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ABSTRACT: Ni- and Cu-rich concentrate from a new site in Suhanko, Finland, was investigated. Mineral phases identified included
talc, chalcopyrite, kaolinite, and pyrrhotite with 3.2% Cu and 1.5% Ni, and the latter is associated with pyrrhotite. In addition, the
concentrate contained the precious elements Pd (14.9 g/t), Ag (17.1 g/t), Pt (2.1 g/t), and Au (1.1 g/t). This concentrate was
baked and leached using a Fe(III)-Cl−-H2SO4 system. The results showed that the leaching efficiencies of Ni, Cu, and Si from raw
concentrate were 60%, 40%, and 5%; however, those from baked concentrate were 96%, 60%, and below 0.1%, indicating that the
baking process enhanced Ni and Cu extraction while simultaneously inhibiting the dissolution of Si, which was due to the baking
process liberating the associated Ni and Cu by the oxidation of chalcopyrite and pyrrhotite and converting the acid-soluble silicate
into an insoluble form. Sulfuric acid leaching solution with Fe(III) as oxidant and Cl− as lixiviant was shown to be effective at
leaching Ni (97%), Cu (62%), and Ag (89%), while simultaneously enriching the PMs Pd, Pt, and Au in the residue.

1. INTRODUCTION
Nickel and copper are vital metals for society that are playing
an increasingly important role in the drive toward a more
sustainable global economy.1,2 Nevertheless, due to the rapid
development and wide use of Li-ion batteries (LIBs) in many
aspects of everyday life, nickel supply shortages have led to
sharp increases in Ni prices over the past decade.3,4 Although
the recycling of spent LIBs offers an accessible Ni and Cu
secondary raw material source, nevertheless, only a part of
spent LIBs is being recycled, and the amounts of recycled
materials cannot fulfill the global battery metals demand alone.
Consequently, there is an increased need to discover new
sources for Ni and Cu that can be sustainably processed such
that the maximum elemental and monetary value of these
primary reserves is realized.5

Among the numerous Ni and Cu minerals, Chalcopyrite
(CuFeS2) and Ni-sulfide minerals are widely recognized as the
most important Cu- and Ni-bearing ores.6 In addition to the
dominating elements, chalcopyrite and Ni-sulfide minerals are
typically associated with platinum group metals (PGMs)
minerals.7,8 Moreover, the content of precious elements (Au,

Ag, Pd, and Pt) in chalcopyrite and pyrrhotite are generally
only determined once the flotation−separation step of Ni and
Cu concentrates from Ni-Cu-PGM ores is completed.9,10

Various methods for metals extraction from chalcopyrite
have been utilized. These include iron cementation via natural
weathering processes (ca. 1100 A.D.);11 ammonia pressure
leaching;12 ferric chloride leaching followed by either electro-
dissolution-deposition (Cymet Process13); or solvent extrac-
tion and electrowinning (MINTEK process14). Other H2SO4-
based pressure leaching methods for Ni and Cu recovery have
also been developed, and the effect of parameters on the
leaching mechanism has been extensively studied.15 Addition-
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ally, the use of chlorides within leaching processes has
increased interest.16−20

As with chalcopyrite, hydrometallurgical processes for Ni
extraction from the primary Ni sulfide mineral pentlandite have
been extensively researched and are dominated by ammonia,
sulfate, and chloride leaching processes.21−24 Of these, the
faster kinetics relative to the sulfate for Ni and Cu recovery
provided by chloride-based methods are preferred due to
general association of pentlandite with both chalcopyrite and
pyrrhotite.25 Other processes used for Ni and Cu extraction
from a wide range of Cu-Ni-bearing minerals include oxidant
including Cu2+, Fe3+, or O2 assisted halide recovery (Intec)26

and high temperature oxygen pressure leaching (Platsol).27,28

Raw material including PGMs bearing ores, PGM
concentrate, and PGM bearing matte are generally treated
with a pressure leaching process using halides, H2SO4, or
cyanide lixiviant with O2, Cl2, or HNO3 oxidant followed by a
recovery process including precipitation, metal cementation,
carbon adsorption, ion exchange (IX), solvent extraction (SX),
electrowinning (EW), or SX-EW.29−31

To improve the leaching efficiency from refractory ores,
especially high silicate bearing ores, many pretreatment
processes such as roasting,32,33 bio-oxidation,34,35 and baking36

have been used to either activate or passivate the targeted
phases. Among these processes, baking with sulfuric acid is the
most common process used to pretreat high silicate bearing
ores like calamine and manganite, as it allows the conversion of
acid-soluble silicate into an insoluble form at relatively low
temperatures (25−300 °C), controlling the leaching of Si.37

This pretreatment step prevents the formation of H2SiO3,
which can result in gel-like solids that seriously impact the
leach residue filtration and metal recovery.38 During baking,
silicate reacts with sulfuric acid to form sulfate and acid-
insoluble SiO2, while any sulfidic constituents present in
pyrrhotite and chalcopyrite can be oxidized into sulfate and
SO2. The main reaction that occurs in baking is described as eq
1, with side reactions of eqs 2 and 3.

