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Abstract

This research evaluates the effects of nickel grade and occurrence state on the leaching behavior of lateritic nickel ores
using high-pressure acid leaching (HPAL) at 250 °C with sulfuric acid. Three ores were selected for the study. Ore 1 (ultra-
low-grade limonite, 0.73 wt.% Ni), Ore 2 (limonite, 1.34 wt.% Ni), and Ore 3 (saprolite, 2.00 wt.% Ni). Mineralogical
studies (XRD, SEM, and EPMA) were conducted to provide insight into nickel-hosting phases and characteristics of the ore
matrix. A higher nickel grade does not necessarily result in higher extraction. Ore 1 had the lowest nickel grade but
achieved the highest extraction of Ni (97.25%) and Co (98.49%) under experimental conditions using an acid-to-ore (4/0)
ratio of 0.40. This significant Ni extraction is attributed to nickel s structural substitution in goethite, an iron oxide mineral
that dissolves readily under the HPAL process. Ore 2 also contains goethite as the dominant phase and achieved similarly
high recoveries of Ni (97%) and Co (98%), however, Co recovery decreased slightly under higher acid conditions due to
co-precipitation with hematite. Ore 3 had the highest nickel grade but the lowest leaching efficiency (<90% Ni). The
generally low recoveries may be attributed to nickel being hosted in both goethite (a leachable phase) and lizardite (a less
leachable phase). The silicate matrix of lizardite and its elevated magnesium content restricted the effective acid range and
thus diminished nickel selectivity during the HPAL leaching process.

The results highlight that the mineralogical occurrence state of nickel is more important than nickel grade in determining
leaching performance. Therefore, low-grade limonite ores with favorable mineralogy can serve as potential feed sources

for environmentally friendly sustainable nickel hydrometallurgical extraction.
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1. Introduction

Nickel is an essential metal extensively utilized in
industries such as stainless steel manufacturing,
battery production, and the high-performance alloys
due to its excellent corrosion resistance and ability to
withstand high temperatures [1, 2, 3]. The surge in
nickel demand, driven by the expansion of electric
vehicle markets and renewable energy technologies,
with projected to rise from around 7% in 2021 to 40%
by 2040, has significantly intensified the need for
efficient extraction methods from nickel ores [4, 5].

Historically, nickel extraction has primarily
focused on sulfide ores which are found in countries
such as Canada, the USA, and Australia [6]. However,
the depletion of high-grade sulfide deposits over the
past two decades has shifted attention toward laterite
ore, which account for more than 70% of the world
nickel reserves [7, 8]. Nickel laterite ores are formed
through the extensive weathering of ultramafic rocks
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and are primarly concentrated in tropical and
subtropical regions, generally situated within 22
degrees of latitude both north and south of the equator
[9]. Generally, laterite is categorized into two main
types based on mineralogical composition and
chemical properties: Saprolite, rich in magnesium
silicates and Limonite, dominated by iron oxides and
hydroxides [10].

The existing literature has thoroughly established
the broad mineralogical and metallurgical differences
between saprolite and limonite. Saprolite ores contain
higher nickel concentrations, ranging from 1.5% to 3%
and are associated with magnesium silicate minerals
such as lizardite and garnierite [11]. These ores are
primarily processed through energy-intensive
pyrometallurgical methods to produce valuable nickel
products such as ferronickel, nickel matte and nickel
pigiron [12, 13]. In contrast, limonite ores, which have
moderate nickel grades ranging from 0.6% to 1.5%,
are rich in iron oxides and hydroxides and serve as a
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key raw material for electric vehicle battery cathodes
[14, 15]. Hydrometallurgical plants typically utilize
limonite with a nickel content above 1%, leaving ultra-
low-grade limonite (<1% Ni) largely [16].

