al. [11] suggested that the resulting SOx gas can be used for sulfuric acid production.
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Figure 6. Changes in the contents of sulfur, iron, nickel, calcium, aluminum, and silicon after roasting
at a temperature of 500–1100 ◦C.

In line with the removal of sulfur, the iron content in the jarosite residue increased
from 16.23% to 28.54% and nickel content increased from 2.02% to 2.94% after being roasted
at 1100 ◦C. Similar results were observed for calcium in which its content increased from
9.06% to 15.16%. The sulfur content can be further reduced by increasing the roasting
temperature, as indicated by TG/DTA results in Figure 4.
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The sulfur removal efficiency calculated from the roasting experiment results com-
pared with the thermochemical calculation is shown in Figure 7. Based on the roasting
experiment, the sulfur removal had already occurred at 500 ◦C, while the thermochemical
calculation indicated that sulfur removal begins to occur at 570 ◦C. As it has been stated
earlier, this discrepancy was due to the overestimation of ferric sulfate and calcium sulfate
dissociation temperatures in the thermochemical calculation. The roasting experiment data
shows that the sulfur removal efficiency increased from 26% at 500 ◦C to 82% at 1100 ◦C.
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Figure 7. Comparison of sulfur removal efficiency between the roasting experiment and thermo-
chemical calculation.

3.2. Extraction of Iron from the Unroasted Natrojarosite

The SEM images of reduced briquettes of unroasted (initial) natrojarosite residue are
shown in Figure 8. The chemical composition based on EDS detection for each area or each
point on the SEM images in Figure 8 is presented in Figure 9. The carbon content was not
included in the EDS analysis due to its low accuracy. At 1000 ◦C, the metallic iron was
not formed which was confirmed by the high oxygen content in the reduced briquette of
40–42% as shown by points or areas 1 to 5 in Figures 8a and 9a. The sulfur content was
in the range of 2–20%, indicating that the sulfur removal was not taken place adequately.
At 1200 ◦C, metallic iron was formed in the reduced briquette of unroasted natrojarosite
residue as shown in area 6 in Figure 8b, where the iron and sulfur contents were 98.37%
and 0.17%, respectively. The inclusion in the form of iron sulfide (FeS) was detected in
the reduced briquette at point 8 in Figure 8b. The oxide phases are shown at points and
areas 9–11 in Figure 8b, where the iron content in areas 10 and 11 were 2.64 and 0.22%,
respectively. The phosphorous content in the metal phase was maximum of 0.05%.

The isothermal-temperature gradient pattern (ITGP) from 1000–1400 ◦C was previ-
ously reported successful in separating metal in the form of nuggets or granules from
limonite nickel ore [12] and iron sand concentrate (titanomagnetite) [13,14]. Unfortunately,
no metal nugget or granule was produced in the case of natrojarosite residue. However,
metallic iron was detected, as shown in area 13 in Figure 8c. Metallic iron contained 0.81%
sulfur, 12.7% nickel, and 4.8% silicon. The final temperature of 1400 ◦C on the ITGP allowed
the reduction of silicon oxide into silicon metal. The sulfur and iron content in the oxide
phase were between 1–15% and 4–48%, respectively.
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Figure 8. SEM images of unroasted natrojarosite residue after carbothermic reduction at different
temperatures; ITGP = isothermal temperature gradient profile.
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Figure 9. EDS analysis of unroasted natrojarosite residue after carbothermic reduction at different
temperatures; ITGP = isothermal temperature gradient pattern. Numbers 1–22 refer to the location in
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For reduced composite briquettes under ITGP, as shown in Figures 8d and 9d, the
trend was similar to the non-composite briquettes, as shown in Figures 8c and 9c, in terms of
the metallic iron formation. The sulfur, nickel, and silicon contents in the metal were 0.54%,
5.1%, and 14.6%, respectively. The iron content in the oxide phase was 1–19%. However, the
sulfur content in the oxide phase of the reduced composite briquette was 17–24%, which
was higher than in the non-composite briquette. This result was in line with the results
of Zhang et al. [20], who used carbon to prevent the volatilization of sulfur in SOx gas.
As the amount of carbon increased, the degree of sulfidation also increased [20,21]. The
optimum temperature for the degree of sulfidation was 800 ◦C. As the roasting temperature
increased, the sulfidation degree tended to decrease [20,21].

As can be identified from Figure 9, in general, the sulfur content in the metal phases is
less than in the oxide phase, which allows the separation of low-sulfur metallic iron from
the high-sulfur oxide phase by crushing and magnetic separation. Lei et al. [5] reported
the metallic iron separation from laterite sulfuric acid residue containing 3.71% sulfur and
44.62% iron by reduction roasting in the temperature range of 800–1400 ◦C. The metallic
iron was recovered by magnetic separation in the form of metal concentrate. Lei et al. [5]
showed that the sulfur content in the metal concentrate decreased from 3.66% at a reduction
roasting temperature of 800 ◦C to 0.65% at 1400 ◦C.