+

+ +

MSiO H SO (concentrated)

MSO SiO H O

3(s) 2 4

4(s) 2(s) 2 (g/l) (1)

+ +x x xFe S (2 )O (1 )FeSO SOx1 (s) 2(g) 4(s) 2

(2)

+ + +2CuFeS 5O Cu S 2FeSO SO2(s) 2(g) 2 (s) 4(s) 2(g)

(3)

where M = Ca, Mg, Al, Ni, Cu, Fe, etc.
A new type of Ni- and Cu-containing sulfide and silicate rich

concentrate from the Ahmavaara deposit in Suhanko, Finland,
was studied. Originally, 50.8 tonnes of drill core was selected
from the mineralized intervals of a total of 142 diamond drill
holes. Then, sample material was transported for pilot plant
flotation test work and to generate enough concentrate for
further hydrometallurgical testing. Initial analysis of the
concentrate identified talc (Mg3SiO10(OH)2), chalcopyrite
(CuFeS2), and pyrrhotite (Fe1−xS) as the main mineral phases
present, along with relatively high levels Ni, Cu, Si, and
precious metals (PMs) that included Pd, Pt, Au, and Ag. The
current recovery process indicates that the valuable metals
were leached with an extremely high concentration of acid and
assistance of oxidant, and then, PMs were recovered by
electrowinning. However, a significant amount of Si dissolved

into the solution, seriously affecting the filtering and
electrowinning processes.

Therefore, in our research with processing a Ni- and Cu-
containing sulfide and silicate rich concentrate Ni, a
comparison of sulfuric acid baking and Fe(III)-Cl-H2SO4
leaching processes was investigated for confirming the
significant role of the baking process and Fe(III) and Cl�
on the inhibition of Si leaching and promotion of Ni and Cu
extraction as well as enrichment of PMs.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. A new ore fraction (approximately 50

t) was extracted from the Ahmavaara deposit in Suhanko and
subjected to primary flotation and two-stage cleaning to
produce a concentrate. A sample of the concentrate was dried
at 60 °C for 31 h before being ground until the material could
be passed through a 4 mm mesh sieve. After grinding, the
concentrate was homogeneously divided into ten fractions
(F1−F10, on average 2680 g) by a rotating sample divider
(Retsch PT600XL, Germany).

From these fractions, fraction F9 was selected for further
investigation. Samples were characterized with X-ray diffrac-
tion (XRD, PANalytical X’Pert Pro Powder, The Netherlands)
to identify the mineral phases. In addition, scanning electron
microscopy with energy dispersive spectroscopy (SEM: LEO
1450, Carl Zeiss Microscopy GmbH, Germany; EDS: Link
Inca X-sight 7366, UK) was also used to determine the
morphology and elemental distribution. Chemical composition
of samples was analyzed by Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES, PerkinElmer
Optima 7100DV; iCAP 6500, Thermo Fisher Scientific),
ICP-MS (iCAP Qc, Thermo Fisher Scientific), and FAAS
(Varian AA240) techniques following an acid digestion step.
Precious metals in the sample were determined via fire assay.
2.2. Baking. According to eq 1, the possible reactions in

the baking for the concentrate are shown in Tabel 1 and their
standard Gibbs free energies at the preset temperature of 250
°C were determined.

Through the analysis of the raw concentrate, Ni, Cu, and Fe
exist as the sulfide phase, and Ca, Mg, and Al as silicates, and
the Fe-Si phase could not be excluded due to its high content.
As can be seen from Table 1, the theoretical molar ratio of
concentrated H2SO4 was equal to that of possible phases
CaSiO3, MgSiO3, and FeSiO3, but the molar ratio was 1:3 for
Al2SiO5 to concentrated H2SO4. Due to a relatively low
content of Al compared to Ca, Mg, and Fe, the theoretical
dosage of H2SO4 was very close to the molar amount of Si.