The exclusion of ultra-low limonite from
industrial processing presents several disadvantages.
First, it results in suboptimal utilization of mineral
resources, as potentially nickel that is found in
goethite [17]. Second, neglecting this ore contributes
to greater environmental degradation by increasing
waste accumulation and land disturbance [18]. Third,
it minimizes the economic value of mining
operations, particularly in rich resources regions
where local beneficiation of all ore grades could
support regional development [19]. Finally, failure to
utilize ultra-low limonite ores increases dependence
on the higher grade deposits, which may lead to their
rapid depletion and pose challenges for ensuring a
stable nickel supply over time.

Although numerous studies such us Stankovic et
al. (2020) and Deniyatno et al. (2022) have widely
investigated the leaching mechanisms of lateritic
nickel ore through high-pressure acid leaching and
atmospheric [20, 21], few have directly compared
how nickel grade and nickel occurrence state
respectively influence leaching behavior under
identical processing. The comparison result is crucial
to explain whether the nickel dissolution is primary
governed by nickel amount, or by nickel
mineralogical bound. Some study explain that
goethite rich nickel ore is more reactive, and others
highlight that nickel silicate lattice requires higher
acid dose and longer time. However, the conclusions
drawn are often based on ore samples with differing
origins and experimental conditions, thereby limiting
their comparability.

This study aims to fill that critical gap by
systematically evaluating the influence of both nickel
grade and occurrence state on the HPAL leaching
performance of three distinct lateritic ores that are
ultra- low limonite, limonite, and saprolite. Through
comprehensive mineralogical characterization (XRD,
SEM-EDS, EPMA) and controlled leaching
experiments at 250 °C, this allows direct comparison
of Ni extraction efficiency as a function of grade and
host phase. This work is the first to decouple these
two critical variables under unified experimental

Table 1. Mineral composition of the ore samples

control, providing insight into process optimization
and supporting the sustainable utilization of
underused ultra-low limonite resources.

2. Materials and methods
2.1. Materials

In this investigation, three distinct types of lateritic
nickel ores were employed: ultra-low limonite (ore 1),
limonite (ore 2), and saprolite (ore 3). The strategic
selection of these specific ore types was intended to
examine how variations in nickel content and inherent
mineralogical characteristics influence leaching
mechanisms. The ore 1, 2, and 3 were procured from
PT. Almharig, Kabaena Island, Indonesia. The
chemical compositions of these ores were analyzed
using Inductive couple plasma — optical emission
spectrometry (ICP-OES) and illustrated in Table 1.
Before the leaching experiments, samples of the three
nickel ores were prepared by drying them at 105°C for
24 hours to remove all moisture. The dried ores were
sequentially crushed using a jaw crusher, a drum mill
for uniform particle size, and a pulverizer mill for
finer particles. Finally, the ground ore was sifted
through a 100-mesh sieve to ensure consistency in
particle size for the leaching tests. The leaching agent
used in this study was industrial-grade sulfuric acid,
sourced from QMB Indonesia and produced by
Merdeka Tsingshan Indonesia (MTI). Sulfuric acid
plays a crucial role in leaching by effectively
dissolving the nickel from the lateritic ores and
facilitating its extraction [22].

2.2. Leaching experiment

A mixture of 300 g nickel ore and 700 mL distilled
water was prepared in a 2 L beaker and stirred for 20
minutes to form a slurry. Sulfuric acid was added
during the final 10 minutes to achieve acid-to-slurry
ratios of 0.25:1, 0.30:1, 0.35:1, and 0.40:1, resulting
in a total slurry volume of approximately 1.0-1.1 L,
which is fully compatible with the 2 L beaker. The
initial solids content was about 30 wt.%, and this
percentage decreased slightly after acid addition due
to dilution. The slurry was then transferred to a 2 L
autoclave and subjected to leaching at 250 °C for 60
minutes. After the leaching process, the liquid and

Content (wt.%)
Ore
Ni Co Mn Fe Al Mg SiO,
1 0.733 0.066 0.432 37.09 4.56 0.405 18.71
2 1.34 0.073 0.616 41.64 3.01 1.26 12.96
3 2 0.082 0.568 17.42 32 5.17 34.39
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solid phases were separated by vacuum filtration, and
the solid residue was washed three times with distilled
water to remove impurities before being dried at 105
°C for 12 hours for subsequent analysis.