3.3. Extraction of Iron from the Roasted Natrojarosite

The natrojarosite residue that was roasted at 1100 ◦C for 4 h showed a decrease in
sulfur content to 3.81% and an increase in iron content to 28.54%, as is shown in Figure 6.
The results of the observations of the reduced briquettes of the roasted natrojarosite residue
that were analyzed using SEM are presented in Figure 10, and the analysis of each point or
each area by EDS is shown in Figure 11. For the briquette reduced at 1000 ◦C, the metallic
iron was formed, as shown in area 41 in Figures 10a and 11a, where the iron, sulfur, and
nickel contents were 83.83%, 1.00%, and 9%, respectively. The sulfur content in the oxide
phase was in the range of 7–22%. The phosphorous content in the metal phase was a
maximum of 0.08%.

Metals 2022, 12, x FOR PEER REVIEW 11 of 14 
 

 

The isothermal-temperature gradient pattern (ITGP) from 1000–1400 °C was previ-

ously reported successful in separating metal in the form of nuggets or granules from 

limonite nickel ore [12] and iron sand concentrate (titanomagnetite) [13,14]. Unfortu-

nately, no metal nugget or granule was produced in the case of natrojarosite residue. 

However, metallic iron was detected, as shown in area 13 in Figure 8c. Metallic iron con-

tained 0.81% sulfur, 12.7% nickel, and 4.8% silicon. The final temperature of 1400 °C on 

the ITGP allowed the reduction of silicon oxide into silicon metal. The sulfur and iron 

content in the oxide phase were between 1–15% and 4–48%, respectively. 

For reduced composite briquettes under ITGP, as shown in Figures 8d and 9d, the 

trend was similar to the non-composite briquettes, as shown in Figures 8c and 9c, in terms 

of the metallic iron formation. The sulfur, nickel, and silicon contents in the metal were 

0.54%, 5.1%, and 14.6%, respectively. The iron content in the oxide phase was 1–19%. 

However, the sulfur content in the oxide phase of the reduced composite briquette was 

17–24%, which was higher than in the non-composite briquette. This result was in line 

with the results of Zhang et al. [20], who used carbon to prevent the volatilization of sulfur 

in SOx gas. As the amount of carbon increased, the degree of sulfidation also increased 

[20,21]. The optimum temperature for the degree of sulfidation was 800 °C. As the roasting 

temperature increased, the sulfidation degree tended to decrease [20,21]. 

As can be identified from Figure 9, in general, the sulfur content in the metal phases 

is less than in the oxide phase, which allows the separation of low-sulfur metallic iron 

from the high-sulfur oxide phase by crushing and magnetic separation. Lei et al. [5] re-

ported the metallic iron separation from laterite sulfuric acid residue containing 3.71% 

sulfur and 44.62% iron by reduction roasting in the temperature range of 800–1400 °C. The 

metallic iron was recovered by magnetic separation in the form of metal concentrate. Lei 

et al. [5] showed that the sulfur content in the metal concentrate decreased from 3.66% at 

a reduction roasting temperature of 800 °C to 0.65% at 1400 °C. 

3.3. Extraction of Iron from the Roasted Natrojarosite 

The natrojarosite residue that was roasted at 1100 °C for 4 h showed a decrease in 

sulfur content to 3.81% and an increase in iron content to 28.54%, as is shown in Figure 6. 

The results of the observations of the reduced briquettes of the roasted natrojarosite resi-

due that were analyzed using SEM are presented in Figure 10, and the analysis of each 

point or each area by EDS is shown in Figure 11. For the briquette reduced at 1000 °C, the 

metallic iron was formed, as shown in area 41 in Figures 10a and 11a, where the iron, 

sulfur, and nickel contents were 83.83%, 1.00%, and 9%, respectively. The sulfur content 

in the oxide phase was in the range of 7–22%. The phosphorous content in the metal phase 

was a maximum of 0.08%. 

  

a. 1000 °C b. 1200 °C 

41

42

43

44

45

Metal

Oxide

Oxide

OxideOxide

46

4748

49

50

Metal

Oxide

Oxide

Figure 10. Cont.



Metals 2023, 13, 52 12 of 14Metals 2022, 12, x FOR PEER REVIEW 12 of 14 
 

 

  

c. 1000–1400 °C (ITGP) d. 1000–1400 °C (ITGP), composite 

Figure 10. SEM images of roasted natrojarosite residue after carbothermic reduction at different 

temperatures; ITGP = isothermal temperature gradient profile. 