The theoretical dosage (TD) required for a molar ratio of
1:1 H2SO4:SiO3

2− to ensure efficient baking is 48 g of

Table 1. Standard Gibbs Free Energy for the Possible
Baking Reaction at 250 °C

Reaction
ΔGθ(523 K)
(kJ/mol)

CaSiO3 + H2SO4(concentrated) → CaSO4(s) + SiO2(s) +
H2O(g/l)

−174.09

MgSiO3 + H2SO4(concentrated) → MgSO4(s) + SiO2(s)
+ H2O(g/l)

−82.24

Al2SiO5 + 3H2SO4(concentrated) → Al2(SO4)3 + SiO2(s)
+ 3H2O(g/l)

−136.42

FeSiO3 + H2SO4(concentrated) → FeSO4(s) + SiO2(s) +
H2O(g/l)

−105.88
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concentrated H2SO4 (98%) per 100 g of sample. An excess
dosage (ED) of 0−20 g of H2SO4/100 g of sample was used to
ensure the full transformation of SiO2 to the acid insoluble
form. The total dosage of concentrated H2SO4 added was
calculated with eq. 4:

= +Total dosage of concentrated H SO TD ED2 4 (4)

where TD = 48% of the total mass of sample; ED = 0−20% of
the total mass of sample.

For the sulfuric acid baking step, 5 g of the concentrate was
placed into a ceramic crucible (5 cm × 1.5 cm × 0.5 cm), and
then concentrated H2SO4 (theoretical dosage of 48% + excess
dosage of 0−20%) was slowly added to the crucible and mixed
with a glass rod. The crucible was then heated at 200−300 °C
for 3−5 h in a horizontal tube furnace (GSL-1700X, Shjingmi,
Ltd., China) with a gas cleaning system to capture any SO2 and
SO3 released during the process. After heating, the crucible was
removed from the furnace and allowed to cool in ambient air.
The newly baked sample (named RF9) was then characterized
with XRD and SEM to determine any phase and morpho-
logical changes. Sample chemical analysis was conducted by
total leaching followed by ICP-OES and ICP-MS analyses.
2.3. Leaching. To leach Ni and Cu and enrich PMs,

leaching experiments for both the untreated (F9) and baked
concentrates were carried out with H2SO4 solution in a 1 L
glass reactor with 400 rpm stirring. Sulfuric acid solutions with
different concentrations (30, 50, 80, 100 g/L) were used for
leaching. Analytical grade chemicals, Fe2(SO4)3·9H2O and
NaCl (≥98%, technical, VWR), were used as a supportive
oxidant and lixiviant, respectively. The parameters used in the
leaching experiments are outlined in Table 2.

During the experiments, the leaching slurry was periodically
sampled. The slurry samples were filtered through a syringe
filter, and then the filtrate was analyzed by ICP-OES for Ni, Fe,
Cu, Mg, Al, and Si and by ICP-MS for Pd, Pt, Au, and Ag. The
residue was characterized by SEM-EDS and subjected to acid
digestion followed by ICP-OES, ICP-MS, and FAAS elemental
analyses.

The redox potential and pH of the final pregnant leaching
solution (PLS) was measured with a redox electrode and pH
meter.

3. RESULTS AND DISCUSSION
3.1. Characterization of Raw Material. The main

mineral phases present in the concentrate were talc (Mg3Si4-
O10(OH)2), chalcopyrite (CuFeS2), pyrrhotite (Fe1−xS), and
kaolinite (Al2Si2O5(OH)4), confirmed by XRD, Figure 1. The

percentage for each phase was calculated by using the software
HighScrore, and 78.7% pyrrhotite, 3.5% chalcopyrite, 11.8%
kaolinite, and 6.0% talc were determined through the
calculation.

The composition of the concentrate was determined by
chemical analysis. The contents of Ni and Cu in the
concentrate were 1.5% and 3.2%, respectively, and PMs
including Pd, Ag, Pt, and Au and other elements (>1%)
including Fe, S, Si, Mg, Al, and Ca are summarized in Table 3.

As can be seen from Figure 2a, there are two types of
particles in the concentrate with random morphology and
particle sizes between 10 and 100 μm. Seven-point analyses
(EDS) were conducted, Figure 2b. The content of elements
including O, Mg, Al, Si, S, Fe, Cu, and Ni in every point was
detected as summarized in Table S1 (Supporting Information).
Thereby the mineral phases were suggested to contain
chalcopyrite and pyrrhotite, whereas particles presenting low
contrast mainly contain talc and kaolinite.