2.3. Analytical methods

The concentration of solutions and solid samples
were analysed using Inductive couple plasma —
optical emission spectrometry (Spectro Arcos). Solid
samples from ore and leaching residue were
characterized using X-ray diffraction (Rigaku),
mineral liberation analysis (Thermo Scientific) and
electron probe microanalyzer (8050G Shimadzu).

3. Results and discussion
3.1. Characterization of the ore
3.1.1. Mineralogical analyses of the ore 1

Ore 1 was comprehensively characterized using
ICP, XRD, SEM, and EPMA analyses to evaluate its
chemical composition and mineralogical features in
detail. The ICP results (Table 1) indicate that iron
(37.09%) is the dominant constituent of the ore,
accompanied by substantial amounts of silica
(18.71%), aluminum (4.56%), and magnesium
(0.405%), which together suggest a mixed iron oxide—
silicate matrix typical of weathered lateritic profiles.
Nickel (0.733%) and cobalt (0.066%) occur at low
levels, consistent with the characteristic geochemical
signature of limonitic laterites where these metals are
usually dispersed within iron oxyhydroxides or
adsorbed onto secondary mineral surfaces.
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Figure 1. XRD analysis of ore 1

The XRD analyses of ore 1 in Figure 1 shows that
the ore is dominated by goethite (FeOOH), and
quartz, with a minor of hematite. A clear peak of
goethite represents the excessive amount of iron also

the intense peaks for quartz reflect significant
crystalline silica content. The minor presence of
hematite further confirms the extensive degree of
weathering experienced by the ore, indicating highly
oxidizing and intensely leached conditions typical of
limonitic profiles [24, 25]. The following Figure 2
presents SEM-BSE micrographs of the ore, revealing
the spatial distribution and morphology of its
principal mineral phases, including hematite, goethite,
olivine, kaolinite, and quartz. As show in figure 2-A,
pixel-brightness contrast delineates two distinct
zones, the brighter zone corresponding to Fe-rich
phases (hematite and goethite) and darker zone
representing to silicate minerals (olivine, kaolinite,
and quartz). Figure 2-B further confirms that nickel is
concentrated within the bright Fe- rich domain,
indicating its preferential incorporation into iron
oxides. This association is consistent with the close
tonic radii of Fe* and Ni?*', which facilitate
isomorphous substitution of Ni into the goethite
lattice [26].

The figure 3, EPMA analysis of Ore 1 reveals that
iron (Fe), at a concentration of 9.7%, is the dominant
element, confirming goethite (FeOOH) as the
primary mineral phase. Nickel (3.8%) is closely
associated with iron, as demonstrated by their co-
localization in the marked regions, indicating that
nickel is either structurally incorporated into the
goethite lattice or adsorbed onto its surface. This
close association makes nickel more accessible
during leaching processes that target goethite
dissolution [27]. Silicon (3.7%) and aluminum
(2.7%) are distributed uniformly across the sample,
suggesting the presence of quartz and aluminosilicate
phases, respectively. In contrast, magnesium (1.2%)
and calcium (3.5%) appear in localized regions,
likely originating from minor silicate. These findings
underscore the role of goethite as the primary host for
nickel in this ore and highlight the importance of
optimizing leaching parameters to maximize nickel
extraction while effectively managing refractory
phases such as quartz.

