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Atmospheric leaching of Ni, Co, Cu, and Zn from sulfide tailings using 
various oxidants 

Anssi Karppinen *, Sipi Seisko, Mari Lundström 
Aalto University, School of Chemical Engineering, Department of Chemical and Metallurgical Engineering, P.O. Box 16200, 00076 Aalto, Espoo, Finland   
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A B S T R A C T   

The growing demand for nickel and cobalt increases the interest in extracting metals from secondary sources, 
such as flotation tailings. A preferential strategy for the processing of the complex and/or low-grade secondary 
sources may be material integration into existing primary processes. In this research, a robust sulfuric acid 
leaching treatment was studied for metal extraction from sulfidic flotation tailings (Ni 0.45 %, Co 0.80 %, Cu 
0.20 %, Zn 0.58 %). The impact of leaching parameters on metals extraction was studied; oxygen gas (1–2 L/ 
min), ferric ions (0.05–0.3 M), and hydrogen peroxide (0.5–0.8 M), temperature (30–90 ◦C), sulfuric acid con-
centration (0.2–2 M), and solid–liquid ratio (50–100 g/L). It was found that after 30-minutes 20.0 % of nickel, 
5.6 % of cobalt, and 33.0 % of the main impurity iron were extracted using oxygen as oxidant. Increasing 
temperature and sulfuric acid concentration were shown to have a positive effect on extraction. Also, with the 
further addition of ferric ions, cobalt extraction could be slightly increased (from 6.2 % to 8.3 %) whereas both 
nickel and cobalt could be increased with hydrogen peroxide (nickel 22.9 %, cobalt 14.2 %). However, the use of 
H2O2 can be challenging due to its high environmental footprint as well as partial decomposition by ferric ions, 
increasing H2O2 consumption further. The results suggest that the mineralogy of the investigated tailings limited 
feasible metals extraction using atmospheric conditions up to ≈ 20 % for nickel and ≈ 10 % for cobalt, with 
nickel distributing stronger into non-refractory minerals while cobalt reported more to pyrite. For other base 
metals, zinc extraction from sphalerite was shown to be efficient (up to ≈ 90 %) whereas copper extraction was 
limited (up to ≈ 30 %). In future, such atmospheric sulfuric acid leaching may provide a robust recovery route for 
non-refractory minerals present in the tailings, while full valorization of sulfide tailings matrix will require 
higher intensity processing with technologies such as pressure oxidation (POX), concentrated chloride leaching, 
bioleaching, roasting-leaching or very fine milling of the raw material prior to atmospheric leaching.   

1. Introduction 

The transition towards fossil-free transportation and energy pro-
duction increases the demand for electrochemical energy storage de-
vices such as lithium-ion batteries (LIBs) (IEA, 2021). Nickel and cobalt 
are widely used in the cathode active materials of the batteries as well as 
in other applications such as steel alloys, hard metals, catalysts, and 
pigments. Based on preliminary estimations by Michaux (2021a; 
2021b), global reserves of nickel and cobalt cannot currently meet the 
forecast demand of these metals as to phase out fossil fuels from vehicles 
alone, the need of cobalt is larger than estimated reserves and for nickel 
it is about 50 % of the estimated reserves. According to Savinova et al. 
(2023), global terrestrial cobalt resources appear to meet forecast cobalt 
demand until 2040. A wide range of cobalt sources such as deep-sea 

deposits, mine wastes and tailings are required to meet the future de-
mand (Savinova et al., 2023). Hence, extraction strategies need to be 
built on alternative raw materials such as lean ores, tailings, slags, and 
battery waste. In addition to nickel and cobalt, these secondary raw 
materials often contain other valuable metals such as copper and zinc. 

In sulfide tailings, nickel and cobalt are often closely associated with 
pyrite and pyrrhotite minerals. Nickel and cobalt, along with arsenic and 
antimony, can be present within the mineral lattice of pyrite up to 
several percent, thus hindering the selectivity of cobalt and nickel 
leaching over iron (Abraitis et al., 2004). Two main nickel minerals are 
pentlandite and nickeliferous pyrrhotite in sulfide ores (Eksteen et al., 
2020). Beside pyrite, cobalt can also be present in pentlandite, pyrrho-
tite, and chalcopyrite (Dehaine et al., 2021). Zinc occurs almost exclu-
sively as sphalerite in sulfides (Nayak et al., 2022). 
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In acidic solutions, dissolved ferrous iron can be oxidized by oxygen 
to ferric iron, Reaction 1 (Lu and Dreisinger, 2013). It has been reported 
that pyrite oxidation is preferred via Fe3+ (Reaction 3) rather than by 
direct gas/solid reaction (Reaction 2) (Descostes et al., 2004; Murphy 
and Strongin, 2009). Hence, ferrous iron extracted from iron sulfides can 
be oxidized, and can further catalyze the sulfide minerals leaching re-
actions (Holmes and Crundwell, 2000). Table 1 shows the possible 
leaching reactions of the dominant sulfide mineral species (pyrite, pyr-
rhotite, chalcopyrite, sphalerite, and pentlandite). In general, leaching 
of sulfides can occur via chemical dissolution by consumption of sulfuric 
acid or via electrochemical dissolution (oxidative) by dissolved oxygen 
or ferric ions. 

4Fe2+ + 4H+ + O2→4Fe3+ + 2H2O (1)  

Based on the leaching mechanism, sulfide sulfur is converted into 
elemental form, dissolved sulfate, and/or hydrogen sulfide gas. Chemi-
cal dissolution of sulfide minerals at low solution potentials i.e., disso-
lution of sulfides by consumption of acid can generate toxic hydrogen 
sulfide gas (Xiao et al., 2020). Hydrogen sulfide may cause in-situ rep-
recipitation of metals (Arpalahti and Lundström, 2018) or if entering the 
gas phase and recovered, it can be utilized in further process stages to 
precipitate nickel, cobalt, and copper intermediate metal sulfide prod-
ucts (Estay et al., 2021). However, under sufficiently oxidative envi-
ronment, the dissolution of sulfides takes primarily place by oxidation 
reactions, and formation of hydrogen sulfide can be avoided (Salas- 
Martell et al., 2020). In atmospheric oxidative leaching processes and 
medium temperature pressure oxidation (MT-POX) processes below 
150 ◦C, sulfide sulfur is primarily oxidized to elemental sulfur (Jorjani 
and Ghahreman, 2017). In autoclave processes at high oxygen pressures 
and temperatures, sulfide sulfur is oxidized to sulfates (Jorjani and 
Ghahreman, 2017). 