Figure 3 shows the EDS mapping analyses including
elemental distribution and quantitative energy spectra analysis
(Figure S1 in the Supporting Information). The distributions

Table 2. Parameters of the Leaching Tests Series

No.
Raw

materials
Reaction
time (h)

S/L
(g/L)

H2SO4
(g/L)

Fe(III)
(g/L)

Cl−
(g/L)

T
(°C)

T1 F9 3 50 50 5.0 0 90
T2 RF9 3 50 50 5.0 0 90
T3 F9 3 50 50 5.0 20 90
T4 RF9 3 50 50 5.0 20 90
T5 RF9 5 50 50 10 0 90
T6 RF9 5 50 50 10 20 90
T7 RF9 3 50 50 0 20 90
T8 RF9 3 50 50 2.5 20 90
T9 RF9 3 50 50 5 10 90
T10 RF9 3 50 50 5 2.5 90
T11 RF9 3 50 50 5 30 90
T12 RF9 3 50 50 5 5 90
T13 RF9 3 50 100 5 20 90
T14 RF9 3 50 30 5 20 90
T15 RF9 3 50 80 5 20 90
T16 RF9 3 50 50 5 20 30
T17 RF9 3 50 50 5 20 50
T18 RF9 3 50 50 5 20 70

Figure 1. XRD pattern of the raw concentrate sample.

Table 3. Contents of the Base Elements (BEs) and PMs of
the Concentrate, Analyzed by ICP-OES*, ICP-MS***, or
FAAS***

BEs Fe* S* Si* Mg* Cu* Al* Ni* Ca*
wt % 24.1 15.3 14.0 7.38 3.23 1.98 1.47 1.14
PMs Pd*** Aga Pt*** Au***
g/t 14.93 17.12 2.10 1.07

aThe data of Ag content was provided by Suhanko Arctic Platinum
and was determined with the NiS fire assay.
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of O, Mg, Al, Si, and Ca show a close correlation (Figure 3b,
3c, 3d, 3e, and 3g), which reflects the talc and kaolinite phases
previously identified (Figure S1), while the Ca detected
indicates the presence of unspecified Ca-Si-O phases within
the concentrate matrix. Additionally, the Fe, Cu, and S
distributions overlap due to the chalcopyrite and pyrrhotite
present (Figure 3, Figure S1). In contrast, Ni was found to
have a dispersed distribution that showed some correlation
with Si. This finding suggests the possible existence of a
Ni2SiO3 phase associated with talc, whereas the denser Ni-
containing areas (indicated by a circle, Figure 3j) coexist with S
as an NiS phase associated with chalcopyrite and pyrrhotite.
Conversely, Ag was found to be distributed homogeneously
across the analysis area, as silver is locked within the other
phases present (Figure 3k). Nevertheless, quantitative EDS
analysis determined a notably higher Ag content of 0.12%
compared to total leaching (Figure S1), indicating that the
overall distribution of Ag within the concentrate may be
inhomogeneous.
3.3. Baking of the Concentrate. The XRD results

displayed in Figure 4a show that with 200 °C, 3 h, and H2SO4
excess dosage of 20% of baking, the phases of kaolinite and
pyrrhotite disappeared and that of chalcopyrite was weakened
in the pattern, which indicates that the kaolinite and pyrrhotite
were completely and chalcopyrite was partially decomposed.

As the temperature was increased to 250 °C under the same
conditions, a new ferrous sulfate phase formed due to complete
pyrrhotite and partial chalcopyrite oxidation, which also makes
any mineral associated Ni accessible for leaching. Additionally,
the intensity related to talc decreased with higher baking
temperatures, highlighting the SiO2 phase transformation from
acid-soluble to the insoluble form. Thus, an optimal baking
temperature of 250 °C and baking time of 4 h were selected
(Figure 4b). With an analysis by the software HighScrore, the
phase quantification of the baking process was determined.
With 250 °C baking for 3 h, all the pyrrhotite and kaolinite
transformed into ferrous sulfate and aluminum sulfate,
respectively, and 2.1% of the talc transformed into caminite,
and 1.2% of chalcopyrite was oxidized into copper sulfide and

ferrous sulfate. Further, with the increase of baking time from 3
to 4 h, the oxidation of chalcopyrite continues to occur and
2.5% of chalcopyrite has transformed.