3.1.2. Mineralogical analyses of the ore 2

Ore 2, classified as iron-rich limonite, exhibits a
high iron content of 41.64% based on ICP analysis, in
Table 1 with a moderate nickel concentration of
1.34% and trace levels of cobalt (0.073%) and
manganese  (0.616%), suggesting  potential
metallurgical value. The silica content of 12.96%
indicates quartz impurities, while aluminum (3.01%)
and magnesium (1.26%) suggest contributions from
serpentine minerals, reflecting the complex
mineralogy of the deposit.
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Figure 3. EPMA analysis of ore 1
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Figure 5. The ore 2 of (A) BSE analysis (B) elemental mapping

unique elemental signatures, with Mg and Si strongly
concentrated within the talc, while Fe is
predominantly confined to goethite regions. The Ni
elemental map indicates a subtle, yet consistent
presence of nickel primarily associated with the Fe-
rich goethite areas, suggesting substitution of Ni into
the goethite lattice or adsorption onto its surface.
Nickel signals are weak to absent in the talc grain,
emphasizing limited substitution or absence of Ni
within magnesium-silicate structures in this ore.

In Figure 6 the sample was observed by EPMA,
the distribution of nickel spreads across the ore
surface, closely following the dispersion of iron. This
is further highlighted in the circled area, where the
overlay shows nickel represented in a specific color
overlapping with the gray region that denotes iron,
indicating their association. Overlay mapping
indicates nickel’s structural incorporation within
goethite due to the similarity in ionic radii (Ni** ~0.69
A, Fe** ~0.64 A), despite their different valences [28,
29].

3.1.3. Mineralogical analyses of the ore 3

Ore 3 exhibits a distinct composition and
mineralogical structure, as determined through ICP,
EDX, XRD, and EPMA analyses. ICP results in table 1
reveal a high nickel content (2.00%) alongside moderate
cobalt (0.082%) and manganese (0.568%)
concentrations, with a relatively low iron content
(17.42%), diverging from the composition of typical
lateritic ores. The high silicon dioxide (34.39%) and
magnesium (5.17%) concentrations suggest the
dominance of silicate minerals, particularly hydrous
silicates such as lizardite, a key component of
serpentinized ultramafic rocks. Aluminum (3.20%)
further indicates the presence of aluminosilicate phases.

XRD results (Figure 7) indicate that lizardite,
Mgs(Si20s)(OH)s, was the most abundant phase
identified, with significant quartz reflections and
moderate goethite peaks. The abundance of lizardite
confirmed the high Mg and Si contents obtained by ICP
for the saprolitic ore, while the lower concentrations of
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Figure 7. XRD analysis of ore 3

Fe confirmed the smaller goethite signal relative to the
previous two ores. The SEM-BSE micrograph of Ore 3
results in Figure 8 indicated a predominance of dark
areas indicating silicate minerals (lizardite, talc and
quartz), with only limited examples of bright, Fe-rich
areas indicating only limited examples of goethite.
Further, the elemental mapping shown in Figure 8-B
indicated that nickel was enriched in both bright and

dark areas, indicating that Ni was partitioned not only
into the goethite but also into the lizardite matrix. This
dual host-phase affinity coupled with its higher Overall
content explains the higher overall nickel content of
Ore 3 in comparison to the first two ores and supports
the mineralogical interpretations from bulk chemical
and XRD data.

EPMA analysis (Figure 9) provides a detailed
understanding of nickel distribution in Ore 3,
revealing its complex association with both silicate
and iron oxide phases. Iron (Fe) displays a uniform
distribution across the image, while magnesium (Mg)
is concentrated primarily in the top-left corner and
partially in the center. Nickel (Ni) mirrors these
patterns, appearing in regions enriched with either
iron or magnesium, indicating a dual association with
goethite and lizardite. Ore 3 shows a stronger linkage
to silicate phases—particularly lizardite. This is
attributed to the similar ionic radii of Ni** and Mg,
which enables isomorphic substitution and facilitates
nickel incorporation into the silicate structure [30].
Consequently, Ore 3 is characterized as saprolitic due
to its high silica content, low iron levels, and unique
mineralogical composition, all of which significantly
influence its leaching behavior.
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Figure 9. EPMA analysis of ore 3
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3.1.4. Leaching Performance