Previously investigated leaching methods for Ni-Co sulfide tailings 
include bioleaching (Ahmadi et al., 2015; Altinkaya et al., 2018; 
Mäkinen et al., 2021), nitric-sulfuric acid leaching (Xie et al., 2005), and 
sulfuric acid leaching in pressurized conditions (Magwaneng et al., 
2017). Additionally, various pretreatment processes have been proposed 
such as sulfation roasting (Ozer, 2019), milling (Mäkinen et al., 2021), 
and flotation (Sirkeci et al., 2006; Magwaneng et al., 2017) to concen-
trate nickel and cobalt in raw materials and enhance their further ex-
tractions. One processing strategy is to conduct leaching in sulfate media 
to obtain pregnant leach solution (PLS) that can be directly used in state- 
of-the-art primary nickel and cobalt processing as feed to solution 

purification and metals recovery processes. Various compositions of 
industrial Ni-Co solutions are listed Table 2. Ideally, the PLS produced 
from secondary sources would directly meet the metal concentrations of 
some of the primary process stages. Iron concentration has to be mini-
mized prior to solvent extraction of Ni and Co (Sole et al., 2005), hence, 
the secondary solution with high iron concentration needs to be pro-
cessed by a separate iron removal step. For example, Sahu et al. (2004) 
have reported that at pH 4.5 iron can be selectively precipitated and 
concentration decreased from 6.0 to 0.035 g/L while copper, nickel, and 
cobalt remain dissolved. 

The aim of this research is to study a potentially low-cost method i.e., 
robust atmospheric leaching for sulfide tailings leaching and to extract 
nickel and cobalt. Additionally, leaching behaviors of other valuable 
metals—zinc and copper—and the main impurity iron are investigated. 
In the current study, all the experimental work is carried out in sulfate 
media to allow pregnant leach solution (PLS) integration into primary 
nickel and cobalt hydrometallurgical processes. Additionally, the oxi-
dants studied (O2, Fe3+, H2O2) in this research were chosen in such a 
way that they would not further complicate the PLS purification of the 
existing processes by introducing atypical impurities. By integration, the 
capital expenditure needed for standalone purification and recovery 
processes could potentially be decreased. 

2. Materials and methods 

2.1. Chemicals 

The chemicals used in leaching included sulfuric acid (95 % H2SO4, 
VWR Chemicals), oxygen gas (industrial grade, Woikoski Oy), ferric 
sulfate pentahydrate (97 % Fe2(SO4)3⋅5H2O, VWR Chemicals), hydrogen 
peroxide (50 % H2O2, Sigma-Aldrich), and ion-exchanged water. Nitric 
acid (65 % HNO3, Merck Millipore) was used for liquor sample dilution. 
Sodium hydroxide (2 M NaOH, Honeywell Fluka), methyl orange indi-
cator (Schering AG, diluted in water with 0.1 wt% concentration), so-
dium thiosulphate pentahydrate (99.9 % Na2S2O3⋅5H2O, VWR 
Chemicals) and ion-exchanged water were used for acid-base titration. 

2.2. Solution and solid analysis methods 

The elemental composition (32 elements) of solids was determined 
by ALS Finland Oy, using total dissolution followed by Inductive 
Coupled Plasma Optical Emission Spectrometry (ICP-OES). Leach liquor 
samples were diluted with 2 % HNO3 and analyzed by atomic absorption 
spectrometry (AAS; Thermo Scientific, iCE 3000 series) to determine 
nickel, cobalt, copper, zinc, and iron concentrations. Additionally, non- 
diluted leach liquor samples after reduction of Fe(III) to Fe(II) were 
titrated by NaOH solution to determine acid consumption during the 
leaching. 

Raw material was analyzed using X-ray diffraction (Bruker D8 
Discover (A25) powder diffractometer) by GTK, Finland to examine the 
mineralogical composition. Two XRD measurements were done for the 
sample: 1) Phase identification for a 150 mg sub-sample and 2) XRD 
Rietveld work for the sample powder (12 g) that was milled for 20 min 
and prepared by a side-loading method. X-ray powder diffractograms 
were measured for 0.5 h for phase identification and 1.5 h for Rietveld 
refinement with the 2Θ-range 4-110◦ in continuous measurement mode 
using X-ray tube settings of 40 kV / 40 mA. Phase identifications were 
done using Bruker EVA 6.0 software and ICDD (International Center for 
Diffraction Data). Rietveld refinement was done using PANalytical 
HighScore Plus 4.9, and the crystal structures of the identified phases 
were taken from COD (Crystallographic Open Database) or from previ-
ously refined and stored structures. Additionally, SEM-EDS (Hitachi, 
SU3900) analyses were carried out by GTK, Finland. The particle size 
distribution of solid samples was measured by laser diffraction particle 
size analyzer (Malvern Panalytical, Mastersizer 3000) using the 
Fraunhofer scattering model. 

Table 1 
Possible leaching reactions (Reactions 2–12) of sulfide minerals in sulfuric acid 
and in the presence of ferric ions at atmospheric pressure.  

Mineral Reaction Eq. Ref. 

Pyrite 4FeS2 + 3O2 + 12H+→4Fe3+ +

8S + 6H2O 
(2) 

Descostes et al., 2004; 
Braun et al., 1974 FeS2 + 2Fe3+→3Fe2+ + 2S (3) 

Pyrrhotite Fe7S8 + 14H+→7Fe2+ + 7H2S +

S 
(4) 

Mäkinen et al., 2021; 
Altinkaya et al., 2018 2Fe7S8 + 28H+ + 7O2→14Fe2+ +

14H2O + 16S 
(5) 

Fe7S8 + 14Fe3+→21Fe2+ + 8S (6) 
Chalcopyrite CuFeS2 + 4H+ + O2→Cu2+ +

Fe2+ + 2S + 2H2O 
(7) 

Hiroyoshi et al., 2002 

CuFeS2 + 4Fe3+→Cu2+ + 5Fe2+ +

2S 
(8) 

Sphalerite 2ZnS + 4H+ + O2→2Zn2+ +

2H2O + 2S 
(9) 

Svens et al., 2003; 
Mäkinen et al., 2021 ZnS + 2Fe3+→Zn2+ + 2Fe2+ + S (10) 

Pentlandite 2Fe4.5Ni4.5S8 + 9O2 +

36H+→18H2O + 9Ni2+ +

9Fe2+ + 16S 

(11) 
Lu et al., 2000 

2Fe4.5Ni4.5S8 +

36Fe3+→45Fe2+ + 9Ni2+ + 16S 
(12)  
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2.3. Raw material 

The raw material was flotation tailings. This sample was composited 
from different locations of a tailings dam, dried at 60 ◦C, and homoge-
nized by using a riffle splitter and a rotating sample divider. The main 
mineral phases of the sulfide tailings were pyrite (FeS2 = 53.0 wt%), 
pyrrhotite (Fe(1-x)S = 25.0 wt%), and quartz (SiO2 = 11.6 wt%). Addi-
tionally, minor phases included valuable minerals such as pentlandite 
((Fe,Ni)9S8 = 0.5 wt%) and chalcopyrite (CuFeS2 = 0.3 wt%). Beside 
quartz, the other gangue minerals in the tailings are actinolite (4.2 wt 
%), albite-ordered minerals (1.0 wt%), dolomite (1.1 wt%), and below 1 
wt% calcite, anthophyllite, talc, biotite, microcline, diopside, hexahy-
drite, clinochlore, and gypsum. 