Pyrrhotite was found to disappear, and ferrous sulfate
formed at an excess dosage of 0%, whereas with an excess
dosage of 10%, the chalcopyrite XRD peaks became weaker/
disappear, indicating this level was sufficient for chalcopyrite
oxidation (Figure 4c). Additional weak peaks were formed
during baking at an excess dosage of 10%, related to caminite
(Mg(SO4)2(OH)2) (Figure 4d); however, these were absent at
higher excess dosage (20%). Similar behavior was observed
when the excess dosage was increased from 0 to 5%, where
peaks due to orschallite (Ca3(SO3)2SO4·12H2O) formation
appeared and were then subsequently absent when the excess
dosage was above 10%. Consequently, it can be speculated that
during baking, talc transforms into caminite at an excess
dosage of 10% before decomposition at higher excess dosage
(20%) (eq 5), while Ca-Si-O phases become orschallite at an
excess dosage below 5% prior to degradation at higher excess
dosage (eq 6). Therefore, to ensure successful conversion of
silicate-bearing materials to sulfate and acid insoluble SiO2, an
excess dosage of 10% was selected for baking. From the
analysis, the following dominating and possible phase trans-
formation paths are suggested (Table 4).

+

+

Mg Si O (OH) H SO (concentrated)

Mg (SO ) (OH) SiO
3 4 10 2 2 4

3 4 2 2 2 (5)

+

· +

Ca Si O H SO (concentrated)

Ca (SO ) SO 12H O SiO
2 4

3 3 2 4 2 2 (6)

When the excess dosage was 10%, 5.2% of the talc transformed
into caminite, indicating that 87% of the total talc decomposed
and, similarly, all the pyrrhotite and kaolinite transformed into
ferrous sulfate and aluminum sulfate. The transformation of
chalcopyrite was slight compared to phase quantification for
Figure 4a and 4b, and the transformation quantity was only
2.6%, which is 74% of the total chalcopyrite in the raw
concentrate.

Figure 2. (a) Backscattered electron (BSE) micrograph of the raw concentrate sample; (b) points for EDS analyses and the phases identified by the
EDS results.
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Following these initial experiments, batch baking was
investigated under optimized conditions (250 °C, 4 h, and
excess dosage of 10%). The standard Gibbs free energy (ΔGθ)
of the dominated baked reactions at the optimized temperature
of 250 °C were calculated with HSC-sim software, Table 5. It
can be seen that the ΔGθ values at 250 °C of all reactions are
negative values, indicating the thermodynamic feasibility for
these reactions under the optimized conditions.

After baking was complete, the mineral phases of talc,
chalcopyrite, pyrrhotite, kaolinite, and ferrous sulfate were all
found to be dominating, while a concentrate color change from
black to white gray was also observed (Figure S2).
Furthermore, the particles of baked concentrate were found
to be easy to grind and there was no associated hardening
phenomenon evident. The composition of the baked
concentrate was determined and is shown in Table 6. When
compared to the chemical composition of raw concentrate, the
main elemental contents in the baked concentrate are
apparently decreased due to the oxidation of S2− into SO4

2−.
3.4. Development of the Leaching Process. 3.4.1. In-

fluence of Baking Process. The leaching results show that the
highest Ni extraction is gained in test T4 followed by tests T2

and T3 and finally test T1 (Figure 5a). The results indicate
that both the baking process and the addition of Cl− can
facilitate Ni leaching, although the effect of Cl− is more
pronounced. The extraction of Ni from test T4 with the use of
baking and addition of 20 g/L Cl− reaches 96% after 180 min,
whereas in test T2 the extraction is only 75% in the absence of
Cl−. This suggests that pyrrhotite transformation during baking
allowed the associated Ni to be liberated and Cl− promoted
the leaching of Ni. In contrast, Cu extraction in tests T2 and
T4 is very similar, at around 60% (Figure 5b). This suggests
that copper exists in a different phase compared to Ni, and
consequently the transformation due to baking could not
liberate Cu in a similar manner as Ni.

The final Si extractions determined from the leaching
experiments (test T1 and T3) with raw concentrate were 2%
(with Fe(III)) and 5% (with Fe(III) and Cl−), corresponding
to the concentrations of 176 mg/L and 291 mg/L, Figure 6.
Similar tests (T2 and T4) with the baked raw concentrate were
found to have Si extraction levels <0.1% with dissolved
concentrations of 23 mg/L and 10 mg/L. These results clearly
demonstrate the impact of the baking process through
transformation of Si to an acid-insoluble form.