High-pressure acid leaching (HPAL) of Ore 1 at
250 °C in Figure 10-A demonstrates a marked increase
in nickel and cobalt extraction efficiency with
increasing acid-to-ore (A/O ratio). Maximum nickel
(97.25%) and cobalt (98.49%) recoveries are achieved
at an A/O ratio of 0.40. For comparison, iron
dissolution is greatly suppressed, stabilizing at
approximately 10%, which is beneficial for purification
downstream. In terms of aluminum and magnesium,
due to the more stable aluminosilicate and silicate
phases, both metals show slower leaching kinetics with
respective recoveries of 45.43% and 75.85% The XRD
patterns in Figure 10-B further support these
observations, where the goethite peaks corresponding
to the same characteristic reflections previously
identified in Figure 2 progressively decrease in

the gradual dissolution of the iron bearing goethite
phase, which is known to act as a major host for nickel
and cobalt in limonitic laterites. As the goethite
structure breaks down, the lattice bound nickel and
cobalt incorporated within its crystal framework are
liberated into the leach solution, thereby contributing to
the increased extraction efficiencies. The disappearance
of the goethite peaks and the appearance and increasing
intensity of new hematite peaks demonstrate that
dissolved iron ions are re-precipitating as hematite. The
quartz peaks remain throughout treatment time
suggesting it was chemically inert in these conditions.
The appearance of alunite in association with higher
A/O ratio also indicates secondary precipitation as
dissolved aluminum and sulfate are involved. All this
observation shows that successful leaching of Ni and
Co from Ore 1 is a process that relates to the
breakdown of goethite but with iron re-precipitation

intensity as the leaching temperature increases. This occurring as hematite to help limit the Fe
systematic reduction in peak intensity clearly reflects contamination of the leachate.
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Ore 2 demonstrates excellent leaching performance
for nickel HPAL conditions (Figure 11-A), with
recovery of 97.00% nickel at an A/O of 0.30 and
supported further acid additions without loss of stability.
Mn, Al and Mg also show increased recoveries as acid
increases, consistent with their acid-soluble disposition.
Dissolution of iron remained low (<10%) indicating
good selectivity, but cobalt recovery dropped slightly
from 98.00% to 95.92% as A/O increased. This is likely
due to co-precipitation with hematite; during hydrolysis
of Fe**, solid hematite can form which might trap Co
and reduce availability for extraction [31]. The HPAL
residue was analyzed with XRD (Figure 11-B) to
confirm goethite had been dissolved (the goethite peaks
disappeared, and hematite peaks dominated) and Quartz
is unchanged. The conversion of goethite promotes the
effective extraction of Ni, but the primary product is the
formation of hematite which could entrap Co and other
trace metals.