Nickel (0.45 wt%) is present in pentlandite and possibly also within 
pyrrhotite and pyrite. The nickel to iron ratio is variable in pentlandite, 
but typically it contains approximately 36 % Ni and 30 % Fe (Crundwell 
et al., 2011). Hence, it can be approximated that about 40 % nickel of the 
raw material is present in pentlandite and the remaining 60 % nickel is 
present in pyrrhotite and pyrite. For cobalt (0.80 %) no candidate phases 
were identified, however, cobalt is known to substitute iron in pyrite and 
minor concentrations can be present in pyrrhotite and pentlandite as 
well. Other base metals, zinc (0.58 wt%) and copper (0.20 wt%), were 
also present in the raw material. The main copper containing mineral in 
the material is chalcopyrite and for zinc the main mineral is sphalerite 
(ZnS). However, the sphalerite content could not be reliably quantified. 
The elemental and mineralogical composition of the tailings are listed in 
Table 3. Fig. 1 shows the particle size distribution of the raw material. 
Measured d10, d50, and d80 values were 10.7 μm, 41.5 μm, and 76.2 μm, 
respectively. The particle size distribution is in line with reported tail-
ings sizes (Ahmadi et al., 2015; Magwaneng et al., 2017). 

2.4. Experimental set-up and leaching series 

Leaching experiments were performed in a 1 L glass reactor that is 
placed in a thermostatic water bath (Aqualine AL 25, Lauda, Germany). 
Initial lixiviant volume (excluding solids) was 0.7 L in every leaching 
experiment. The reactor was sealed with a glass cover and silicon corks. 

The stirring was performed with an overhead stirrer (Vos 16, VWR, 
Finland) equipped with a four-blade teflon impeller. The oxygen sparge, 
adjusted by a rotameter, was directed to reactor through a silicon hose 
and a glass sinter. The sinter head was placed into reactor just above the 
impeller. All the generated gases were directed to a reflux condenser that 
was connected to a gas washing bottle containing alkaline wash 
solution. 

Both pH (Multiparameter Meter edge®, Hanna Instruments, USA) 
and redox potential (Redox Au ORP electrode (Ag/AgCl), Mettler 
Toledo, Germany) were measured during leaching experiments. The 
chosen pH and redox electrodes are stable at high temperatures 
(0–100 ◦C) and under acidic conditions. Simultaneously with measure-
ments, sampling of 10 mL liquid samples was performed. Measurements 
and sampling were made at 5, 15, 30, 60, 120, 240, and 360 min. The 
samples were preserved with 5 M nitric acid. In mild acid ([H2SO4] =
0.2 M) leaching experiments, constant acidity was maintained by ad-
ditions of sulfuric acid at sampling times. After leaching, the pregnant 
leach solution and the solid residue were separated by vacuum filtration 
and the filtration cake was washed with ion-exchanged water. The 
filtration cake was dried at 60 ◦C for 48 h. 

Acid consumption during leaching was determined by acid-base 
titration using 2 M NaOH solution and methyl orange as an indicator. 
First, 1 mL leach liquor and 50 mL of ion-exchanged water was measured 
to an Erlenmeyer flask to fade the color of leach liquor sample. Then, 
two Na2S2O3⋅5H2O crystals and five drops of methyl orange were added 
to the solution to prevent iron precipitation and to indicate neutraliza-
tion of the solution, and the solution was mixed with magnetic stirring. 
NaOH was added dropwise from a burette until the color of the solution 
changed from red to yellow. 

Three leaching series were conducted: LA, LB and LC. In the first 
leaching series (LA1-15), the studied parameters were temperature (T =
30–90 ◦C), S/L-ratio (50–100 g/L), sulfuric acid concentration ([H2SO4] 
= 0.2–2.0 M), and oxygen flow (O2-flow = 0–2 L/min). Additionally, 
repeatability of the method and homogeneity of the sample material was 
verified by repeating leaching three times (LA9–11) using center point 
conditions (T = 60 ◦C, S/L-ratio = 75 g/L, and [H2SO4] = 0.6 M). The 
following leaching series (LB1–8) studied the oxidation effect of initial 
ferric ion concentration ([Fe3+] = 0.05–0.3 M) with varying sulfuric acid 
concentration ([H2SO4] = 0.5–1.0 M). Ferric ions were dissolved into 
the lixiviant prior to leaching of tailings. In the third series (LC1–3), the 
effect of hydrogen peroxide (volume of added 25 % H2O2 = 40–64 mL) 
as an oxidant was studied at varying temperatures (T = 30–90 ◦C). The 
additions of hydrogen peroxide were made at sampling points (30, 60, 
120, and 240 min) to maintain sufficiently high oxidation potential 
(800 mV (vs. SHE)). At higher temperatures, H2O2 consumption was 
increased so the added volume of 25 % H2O2 varied from 40 to 64 mL 
([H2O2] = 0.5–0.8 M). The parameters that were kept constant in the 
experimental leaching, were initial volume of lixiviant (0.7 L), agitation 
speed (350 RPM), and leaching time (360 min). The details of experi-
mental series LA, LB, and LC are listed in Table 4. 

Table 2 
Metal concentrations in hydrometallurgical nickel and cobalt processes (after iron removal, prior to solvent extraction stages).  

Plant Co Ni Zn Cu Fe Notes Reference   

g/L      
Kasese Cobalt company Ltd, Uganda  3.5  0.2 0.012 0.1 0.04 Feed solution to Zn SX Sole et al., 2005 
Chambishi Metals Plc, Zambia  10.2  0.05 0.001 0.4 0.05 Feed solution to Co SX Sole et al., 2005 
Knightsbridge Cobalt, South Africa  4.8  0.03 0.05 <0.001 <0.001 Feed solution to Co SX Cole, 2002 
Tati Nickel, Botswana  0.2  7.1 – 0.002 – Feed solution to Co SX Sole et al., 2005 
Nkomati, South Africa  1.9  32.7 0.12 0.01 0.001 Feed solution to Co SX Feather et al., 2002 
Bulong Operations, 

Australia  
0.21  2.8 0.03 0.003 0.002 Feed solution to Co SX Donegan, 2006 

Uranium corporation of India Ltd  0.14  6.0 – 2.47 0.04 Feed solution to Cu SX Sahu et al., 2004 
Caldag Nickel, Turkey  0.24  4.1 – – – Feed solution to Ni SX Kursunoglu et al., 2017  

Table 3 
Elemental composition and mineralogical composition of the raw material.  