 

Figure 11. EDS analysis of roasted natrojarosite briquettes after carbothermic reduction at different 

temperatures; IGTP = isothermal gradient temperature profile. Numbers 41–60 refer to the location 

in Figure 10. 

At 1200 °C, the metallic iron in the reduced briquette was formed with a sulfur con-

tent of 0.89% to 1.11% (Figures 10b and 11b). The sulfur content in the oxide phase was 

0.8–2.5% which was less compared to the unroasted natrojarosite residue in Figures 8b 

and 9b. Similar to unroasted natrojarosite residue, the IGTP did not produce any iron 

granule separated from the slag. The metallic iron with a sulfur content of 0.7–1.2% was 

formed. The sulfur content in the slag was in the range of 0.8%–1.3% which was less com-

pared to the unroasted natrojarosite residue. 

Based on the present experimental results, it is suggested to remove sulfur and ex-

tract iron simultaneously in one stage where the initial natrojarosite residue is formed into 

a briquette which is immersed in a carbon-reducing agent and heated at 1200 °C. The op-

timum temperature of 1200 °C was also suggested by Lei et al. [5] who have conducted 

reduction roasting of acid leaching residue for extraction of metallic iron in the form of 

iron concentrate with iron and sulfur contents of 87% and 0.7%, respectively. 

51

52

53Metal

Metal54

Oxide

O
x

id
e

58

57

56

55
60

59

Metal

Metal
Oxide

0

10

20

30

40

50

60

70

80

90

100

41

(M)

42

(O)

43

(O)

44

(O)

45

(O)

46

(M)

47

(M)

48

(O)

49

(O)

50

(O)

51

(M)

52

(M)

53

(O)

54

(O)

55

(M)

56

(M)

57

(M)

58

(O)

59

(O)

60

(O)

a. 1000 °C b. 1200 °C                                                           

 
 
 
  
 
  
 
  
  
  
  
  
  
 
  
 
 

O

P

Mn

Cr

Na

Mg

Si

Al

Ca

Ni

Fe

S

Figure 10. SEM images of roasted natrojarosite residue after carbothermic reduction at different
temperatures; ITGP = isothermal temperature gradient profile.
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Figure 11. EDS analysis of roasted natrojarosite briquettes after carbothermic reduction at different
temperatures; IGTP = isothermal gradient temperature profile. Numbers 41–60 refer to the location
in Figure 10.

At 1200 ◦C, the metallic iron in the reduced briquette was formed with a sulfur content
of 0.89% to 1.11% (Figures 10b and 11b). The sulfur content in the oxide phase was 0.8–
2.5% which was less compared to the unroasted natrojarosite residue in Figures 8b and 9b.
Similar to unroasted natrojarosite residue, the IGTP did not produce any iron granule
separated from the slag. The metallic iron with a sulfur content of 0.7–1.2% was formed.
The sulfur content in the slag was in the range of 0.8%–1.3% which was less compared to
the unroasted natrojarosite residue.

Based on the present experimental results, it is suggested to remove sulfur and extract
iron simultaneously in one stage where the initial natrojarosite residue is formed into
a briquette which is immersed in a carbon-reducing agent and heated at 1200 ◦C. The
optimum temperature of 1200 ◦C was also suggested by Lei et al. [5] who have conducted
reduction roasting of acid leaching residue for extraction of metallic iron in the form of iron
concentrate with iron and sulfur contents of 87% and 0.7%, respectively.
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4. Conclusions

Natrojarosite residue is produced as a by-product of a nickel laterite processing by
sulfuric acid leaching which needs to be handled and treated carefully. The natrojarosite
residue can be utilized as raw material for iron production provided that the sulfur content
meets the required level. The removal of sulfur from natrojarosite residue by roasting has
been conducted in laboratory-scale experiments. The results show that a sulfur content
of 12.18% in the unroasted natrojarosite residue can be reduced to 3.81% after roasting at
1100 ◦C for 4 h. The unroasted and roasted natrojarosite residues were then reduced by
coconut shell charcoal in the temperature range of 1000–1400 ◦C. The results showed that
the metallic iron could be obtained from both unroasted and roasted natrojarosite residue
at a temperature of 1200 ◦C and higher. The sulfur content in the oxide phase of unroasted
natrojarosite residue is significantly higher than roasted natrojarosite residue. However, the
sulfur content in the metal phase was less than 0.9% from unroasted and less than 1.2% from
roasted natrojarosite residue. These results indicated that the removal of sulfur and metal
oxide reduction in the natrojarosite residue could be carried out simultaneously in one
stage where the natrojarosite residue is reduced by carbonaceous material at a temperature
of 1200 ◦C or higher.
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