As shown in Figure 12-A, Ore 3 shows significantly
poorer leaching performance compared with Ores 1
and 2. The nickel recovery is less than 90% at an A/O
ratio of 0.40, and the recoveries of cobalt and
manganese also decrease to below 95% and 90%,
respectively. The recovery of aluminum remains low,
indicating its tendency to precipitate, whereas
magnesium dissolution follows a trend similar to
nickel. This behavior can be attributed to the co-
occurrence of nickel and magnesium within similar
silicate mineral families, dominated by lizardite-type
phases. However, the higher magnesium content in the
pregnant leach solution reduces nickel selectivity in
downstream separation processes and necessitates
additional impurity removal steps. There is limited iron
extraction for lower acid ratios (0.25-0.30), around 2%
total iron extraction. However, eventually the total iron
extraction slowly rose to 4.17% and then finally 6.71%
total iron extraction at A/O of 0.35 and 0.40 ratios
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respectively. This gradual increase suggests that
gocethite dissolution is ongoing and incomplete at these
conditions, consistent with partial dissolution rather
than immediate precipitation. The corresponding XRD
image in Figure 12-B illustrates these leaching
observations. The transformation of lizardite is total,
though the ongoing presence of crystalline peaks from
goethite at A/O 0.25 indicates that the saprolitic ore
matrix has yet to be destroyed. This incomplete
destruction means nickel is not liberated adequately
that is a possible explanation for the lower leaching
efficiency. As goethite dissolves, hematite begins to
form due to hydrolysis and re-precipitation of the Fe**
ions. As this occurs, magnesium is leached from
lizardite, while unreactive silica forms in the solid state
residue, because of lizardite breakdown. At A/O 0.35
alunite was formed in dissolution, as the pH and the
concentrations of AI**, Fe**, and SO4>" ions in solution
increased. This supports the reduction in aluminum
recovery gradient, further suggesting that aluminum
must have been immobilized into stable secondary
phases. Ultimately, the mineralogical complexity of
Ore 3 and any impurity load in the leachate
demonstrates a further need for increased process
control and selective removal of impurities as to
maximize the possible recovery of Ni.

4. Discussion
4.1. Influence of nickel grade on leaching

To evaluate the effect of nickel grade on leaching
performance, three lateritic nickel ores that differ in Ni
grades were tested using high-pressure acid leaching
(HPAL): Ore 1 (ultra-low limonite, 0.73 wt.% Ni), Ore
2 (limonite, 1.34 wt.% Ni) and Ore 3 (saprolite, 2.00
wt.% Ni). They were tested using increasing acid-to-
ore (A/O) ratios. The results show that higher nickel
grade does not equate to better leaching performance.
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Figure 12. (A) HPAL efficiency of ore 3 (B) XRD analysis of ore 3 after HPAL
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Despite the appreciable lower nickel content, Ore 1
achieved the great nickel recovery (97.25%) and
cobalt recovery (98.49%) at an A/O ratio of 0.40. Ore
2, having a moderately higher nickel grade, provided
excellent recoveries, 97% Ni and 98% Co at a lower
A/O of 0.30, although it did experience a reduction in
Co recovery at higher acid addition due to the
influence of secondary precipitation processes.

In contrast, despite possessing the highest nickel
content (2.00 wt.%), Ore 3 demonstrated the lowest
extraction efficiency, with nickel recovery not
exceeding 90% and cobalt less than 95% at the
highest acid dosage. This inefficiency is likely related
to the complexity the saprolite mineralogy, with the
presence of magnesium silicate minerals, such as
lizardite, being more resistant to acid attack and
consuming longer reaction times or higher leaching
conditions. Furthermore, the presence of significant
dissolved magnesium in the pregnant leach solution
limits nickel selectivity and increases purification
burden downstream. From this data, it also suggests
that leaching efficiency under HPAL does not directly
correlate with nickel grade. While Ni concentration is
an important resource evaluation, leaching efficiency
appears to be directly influenced by additional
variables, such as mineralogical classification,
mineral phase reactivity, and impurity dissolution.
While these results are preliminary, they demonstrate
that nickel grade does not allow for fair prediction of
leaching, and ultimately highlight the need to
characterize how nickel is hosted by the ore matrix,
which is addressed in the following discussion
regarding the state of nickel occurrence.

4.2. Influence of nickel occurrence on leaching
behaviour

The leaching behavior of nickel in lateritic ores is
governed not only by its total concentration but
critically by the mineral phases in which it resides.