Element Concentration (wt.%) Mineral Concentration (wt.%) 

Fe  36.3 FeS2 53.0 
S  36.6 Fe(1-x)S 25.0 
Ni  0.45 (Fe,Ni)9S8 0.5 
Co  0.80 CuFeS2 0.3 
Cu  0.20 ZnS < 1.0 
Zn  0.58 SiO2 11.6 
Si  5.70 Others ~ 9 
Na  0.058   
K  0.083   
Ca  1.64   
Mg  0.91   
Al  0.31    
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3. Results and discussion 

3.1. Leaching in sulfuric acid system (H2SO4-O2) 

During the leaching experiments in H2SO4-O2 system (Series LA, 
Table 4), nickel and cobalt extractions were shown to predominantly 
occur within the first 30 min, Fig. 2. The leaching order and thus nobility 
(from lowest to highest) of the mineral species has been reported as Fe1- 

xS – (Zn,Fe)S – (Fe,Ni)9S8 – CuFeS2 – FeS2 (Arpalahti and Lundström, 
2018). This suggests that dissolved Ni, Co, and Fe originated most likely 
from pyrrhotite and pentlandite, as chalcopyrite and pyrite do not 
typically have fast kinetics in sulfuric acid leaching (Sokić et al., 2019; 
Sun et al., 2015). Copper and zinc extractions were shown to increase as 
the leaching progressed. However, modestly increasing copper extrac-
tion confirmed the refractory nature of chalcopyrite. 

The increase in temperature from 30 ◦C to 90 ◦C increased cobalt 
(3.8 % to 6.2 %), nickel (7.1 % to 20.3 %), copper (6.2 % to 23.1 %), and 
zinc (24.1 % to 83.1 %) extractions, Fig. 2. Additionally, extraction of 
the main impurity, iron, increased from 5.0 % to 33.0 % i.e., had higher 
relative extraction at 90 ◦C when compared to the Ni, Co, and Cu. Based 

on the quantitative XRD analysis of the raw material, iron is distributed 
to pyrite, pyrrhotite, pentlandite, and chalcopyrite by proportions of 
61.4 %, 38.0 %, 0.4 %, and 0.2 %, respectively. Hence, the extraction of 
iron (33.0 %) originates mostly from pyrrhotite at 90 ◦C. It is noteworthy 
that the highest extraction for iron at 30 min (38.4 %) almost equals the 
relative iron concentration in pyrrhotite, and during the remaining 
leaching time, partial reprecipitation of iron occurs. 

Based on Fig. 2a (and 4a), it is clear that soluble nickel and cobalt in 
the tailings were present in different minerals. Although mineralogical 
analysis suggests Ni and Co being mainly located within pyrite, the 
leaching behavior shows that ca. 20 % of Ni was present in pyrrhotite 
and/or pentlandite phases whereas for cobalt only ca. 6 % was soluble 
and the rest can be assumed to be associated with pyrite. 

The final redox potential was lower at 90 ◦C (605 mV vs. SHE) when 
compared to the redox potential at 30 ◦C (680 mV vs. SHE). In addition, 
acid consumption was higher at 30 ◦C (192.75 g H2SO4 / g Co, Ni, Cu, Zn 
extracted) when compared to 90 ◦C (86.4 g H2SO4 / g Co, Ni, Cu, Zn 
extracted), hence, the increase in temperature increased the oxidative 
dissolution of metals which resulted in the reduced oxidative power of 
the leaching solution. As the acid consumption was higher at 30 ◦C, 
more direct reactions between sulfuric acid and sulfides occurred 
generating H2S gas whereas at 90 ◦C, increased oxidative dissolution 
resulted in increased oxidation of sulfides to elemental S (Table 1, Re-
actions 5, 7, 9, and 11). Extensive extraction of iron at 90 ◦C contributes 
to further oxidative dissolution of sulfides via ferric ions which results in 
elemental S formation as well (Table 1, Reactions 6, 8, 10, and 12). 

The temperature dependency can be described by the Arrhenius 
equation (Equation 1). 

k = Ae
−Ea
RT (1)  

where k is the rate constant (mol⋅s−1), A is a pre-exponential frequency 
factor (mol⋅s−1), Ea is the activation energy (J⋅mol−1), R is the gas 
constant (8.314 J⋅K−1⋅mol−1) and T is the absolute temperature (K) 
(Laidler, 1984). 

For pyrrhotite, the activation energy was determined to be 22.2 kJ/ 
mol (zero order reaction) during the first 60 min of leaching in mild 
sulfuric acid (0.2 M, Exp. LA1 and LA2) which is similar to reported by 
Chirita et al. (2002) for pyrrhotite dissolution in hydrochloric acid in the 
presence of Sn2+ (23.3 kJ/mol). In contrast, Janzen et al. (2000) re-
ported 47–63 kJ/mol activation energies for pyrrhotite dissolution by 
oxygen and ferric ions at pH 2.5. In general, activation energies below 
20 kJ/mol are considered diffusion-controlled, between 20 kJ/mol and 
40 kJ/mol mixed-controlled, and greater than 40 kJ/mol chemical re-
action rate controlled (Faraji et al., 2022). Dissolution of pyrrhotite from 
the studied raw material is therefore controlled by diffusion rather than 
chemical reaction. In more concentrated sulfuric acid (1 M), the leach-
ing kinetics of pyrrhotite was considerably faster, but the activation 
energy was not determined due to complete dissolution of pyrrhotite 
after 15 min. Passivation of particle surfaces can increase the activation 
energy, and therefore the effect of mechanical activation by 5-minute 

Fig. 1. Particle size distribution of the raw material.  

Table 4 
Experimental leaching series LA, LB, and LC and their parameters (temperature, 
solid to liquid-ratio, initial sulfuric acid concentration, oxygen feed, ferric ion 
concentration, and hydrogen peroxide volume).  

Exp. 
Number 

T 
(◦C) 

S/L-ratio 
(g/L) 

[H2SO4] 
(M) 

O2 

(L/ 
min) 

[Fe3+] 
(M) 

25 % 
H2O2 

(mL) 

LA1 30 50 0.2 2 – – 
LA2 90 50 0.2 2 – – 
LA3 30 100 0.2 2 – – 
LA4 90 100 0.2 2 – – 
LA5 30 50 1 2 – – 
LA6 90 50 1 2 – – 
LA7 30 100 1 2 – – 
LA8 90 100 1 2 – – 
LA9 60 75 0.6 2 – – 
LA10 60 75 0.6 2 – – 
LA11 60 75 0.6 2 – – 
LA12 60 75 0.6 0 – – 
LA13 90 50 2 2 – – 
LA14 60 75 0.6 0 – – 
LA15 60 75 0.6 1 – – 
LB1 90 50 0.5 1 0.05 – 
LB2 90 50 1 1 0.05 – 
LB3 90 50 0.5 1 0.1 – 
LB4 90 50 1 1 0.1 – 
LB5 90 50 0.5 1 0.2 – 
LB6 90 50 1 1 0.2 – 
LB7 90 50 0.5 1 0.3 – 
LB8 90 50 1 1 0.3 – 
LC1 30 50 1 1 – 40 
LC2 60 50 1 1 – 56 
LC3 90 50 1 1 – 64  
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grinding in the ball was studied for the raw material. As the leaching 
results were almost identical for ground and unground raw material 
(Fig. 1S), no further mechanical pretreatment was considered. 