Figure 3. EDS mapping analysis of raw concentrate sample. (a) BSE image of the sample; (b) O, (c) Mg, (d) Al, (e) Si, (f) S, (g) Ca, (h) Fe, (i)
Cu, (j) Ni, and (K) Ag map distribution.
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3.4.2. Influence of Cl� and Fe(III). Prolonging leaching time
to 300 min and increasing Fe(III) concentration to 10.0 g/L

(test T5) were also investigated, expecting higher extractions.
However, in test T5, Ni extraction was only 68% at 300 min
and Cu 64%. On the other hand, for test T6 with 10 g/L
Fe(III) and 20 g/L Cl−, the Ni extraction was as high as 97%
whereas Cu remained at 60%. The extension of the leaching
time and increase of the Fe(III) concentration could not
increase Ni and Cu in either test T5 or T6 (Figure 7a and 7b).

Conversely, in the absence of Cl−, the kinetics of Ni leaching
is poor and significantly lower extractions of only ca. 60% were
obtained after 180 min (Figure 7(a). It was also observed that
in the absence of Fe(III) addition, but with 20 g/L Cl− (test
T7; Figure 7c), the Cu extraction was low, decreasing from
30% to 3% after 20 min. This behavior is probably attributed to
the formation of antlerite (CuSO4·2Cu(OH)2)

21 or secondary
covellite (CuS),39 which has been previously reported to occur
in the presence of sufficient sulfate or chloride. For solving this
problem, we suggest a two-stage leaching for the recovery of
Cu from the leach residue bearing antlerite or secondary
covellite by using a low concentration of ferric chloride
solution as lixiviant.

These show the critical role of Cl− and Fe(III) for the
leaching of Ni and Cu from the baked concentrate.

Figure 4. Comparison of the XRD patterns of the raw concentrate and baked concentrate in the case of (a) temperature of 200 °C, 250 °C, of 300
°C with excess dosage of 20% and time of 3 h; (b) time of 3, 4, and 5 h with temperature of 250 °C and excess dosage of 5%; (c) ED of 0%, 5%,
10%, and 20% with time of 4 h and 250 °C. (d) XRD patterns between 30.0° to 32.5° from figure (c).

Table 4. Baking Process Phase Transformation Pathways

Notes of conditions

Initial phase Baked phase T (°C) t (h) ED (%)

Dominating phase transformation Pyrrhotite Ferrous sulfate 250, 300 3, 4, 5 0−20
Talc Caminite 250 4 10
Chalcopyrite Ferrous sulfate, Cu-phase 200, 250, 300 3, 4, 5 0−20

Possible phase transformation Kaolinite Aluminum sulfate 250, 300 3, 4, 5 0−20
Ca-Si-O phase Orschallite 250 4 0, 5

Table 5. Standard Gibbs Free Energy of the Dominated
Baking Reactions at 250 °C

Reaction
ΔGθ(523 K)
(kJ/mol)

FeS (s) + 2O2(g) → FeSO4(s) −153.2
2CuFeS2(s) + 5O2(g) → Cu2S(s) + 2FeSO4(s) + SO2(g) −358.3
Mg3Si4O10(OH)2 + 2H2SO4(concentrated) →
Mg3(SO4)2(OH)2 + 4SiO2 + 2H2O

−37.3

Al2Si2O5(OH)4 + 3H2SO4(concentrated) → Al2SO4 +
2SiO2 + 5H2O

−59.3

Table 6. Elemental Composition of the Baked Concentrate
under the Optimized Conditionsa

BEs Fe Si Mg Cu Al Ni Ca

wt % 18.8 10.9 5.80 2.30 1.50 1.00 0.90
PMs Pd Ag Pt Au

g/t 14.93 17.12 2.10 1.07
a250 °C, 4 h, and excess dosage of 10%.
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3.4.3. Role of Cl− and Fe(III). It has been reported that the
activation energy of the dissolution reaction of chalcopyrite in
ferric chloride (eq 7) is lower than that in ferric sulfate media
(eq 8),40 and the dissolution rate of pyrrhotite relies on the
Cl− significantly due to a very low activation energy for the
dissolution reaction in chloride media (7 kcal/mol).41

Moreover, it has been proven that the dissolution rate of
pyrrhotite in nonoxidative conditions (typically Cl−, eq 9) is 3
orders of magnitude higher than in oxidative conditions
(typically Fe3+ (eq 10)).42,43

+ + +

=G

CuFeS 4FeCl CuCl 5FeCl 2S

59.9 kJ/mol

2(s) 3 2 2 (s)

1 (7)

+ + +

=G

CuFeS 2Fe (SO ) CuSO 5FeSO 2S

81.0 kJ/mol

2(s) 2 4 3 4 4 (s)

2 (8)

+ +

=G

FeS 2FeCl 3FeCl S

126.9 kJ/mol

(s) 3 2 (s)