Ore 1 (ultra-low limonite) and Ore 2 (limonite)
generally hosts nickel as goethite with Ni** ions
substituting for Fe** in the goethite lattice because
ionic radii for both ions are similar. Dissolution in
HPAL conditions show in Figure 13-A, protons (H")
from sulfuric acid deconstruct the goethite lattice and
dissolve the mineral (reaction 1), releasing Fe**, Ni*,
and Co?" to the leachate (reaction 2-4). As temperature
in the HPAL process increases above 130 °C, the Fe**
precipitates as hematite (reaction 5), minimizing Fe
contamination of the pregnant leach solution (PLS).
This sequential mechanism, in which goethite
dissolves first and hematite subsequently precipitates,
effectively suppresses iron contamination and
enhances nickel selectivity. The low iron extraction
(<10%) and high nickel recovery (>97%) observed in
the experiments are fully consistent with this
behavior. Collectively, these results clearly
demonstrate that nickel hosted in goethite is highly
reactive and exhibits fast leaching kinetics under
HPAL conditions.

H,S0, —2H" +SO;" (1)
FeOOH +3H" — Fe** +2H,0 ()
NiO+2H" — Ni** + H,0 3)
CoO+2H" — Co™ + H,0 “)
2Fe* +3H,0 — 3Fe,0, + 6H* (%)

Mg,Si,0;(OH ), + 6H" — 3Mg™" +2S8i0, +5H,0 (6)

In contrast, Ore 3 is a saprolitic ore with a higher
nickel grade, where nickel is predominantly hosted
within magnesium-silicate minerals, primarily
lizardite, with only minor contributions from residual
goethite. XRD patterns and SEM-EDS mapping
confirms a dual mode of nickel association, as Ni
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Figure 13. Dissolution behavior of laterite by the approach of (4) goethite (B) lizardite

@ 00

BY SA



366

A.A.R. Baking et al. / J. Min. Metall. Sect. B-Metall. 61 (3) (2025) 357 - 368

appears in both silicate-rich (dark) and iron-rich
(bright) regions. Nickel release from lizardite, as
shown in Figure 13-B, occurs through a proton-
exchange dissolution mechanism in which H* ions
attack the Mg—O and Ni—O bonds in the phyllosilicate
structure (Reaction 6). This process liberates Mg
and Ni** into solution while leaving the SiO:
framework largely intact. Despite this mechanism, the
overall leaching efficiency remains limited due to two
primary constraints. The first is the structural stability
and inherently low reactivity of silicate phases such as
lizardite, which substantially slows the dissolution
rate. The second is the high magnesium content of the
ore, which competes strongly with nickel for the
available acid, consuming large quantities of H* and
reducing the acid available to dissolve nickel. This
competition significantly increases total acid demand
and ultimately diminishes nickel selectivity during the
leaching process.

These findings show that the mineralogical mode
of nickel occurrence, rather than its grade, is the
primary factor governing HPAL leachability. Nickel
hosted in iron-oxyhydroxides such as goethite is
readily liberated as the Fe structure hydrolyzes,
enabling high extraction and cleaner impurity
separation. By contrast, nickel bound within silicate
phases like lizardite is far less reactive, requiring
harsher conditions and leading to substantial co-
dissolution of Mg, Si, and Al, which increases acid
demand and reduces process selectivity. Therefore,
effective HPAL process design must be guided by
detailed mineralogical characterization to identify the
dominant nickel-bearing phases and anticipate their
dissolution behavior.

5. Conclusion

The comparative assessment of the three lateritic
nickel ores demonstrates that HPAL leaching
performance is governed primarily by the
mineralogical mode of nickel occurrence rather than
nickel grade itself. Ore 1, although containing a low
nickel grade (0.73 wt%), achieved the high extraction
efficiency and strong selectivity because its nickel is
predominantly hosted in goethite, a phase that
dissolves readily under HPAL conditions while
suppressing iron co-dissolution, and this favorable
mineralogy indicates that such low-grade limonitic
ores can still serve as viable and sustainable HPAL
feedstocks when selectivity and impurity control are
prioritized. Ore 2, with a moderate nickel grade (1.34
wt%), also performed well, maintaining good
recovery and selectivity across increasing acid
additions due to its mixed but still largely acid-soluble
mineral assemblage. Ore 3 contained the highest

nickel grade (2.00 wt%) but exhibited the poorest
extraction behavior because most of its nickel is
structurally bound within magnesium-silicate
minerals such as lizardite, which dissolve slowly and
consume large amounts of acid due to their high
magnesium content.