The impact of temperature on pyrrhotite leaching was positive. 
Previously, Samadifard et al. (2015) have reported increasing nickel 
extraction (45–90 %) from pyrrhotite tailings as temperature increased 
from 30 ◦C to 55 ◦C in H2SO4-Fe3+ leaching. For pyrite leaching, it has 
been shown that the temperature is a key factor due to high activation 
energy (>51 kJ/mol) at > 700 mV (vs. SHE) potentials (Sun et al., 
2015). 

The lower amount of solids (50 g/L) in 1 M sulfuric acid media 
slightly enhanced cobalt extraction (4.8 % to 6.2 %) and zinc extraction 
(77.1 % to 83.1 %) compared with 100 g/L solids, however, no signif-
icant effect was detected for nickel, copper, and iron extractions at 
90 ◦C. Lower solid–liquid ratio resulted in slightly faster leaching ki-
netics, however, the highest nickel, cobalt, and iron extractions were 
achieved at 30–––60 min with both 50 g/L and 100 g/L solid–liquid 
ratios, Fig. 2S. 

Leaching was also studied in varying acidities ([H2SO4] = 0.2 M and 
1 M) with 50 g/L solid–liquid ratio. The lower concentration and thus 
even lower availability of H+ ions for reactions clearly decreased Ni and 
Fe dissolution kinetics, whereas the impact on cobalt dissolution was 
less, Fig. 3. For copper the early leaching kinetics were actually faster at 
lower acidity, but the final extractions after 6 h did not depend on the 
acidity. Additionally, copper was shown to precipitate after 2 h leaching 
at 0.2 M after which the extraction increased again. This behavior can be 
explained by small fluctuations in pH (0.7–1.0) due to acid consumption 
and acid additions. Zinc extraction rate and final extraction from 
sphalerite clearly decreased at lower acidity, which is supported by 
Reaction 9, Table 1. 

Acid consumption (g H2SO4 / g Co, Ni, Cu, Zn extracted) was shown 
to decrease from 86.4 g/g to 63.8 g/g as the leaching acidity was 

decreased from 1.0 M to 0.2 M H2SO4, Fig. 3S (a). The results indicate 
that high acidity has direct impact on the pyrrhotite and sphalerite 
dissolution kinetics, potentially supporting chemical leaching of these 
minerals in the presence of excess acid (Table 1, Reactions 4, 5 and 9). 
Although, the regeneration of ferrous ions to ferric ions consumes acid 
according to Reaction 1, previous studies have shown that excess acid 
can inhibit the regeneration process (Kobe and Dickey, 1945; Iwai et al., 
1982). Therefore, at low acidity (0.2 M), the proportion of oxidative 
reaction pathway may increase (Table 1, Reactions 6 and 10) when 
compared to the higher acidity (1.0 M). 

The final iron extraction in more concentrated sulfuric acid (1 M) 
was 37.7 % within 15 min whereas at lower acid concentration (0.2 M), 
in 6 h 30.3 % iron extraction with an increasing trend was found, Fig. 3 
(c). This behavior can potentially be explained by continuous oxygen 
sparging and low oxygen solubility in solution (Gubbins and Walker, 
1965), which enables regeneration of dissolved divalent iron species 
into trivalent, supporting oxidative leaching as a function of time, 
though with slow kinetics. At higher acidity (1.0 M), the extraction of 
iron from pyrrhotite was supposedly occurring directly via sulfuric acid 
only, thus being independent of ferrous/ferric balance. The extraction 
trends of Fe and Ni suggest that similar final extraction levels can be 
achieved with both 0.2 and 1.0 M acid if leaching time is extended above 
6 h, Fig. 3. 

In the previous studies, the leaching of sulfides has been reported to 
be efficient at relatively low acidities and high oxidation potential. In 
bio-acid leaching, high Co (59–98 %), Ni (71–98 %), Cu (22–55 %), and 
Zn (86–98 %) extractions have been achieved from pyrite-pyrrhotite 
tailings at constant pH = 1.2–1.8 and long leaching times (>7 days) 
(Mäkinen et al., 2021; Ahmadi et al., 2015; Altinkaya et al., 2018). Xie 
et al. (2005) showed that doubling sulfuric acid concentration (from 
0.05 mL H2SO4 / g tailings to 0.1 mL H2SO4 / g tailings) slightly 
increased Co (from 49 % to 51 %) and Ni (from 88 % to 91 %) 

Fig. 2. The effect of temperature on a) cobalt and nickel, b) zinc and copper, and c) iron extraction (Exp. LA5 and LA6: S/L-ratio = 50 g/L; [H2SO4] = 1 M; O2-flow 
= 2 L/min). 
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extractions from sulfide tailings in sulfuric-nitric acid leaching. How-
ever, the study by Xie et al. (2005) concluded that oxidative effect of 
nitric acid was more significant on metal extractions. Based on the re-
ported results and the results of the current study, increasing acidity can 
change the leaching mechanism and improve extractions by impacting 
the kinetics of easily soluble sulfide species such as pyrrhotite and 
sphalerite. However, for the extraction of refractory sulfide species 
(pyrite, chalcopyrite etc.) increase in acidity solely does not have an 
important role, but rather the oxidative leaching mechanism—with 
strong oxidant—is a necessity. 

The effect of oxygen feed (0–2 L/min) was studied at mid-point 
conditions (T = 60 ◦C, S/L-ratio = 75 g/L, [H2SO4] = 0.6 M; Exp. 
LA10, LA12, LA15). In the absence of oxygen feed, it was found that only 
small extractions of Ni (7.4 %), Co (3.0 %), Zn (24.4 %), Cu (4.7 %), and 
Fe (4.8 %) were achieved during the first 30 min after which the ex-
tractions did not progress any further. With 1 and 2 L/min oxygen feeds 
and the same conditions, the leaching of metals had slow kinetics, 
however, metal extractions were increasing until the end of the exper-
iments (at 6 h). The determination of acid consumption during leaching 
showed that more sulfuric acid was consumed in the absence of oxygen 
(LA12: 171.6 g H2SO4 / g Co, Ni, Cu, Zn extracted) than with 1 L/min 
oxygen feed (LA15: 111.7 g H2SO4 / g Co, Ni, Cu, Zn extracted) or 2 L/ 
min oxygen feed (LA10: 63.9 g H2SO4 / g Co, Ni, Cu, Zn extracted) 
(Fig. 3S (b)). In the presence of oxygen feed, acid dissolution via acid 
plays a smaller role, whereas the role of ferric leaching appears to be 
increased. 