3 (9)

+ +

=G

FeS Fe (SO ) 3FeSO S

126.8 kJ/mol

(s) 2 4 3 4 (s)

4 (10)

For the oxidative dissolution of pyrrhotite in the acidic ferric
sulfate-chloride media, the redox between 450 and 600 mV was
not affected by the addition of Cl−, and thus, there was no
essential change for the oxidation of S2−. However, for the
nonoxidative dissolution in acidic sulfate-chloride media in the
absence of ferric ions, Fe2+ releases from the surface of
pyrrhotite and coordinates with Cl− to form FeCl− and FeCl2
species, and after a critical accumulation of charge, negative
charge is released from the surface as HS−.44 Therefore, when
Cl− was added into ferric sulfate media, oxidative dissolution of
pyrrhotite did not change essentially, whereas nonoxidative
dissolution occurred, resulting in a significant increase of
dissolution rate and thereby liberation of the associated Ni. In
addition, the leaching of Cu was originally facilitated by Cl−;
however, the possible precipitation of secondary covellite (eq
11) or antlerite (eq 12) could counteract that effect, resulting
in similar Cu extraction in the presence and absence of Cl−.

+ [ ] + +
=

+ +

G

CuFeS CuCl 2CuS Fe Cl

31.26 kJ/mol
2

2

5 (11)

+ · +

=G

3CuSO 4H O CuSO 2Cu(OH) 2H SO

2142.5 kJ/mol
4 2 4 2 2 4

6 (12)

3.4.4. Comprehensive Effect of Variables. The effects of
variables including concentration of Fe(III), Cl−, and H2SO4
and temperature on Ni and Cu extraction are summarized in
Figure 8. Significant plateaus appeared in Figure 8a−c,
indicating the optimized parameters of 5g/L Fe(III), 20g/L
Cl−, and 50g/L H2SO4 for Ni and Cu extraction. Moreover,
the increased temperature enhanced the extraction of Ni and
Cu significantly (Figure 8d), and 90 °C was therefore selected
as the optimal temperature.
3.5. Leach Residue and Enrichment of the PMs. Leach

residue (RT4) from the experiment with baked raw material in
the presence of Fe(III) and Cl− (test T4) was characterized by
SEM-EDS mapping analysis. The existence of a sulfur phase
formed through the oxidation of S2− and the chalcopyrite and
NiS phase was detected in the residue (Figure 9). From the
initial analysis of the raw concentrate, the presence of a NiS
phase could not be readily determined. Nevertheless, the Ni

Figure 5. Comparison of extraction of (a) Ni and (b) Cu from tests T1−T4.

Figure 6. Comparison of the leaching concentration of Si from the
tests using raw concentrate F9 (tests T1 and T3) and baked
concentrate RF9 (tests T2 and T4) as raw materials.
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Figure 7. Comparison of extraction of Ni and Cu from (a) tests T2 and T5, (b) tests T4 and T6, and (c) test T7 (0 g/L Fe(III) and 20 g/L Cl−).

Figure 8. Effect of the concentration of (a) Fe(III), (b) Cl−, and (c) H2SO4 and (d) temperature on the extraction of Ni and Cu.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01560
ACS Omega 2024, 9, 26121−26132

26128

https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01560?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that is closely associated with pyrrhotite is able to be dissolved
during the leaching process, as the pyrrhotite is transformed to
FeSO4 by the baking process. Consequently, any remaining
undissolved Ni-S phase detected in the resultant residue is
characteristic of the original Ni phase present in the
concentrate.

Comparison of the PMs/PGMs contents of the leach residue
is displayed in Table 7 and clearly highlights that Pd, Au, and

Pt are enriched into the leach residue. Pd shows the highest
level of enrichment, as its content doubled from that in the
AHM concentrate. After test T4, although Pd extraction was
only 0.79% with concentration of 4.6 μg/L, Ag was as high as
89.4% with a concentration of 598 μg/L. With a metallurgical
balance analysis, the percentage of PMs in the leach residue
plus the amount in the PLS was in the range of 97.5−103%,
indicating an acceptable balance for the leaching process. As
can be seen, the residue (RT4) is rich in Pd, Au, and Pt, which
is directly suitable for further PMs recovery.
3.6. Reagents and Energy Consumption. The con-

sumption of leaching reagents was estimated by simulating the
baking and leaching processes using HSC-Sim software.
Results for the tested conditions are presented in Table S2
and were normalized for 1 kg of extracted Ni after 180 min of
leaching. The acid consumption in the leaching reactions was
minimal due to the elemental sulfur oxidation; therefore, acid
consumption was assumed to mainly be related to adjustment

of the leaching chemistry, associated reactions and evaporation
that occur during the baking process. During baking, the acid
loading was 580 kg/tconcentrate under the ideal conditions (10%
excess dosage) and 800−2650 kg/tconcentrate in leaching
between the different test conditions. The values for
Fe2(SO4)3 and NaCl were determined to be between 240−
980 and 220−1340 kg/tconcentrate, respectively.