These results clearly show that higher nickel grade
does not necessarily translate to better leaching
performance. Instead, the mineralogical form in
which nickel is hosted, whether within iron
oxyhydroxides or within silicate frameworks,
determines dissolution kinetics, acid demand,
impurity co-dissolution, and overall process
efficiency. Therefore, detailed mineralogical
characterization is essential for evaluating ore
suitability and designing effective HPAL operating
strategies for lateritic nickel resources.
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UTICAJ SADRZAJA NIKLA I NJEGOVOG OBLIKA POJAVLJIVANJA NA
PONASANJE LATERITNIH RUDA NIKLA TOKOM LUZENJA SUMPORNOM
KISELINOM POD VISOKIM PRITISKOM

Aad Alief Rasyidi Baking **, Lejun Zhou ?, Wei Liu "

@ Fakultet za metalurgiju i Zivotnu sredinu, Central South University, Cangsa, Kina
® Sektor za istraZivanje i razvoj kompanije QMB Indonesia, Morovali, Indonezija
Apstrakt

U ovom istrazivanju procenjen je uticaj sadrzaja nikla i njegovog oblika pojavijivanja na ponasanje lateritnih ruda nikla
tokom luzenja sumpornom kiselinom pod visokim pritiskom (HPAL) na temperaturi od 250 °C. U studiji su koriscene tri
vrste ruda: ruda 1 (ultra-niskosadrzajni limonit, 0,73 mas.% Ni), ruda 2 (limonit, 1,34 mas.% Ni) i ruda 3 (saprolit, 2,00
mas.% Ni). Mineroloska ispitivanja (XRD, SEM i EPMA) sprovedena su radi dobijanja uvida u faze koje sadrze nikl i u
karakteristike matrice rude. Rezultati pokazuju da visi sadrzaj nikla ne dovodi nuzno do veceg stepena izdvajanja. Ruda 1,
iako sa najnizim sadrzajem nikla, ostvarila je najveci stepen ekstrakcije Ni (97,25%) i Co (98,49%) u eksperimentalnim
uslovima pri odnosu kiseline i rude (4/0) od 0,40. Ovakav visok stepen izdvajanja nikla pripisuje se strukturnoj supstituciji
nikla u getitu, oksidu gvozda koji se lako rastvara u HPAL procesu. Ruda 2 takode sadrzi getit kao dominantnu fazu i
postigla je slicne stepene izdvajanja Ni (97%) i Co (98%),; medutim, pri visim kolicinama kiseline doslo je do blagog
smanjenja izdvajanja kobalta usled njegove koprecipitacije sa hematitom. Ruda 3 posedovala je najveci sadrzaj nikla, ali
i najnizu efikasnost luzenja (<90% Ni). Ovakvo ponasanje pripisuje se cinjenici da je nikl vezan i u getitu (lako luziva faza)
i u lizarditu (teze luziva faza). Silikatna matrica lizardita i povisen sadrzaj magnezijuma ogranicili su efikasan opseg
kiselosti, ¢ime je smanjena selektivnost izdvajanja nikla tokom HPAL procesa.

Rezultati naglasavaju da je mineraloski oblik pojavijivanja nikla znacajniji faktor od samog sadrzaja nikla pri odredivanju
efikasnosti luZenja. Stoga limonitne rude sa nizim sadrzajem nikla, ali povoljnom mineralogijom, mogu predstavljati
perspektivnu sirovinu za ekoloski prihvatljivu i odrzivu hidrometalursku ekstrakciju nikla.

Kljuéne reci: Lateritna ruda nikla, Ponasanje pri luzenju, Efikasnost izdvajanja; Limonit; Saprolit
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