PLS compositions in H2SO4-O2 leaching experiments are presented in 
Table 5. Iron extraction was significant (<33.9 %), and through the 
regeneration of ferric ions by dissolved oxygen, the extracted iron 
contributed to further metals extractions from the raw material. It has 
been shown that even minor concentrations of ferric can have a positive 
effect on the oxidative leaching of sulfide minerals (Hirato et al., 1987; 

Asadi et al., 2017). The leaching order of minerals follows that reported 
by Arpalahti and Lundström (2018) as pyrrhotite dissolves before 
sphalerite, and chalcopyrite is only partially dissolved. From the 
analyzed elements, zinc was most efficiently extracted, and it has been 
reported that atmospheric sulfuric acid leaching of sphalerite is an 
efficient zinc leaching method and ZnS can react via Reactions 9 or 10, 
Table 1 (Svens et al., 2003). Concentrations of nickel and cobalt in PLS 
were lower than in industrial Ni-Co solutions (Table 2). However, the 
achieved nickel concentrations are comparable to nickel concentrations 
of high-Co solutions from where the nickel—that reports to the raffinate 
after cobalt solvent extraction—can be potentially further utilized in 
nickel production (Sole et al., 2005). 

SEM-EDS analysis supported the above-mentioned findings as the 
leach residue from experiment LA8 contained some cobalt and nickel- 
containing pyrite, Fig. 4. Additionally, feldspar minerals such as 
microcline and an albite-ordered mineral were detected. 

3.2. Leaching with ferric as oxidant (H2SO4-Fe3+–O2 system) 

The effect of ferric iron ([Fe3+] = 0.05–0.3 M) as supplementary 
oxidant was studied in varying sulfuric acid concentrations ([H2SO4] =

Fig. 3. The effect of sulfuric acid concentration on a) cobalt and nickel, b) zinc and copper and c) iron extraction (Exp. LA2 and LA6: T = 90 ◦C; S/L-ratio = 50 g/L; 
O2-flow = 2 L/min). 

Table 5 
Metal concentrations of pregnant leach solutions and metal extractions achieved 
by H2SO4-O2 leaching (LA1–LA15).   

Concentration (g/L) Extraction (%) 

Ni 0.016–0.125 3.5–20.3 
Co 0.006–0.054 2.3–6.3 
Cu 0.004–0.066 1.5–23.4 
Zn 0.069–0.618 19.9–78.2 
Fe 0.85–17.6 4.0–33.9  
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0.5–1.0 M) with constant temperature (90 ◦C), oxygen feed (1 L/min), 
and solid–liquid ratio (50 g/L) (experiments LB1-LB8). The purpose of 
oxygen feed in leaching series LB was to regenerate reduced ferrous ions 
back to the ferric form. Additionally, the tailings itself releases iron (up 
to 17.6 g/L with 100 g/L solid–liquid ratio, Table 5) to the leach solution 
as the leaching proceeds. 

By increasing the starting ferric concentration from 0.05 M to 0.3 M, 
cobalt extraction was increased from 4.8 % to 9.0 % (Fig. 5 (a)) and 
specifically Fe3+ concentrations > 0.1 M had a greater impact on Co 
extraction. This further confirmed that the main mineral—in which Co is 
present—was refractory and benefited from higher oxidative power i.e., 

more oxidant (Fe3+) in the solution. Additionally, the H2SO4-Fe3+–O2 
leaching improved zinc and copper extraction rates and final extractions 
(from 83.1 % to 90.6 % Zn and from 23.1 % to 24.9 % Cu) when 
compared to the H2SO4-O2 leaching, Fig. 5 (c) and (d). 

Similar to the H2SO4-O2 system, copper dissolution was shown to be 
unstable at lower ferric concentrations ([Fe3+] < 0.2 M) due to repre-
cipitation. Precipitation of copper indicates the presence of H2S in the 
leaching solution (Reaction 13, Lu et al., 2023). CuS precipitation by 
H2S takes place in wider pH range than sulfide precipitation of nickel, 
cobalt, and zinc (Monhemius, 1977). As the supplementary ferric con-
centration increases from 0 to 0.1 M, the precipitation of Cu is delayed 
which indicates that Cu remains dissolved as long as sufficient ferric 
concentration is present. From this perspective, these results indicate 
that the regeneration of ferrous to ferric occurs at slower rate when 
compared to ferric ion consumption and reduction back to ferrous. 
Redissolution of precipitated Cu is expected to occur as soon as ferrous 
ions have sufficiently been regenerated to ferric form. Nevertheless, a 
more detailed examination of Fe2+/Fe3+ balance should be undertaken 
to confirm the underlying mechanism of Cu extraction and precipitation 
behavior. From the results it seems that [Fe3+] = 0.2 M yields enough 
oxidative power to solution to avoid Cu precipitation. In general, [Fe3+] 
= 0.2 M was found to provide sufficient ferric concentration for 
improving cobalt, zinc and copper extractions and leaching kinetics 
whereas an increase to [Fe3+] = 0.3 M had no further positive effect on 
the leaching behavior of the metals. 

Cu2+ + H2S→CuS + 2H+ (13)  

Nickel dissolution was not advanced with increase in ferric concentra-
tion. In the leaching series LB, the addition of ferric ions to the system 
was shown to decrease the reaction rate of Ni dissolution (Fig. 5 (b)). 
However, the final Ni extractions were all in the range of ca. 17.8–20.3 
%. Similarities in leaching behaviors of nickel and iron indicate that 

Fig. 4. SEM image of dried leach residue (LA8): 1) Co and Ni containing pyrite; 
2), 3), and 4) pyrite; 5) albite-ordered mineral and 6) microcline. 

Fig. 5. The effect of added ferric concentration on a) cobalt, b) nickel, c) zinc, and d) copper extraction (Exp. LA6, LB2, LB4, LB6, and LB8: T = 90 ◦C; S/L-ratio = 50 
g/L; [H2SO4] = 1 M). 
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ferric ions have negative impact on dissolution of Ni-rich pentlandite 
and pyrrhotite minerals, Fig. 5 (b) and Fig. 6. In the absence of sup-
plementary ferric ions, leaching kinetics of iron are significantly faster, 
however, the addition of ferric ions contributes to higher redox potential 
and faster dissolution rate of iron at later stages of leaching. For 
example, in the absence of initial ferric ions, iron extraction reached 
37.3 % within 15 min, whereas in the presence of ferric ions ([Fe3+] =
0.3 M), only 1.9 % of iron is extracted within 15 min but 44.2 % is 
extracted after 4 h leaching. The results are in line with the ones re-
ported by Garg et al. (2017) who found that the addition of ferric ions 
results in the formation of elemental sulfur layer around unreacted 
pyrrhotite particles thus slowing the leaching kinetics of pyrrhotite and 
decreasing the extraction rates of Ni and Fe. In the presence of dissolved 
ferric ions and hydrogen sulfide, the precipitation of elemental sulfur 
occurs via Reaction 14 (Garg et al., 2017). Based on the quantitative 
XRD analysis of the raw material, the proportions of iron in pyrrhotite, 
pentlandite, and chalcopyrite were 38.0 %, 0.4 %, and 0.2 %, respec-
tively. As the extraction percentage of iron (44.2 %) clearly exceeds the 
proportion of iron in the pyrrhotite (38.0 %), the results suggest partial 
dissolution of pyrite with [Fe3+] = 0.3 M. 