As can be seen in Figure 10, acid consumption in the baking
step is comparably low when its positive effect on Ni recovery

is considered. Normalization of the results for Ni shows that
for the baseline leaching conditions�50 g/L H2SO4, 20 g/L
Cl−, and 5 g/L Fe(III)� the optimal reagents consumption
and omission of the baking step have little effect on the values
of acid consumption. The high overall reagent consumption in
leaching could be decreased by increasing the S/L ratio and
circulating the leaching solution in the process. Further

Figure 9. Elemental distribution of the leach residue obtained from test T4 (T4, RF9, 90 °C, 50 g/L H2SO4, 5.0 g/L Fe(III), 20.0 g/L Cl−).

Table 7. PM/PGMs Contents of Raw Concentrate, Baked
Concentrate under Optimized Conditions,a and Leach
Residue from Test T4b and Related Leaching
Concentration and Extractions from Test T4

Sample Pd Ag Au Pt

Raw concentrate (g/t) 14.9 17.1 1.07 2.10
Baked concentrate (g/t) 11.7 13.4 0.84 1.64
Leach residue (g/t) 30.3 12.8 3.07 3.79
PLS from test T4 (μg/L) 4.63 598 12.1 <0.20
Leaching efficiency of PMs from test T4
(%)

0.79 89.4 29.0 0

Leach residue (%) + PLS (%) 98.7 103 99.2 97.5
a250 °C, 4 h, and excess dosage of 10%. bBaked concentrate, 3 h, 50
g/L H2SO4, 5 g/L Fe(III), 20 g/L Cl−, 90 °C.

Figure 10. Leaching reagent consumption under the experimental
conditions for 1 kg of extracted nickel. Ni extraction after 180 min
(%) is shown for clarity.
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information about chemical and energy consumption can be
found in the Supporting Information.

4. CONCLUSIONS
Characterization, baking, and leaching for the Suhanko
Ahmavaara concentrate were investigated, and subsequent
predication modeling was also carried out.
(1) The Suhanko Ahmavaara concentrate contained mineral

phases of talc, chalcopyrite, pyrrhotite, and kaolinite, the
main base elements Ni, Cu, Fe, Mg, Al, Ca, and Si, and
the PMs Pd, Pt, Au, and Ag; Ni existed as NiS that
associated with pyrrhotite.

(2) The optimal baking conditions of 250 °C, 4 h, and ED
of 10% were experimentally obtained; during the baking
pyrrhotite and chalcopyrite oxidized into ferrous sulfate
and unidentified Cu-phase, leading the liberation of Ni.

(3) Leaching tests for the baked and unbaked concentrate in
the Fe(III)-Cl�-H2SO4 system were conducted. It was
found that the baking process facilitated the leaching of
Ni and controlled the leaching of Si significantly via the
conversion of acid-soluble silicate into the insoluble
form. Cl� and Fe(III) were critical for the high
extraction of Ni and Cu in leaching, of which Fe(III)
as oxidant oxidized S2− into S, and Cl− increased the
dissolution rate of pyrrhotite and chalcopyrite signifi-
cantly due to the low activation energy of the
nonoxidative reaction. However, Cu during the leaching
precipitated as possible phase copper sulfide or antlerite,
consequently inhibiting the Cu recovery. Furthermore,
the optimal parameters (50 g/L H2SO4, 5 g/L Fe(III),
20 g/L Cl−, and 90 °C) of the leaching test were
obtained. Under these conditions, the extraction of Ni,
Cu, and Ag reached 97%, 60%, and 89% respectively,
whereas Si extraction was below 0.1%. Concurrently,
PMs (Pd, Pt, and Au) were enriched to 30.3 g/t, 3.8 g/t,
and 3.1 g/t in the leaching residue.

(4) The baking process is beneficial in decreasing the
consumption of reagents when weighed against Ni
extraction. The leaching reagents are not consumed
during leaching reactions, and further reagent recircula-
tion could substantially reduce operating costs and the
associated environmental impacts.
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