H2S + 2Fe3+→2Fe2+ + S + 2H+ (14)  

The redox potential of the H2SO4-Fe3+–O2 system was generally higher 
(670–730 mV vs. 190–690 mV (vs. SHE)) in comparison to the H2SO4-O2 
system at the beginning of leaching experiments. However, with initial 
[Fe3+] = 0.2 M (LB6), the redox potential decreased from 710 mV to 590 
mV (vs. SHE) during 6 h leaching, whereas in the absence of ferric ions 
(LA6), redox potential was increased from 240 mV to 605 mV (vs. SHE). 
Oxidation and dissolution of pyrite is known to be favored by high redox 
potential and temperature. Sun et al. (2015) reported that at 75 ◦C, 
pyrite extraction being ca. 20 % at 700 mV, ca. 60 % at 800 mV and ca. 
92 % at 900 mV (vs. SHE). Hence, it can be concluded that ferric ions 
and redox potential of the current leaching system was not enough to 
enhance pyrite dissolution substantially. 

In comparison to H2SO4-O2 system, the presence of supplementary 
ferric ions was shown to reduce the acid consumption during leaching, 
indicating that more of leaching took place via ferric oxidation of sulfide 
species (Table 1, Reactions 3, 6, 8, 10 and 12). Nevertheless, acid was 
still consumed to the oxidation ferrous ions according to Reaction 1. 
Fig. 4S shows that acid consumption was decreased from 53.3 to 17.1 g 
H2SO4 / g Co, Ni, Cu, Zn extracted as the initial ferric ion concentration 
was increased from 0.05 M to 0.3 M. 

Metal concentrations and extractions achieved by H2SO4-Fe3+–O2 
leaching are listed in Table 6. In comparison to H2SO4-O2 leaching 
(Table 5), the high-end concentrations are lower due to lower solid-
–liquid ratios (50 g/L) in H2SO4-Fe3+–O2 leaching than used in a few of 
the sulfuric acid leaching experiments (100 g/L). High iron concentra-
tions are contributed by supplementary ferric ions. The addition of ferric 
ions benefited cobalt, copper, and zinc extractions the most. A beneficial 
effect of increasing ferric concentration (up to 0.1 M) on chalcopyrite 
leaching has been reported by Hirato et al. (1987). Santos et al. (2010) 
showed that only minor improvement can be made in chalcopyrite 
leaching by increasing ferric concentration from 0.25 M to 0.5 M, 
whereas the zinc extraction from sphalerite increased from 60 % to 95 
%, which is line with the results of this research. 

3.3. Leaching with hydrogen peroxide (H2SO4-H2O2-O2 system) 

The effect of hydrogen peroxide as oxidant was studied at varying 
temperatures (30–90 ◦C) (LC1–LC3). In the H2SO4-O2 system, most 
nickel and cobalt extractions—presumably from the pyrrhotite pha-
se—took place within first 30 min of leaching. Hence, it was decided to 
start the feed of hydrogen peroxide after 30 min of leaching with more 
hydrogen peroxide added at later sampling times. The redox potential 
was adjusted to 800 mV (vs. SHE) by hydrogen peroxide at every sam-
pling time after 30 min to boost pyrite dissolution. Hydrogen peroxide 
can act both as an oxidant and a reductant in leaching, since the 
oxidation state of oxygen in the molecule is −1 (halfway between O2 (0) 
and water (-2)). In acidic solutions, hydrogen peroxide can oxidize 
sulfide minerals (Salas-Martell et al., 2020), and the presence of 
hydrogen peroxide can result in reactions shown in Table 7. In sulfuric 
acid-hydrogen peroxide solution, sulfide minerals react with both acid 
and peroxide. If the reaction occurs primarily via hydrogen peroxide, 
sulfide sulfur is oxidized to sulfate according to Reactions 15, 18, and 20. 
In highly acidic media, pyrite is oxidized by Reaction 16 (Antonijević 
et al., 1997). At lower anodic potentials and high temperature, reaction 
occurs primarily via sulfuric acid and sulfide sulfur is oxidized to 
elemental sulfur according to Reactions 17, 19, and 21. 

At 30 ◦C, both cobalt (3.8 % to 5.3 %) and nickel (6.6 % to 9.6 %) 
extractions were improved slightly in the presence of hydrogen peroxide 
(0.5 M) in comparison to H2SO4-O2 leaching. Increase in temperature to 
60 ◦C resulted in 7.0 % and 15.7 % extractions for cobalt and nickel, 
respectively. At 60 ◦C, more hydrogen peroxide was required (0.7 M) to 
maintain redox potential at the desired level. Further increase in tem-
perature to 90 ◦C and the concentration of hydrogen peroxide (0.8 M) 
improved cobalt and nickel extractions to 14.2 % and 22.9 %, respec-
tively. Fig. 7 shows the comparison between metals extractions in 
H2SO4-O2 and H2SO4-H2O2-O2 systems at 90 ◦C. The cobalt extraction 
was the highest of all applied leaching conditions and the cobalt disso-
lution proceeded the whole 6 h, suggesting that the pyrite structure 
started oxidizing and dissolving according to Reactions 15 and 16. As 
the hydrogen peroxide is consumed, redox potential decreases which 
favors—along with high temperature—the elemental sulfur formation 
instead of sulfate and bisulfate according to Reaction 17 (Antonijević 
et al., 1997). Additionally, the iron extraction (42.0 %) was also higher 
than in the H2SO4-O2 leaching, supporting the hypothesis of partial 

Fig. 6. The effect of added ferric concentration on iron extraction (Exp. LA6, 
LB2, LB4, LB6, and LB8: T = 90 ◦C; S/L-ratio = 50 g/L; [H2SO4] = 1 M). 

Table 6 
Metal concentrations of pregnant leach solutions and metal extractions achieved 
by H2SO4-Fe3+–O2 leaching (LB1–LB8). Fe concentration (g/L) includes both the 
extracted Fe and added Fe(III) ions, but Fe extraction (%) considers only Fe 
extracted from the raw material.   

Concentration (g/L) Extraction (%) 

Ni 0.041–0.067 14.1–20.1 
Co 0.024–0.059 4.5–9.0 
Cu 0.028–0.044 19.8–29.9 
Zn 0.302–0.423 79.2–94.2 
Fe 10.7–29.4 23.2–41.8  
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pyrite dissolution. 
Addition of hydrogen peroxide accelerated the leaching kinetics of 

sphalerite as 92.1 % Zn was extracted after 2 h whereas the corre-
sponding extraction in the absence of hydrogen peroxide was 56.6 % 
which indicates that leaching can be represented by Reactions 20 and 21 
in the presence of H2O2. Copper extraction was also improved slightly by 
hydrogen peroxide (23.1 % vs. 30.6 %) and the extraction still had an 
increasing trend at 6 h (Reactions 18 and 19). 

Decrease in redox potential was notable, for example at 90 ◦C, from 
800 to 670–700 mV (vs. SHE) between H2O2 additions. The main issue 
with usage of hydrogen peroxide, as an oxidant, was its decomposition 
in the presence of dissolved ferric ions (Marzzacco, 1999). Thus, redox 

potential decreased steadily after hydrogen peroxide addition, and it 
only partially contributed to the leaching of the tailings. A similar 
phenomenon was found by Salas-Martell et al. (2020) for the leaching of 
pyrite-rich ore. Hydrogen peroxide production has a considerable global 
warming potential (GWP), varying from 442 to 687 kg CO2 eq per 
produced ton of 27.5 % H2O2 (Jia et al., 2022). Based on the consumed 
H2O2 volume, the GWP of the needed H2O2 production for H2SO4-H2O2- 
O2 leaching at 90 ◦C is 37–58 g CO2 eq which equals to 133–206 kg CO2 
eq / kg Co, Ni, Cu, Zn extracted. The efficiency of H2O2 has been shown 
previously for pyrite and chalcopyrite leaching (Antonijević et al., 1997; 
Olubambi and Potgieter, 2009), but the results herein show that from 
the standpoint of sustainability, the utilization of H2O2 is not required in 
the presence of a sufficient concentration of ferric ions. On the other 
hand, oxidation reactions by hydrogen peroxide do not further compli-
cate PLS composition which is favorable for metals recovery from the 
solution. 

Table 8 shows the metal concentrations and extractions achieved by 
H2SO4-H2O2-O2 leaching. Cobalt benefited the most from hydrogen 
peroxide when compared to other studied oxidants (O2 and Fe3+). In 
combination with slightly higher nickel and iron extractions, this indi-
cated that the increased metal extractions originate from partially dis-
solved pyrite that was not dissolved in the presence of O2 and [Fe3+] <

Table 7 
Possible leaching reactions (Reactions 15–21) of raw material minerals in sul-
furic acid/hydrogen peroxide solution.  

Mineral Reactions Eq. Ref. 

Pyrite 2FeS2 + 15H2O2→2Fe3+ +

2SO2−
4 + 2H+ + 14H2O 

(15) 
Salas-Martell et al., 
2020 2FeS2 + 15H2O2 +

2H+→2Fe3+ + 4HSO−
4 + 14H2O 

(16) 

2FeS2 + 3H2O2 + 6H+→2Fe3+ +

4S + 6H2O 
(17) 

Chalcopyrite 2CuFeS2 + 17H2O2 +

2H+→2Cu2+ + 2Fe3+ + 4SO2−
4 +

18H2O 

(18) 
Antonijević et al., 
2004; Sokić et al., 
2019 2CuFeS2 + 5H2O2 +

10H+→2Cu2+ + 2Fe3+ + 4S +

10H2O 

(19) 

Sphalerite 2ZnS + 4H2O2 + 2H+→2Zn2+ +

SO2−
4 + H2S + 4H2O 

(20) 
Aydogan, 2006; 
Pecina et al., 2008 

ZnS + H2O2 + 2H+→Zn2+ + S +

2H2O 
(21)  

Fig. 7. The effect of hydrogen peroxide on a) nickel and cobalt, b) zinc and copper, and c) iron extraction (Exp. LA6 and LC3: T = 90 ◦C; S/L-ratio = 50 g/L; [H2SO4] 
= 1 M). 

Table 8 
Metal concentrations of pregnant leach solutions and metal extractions achieved 
by H2SO4-H2O2-O2 leaching (LC1-LC3).   

Concentration (g/L) Extraction (%) 

Ni 0.021–0.064 8.4–22.9 
Co 0.023–0.070 5.2–14.2 
Cu 0.018–0.038 16.5–30.8 
Zn 0.133–0.323 41.9–89.7 
Fe 1.53–9.44 7.7–42.0  
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0.3 M. Copper and zinc extractions were in line with the results achieved 
by H2SO4-Fe3+–O2 leaching. 

3.4. Discussion 

3.4.1. Tailings and its leaching mechanism 
The sulfide tailings used in this study contained pyrite, pyrrhotite, 

and quartz as main minerals. Additionally, minor minerals included 
pentlandite, chalcopyrite, and sphalerite. Iron in the raw material was 
mostly distributed to pyrite and pyrrhotite of which pyrrhotite was 
effectively totally dissolved during leaching. Nickel is present in pent-
landite, but presumably also in pyrrhotite and pyrite. The leaching 
behavior of nickel resembled that of iron, which indicated that soluble 
nickel originates from nickeliferous pyrrhotite. The leaching behavior of 
cobalt suggested that it is mostly present in refractory pyrite and pent-
landite, and only a minor fraction (~5%) is present in more soluble 
minerals such as pyrrhotite. According to mineralogical and elemental 
analysis, most of the copper is located in chalcopyrite. The sphalerite 
content of the raw material was not reliably quantified but leaching 
behavior of zinc indicated that practically all the zinc is found in 
sphalerite. 

In the H2SO4-O2 leaching system, the sulfuric acid concentration 
(0.2–1 M) and oxygen flow (0–2 L/min) were varied to investigate acid 
consumption of the leaching and hence, possible changes in leaching 
mechanism. It was found that oxygen sparging and lower acidity 
decreased acid consumption / metals extracted i.e., more leaching 
occurred via oxidative dissolution. However, the leaching kinetics were 
much faster at higher acidity due to enhanced pyrrhotite extraction. At 
lower acidity, leaching of Ni, Cu, Zn, and Fe progressed the whole 
leaching duration (6 h), but final extractions remained below the cor-
responding extractions at higher acidity. Apparently, the same minerals 
were dissolving both at lower and higher acidity but with different 
mechanism. As more acid was consumed / metals extracted at higher 
acidity (1.0 M), it appears that acid was first consumed directly for the 
extraction of the pyrrhotite and then for the oxidation of the dissolved 
ferrous ions. At lower acidity (0.2 M), acid was consumed more for the 
oxidation of ferrous ions, where the formed ferric ions contributed to the 
further extraction of pyrrhotite. 

Similar behavior was found with H2SO4-Fe3+–O2 leaching; acid 
consumption decreased further, consistent with the leaching mechanism 
being preferentially by oxidative dissolution. The positive effect of ferric 
ions was clearly seen from the early leaching kinetics of Co, Cu, and Zn, 
however, the effect on the final extractions was moderate. The formation 
of the sulfur layer around the unreacted pyrrhotite was possibly inhib-
iting pyrrhotite extraction. A slight improvement can be seen in cobalt 
extraction which might indicate partial dissolution of more refractory 
minerals such as pentlandite or pyrite. 

Overall, the leaching of pyrrhotite and sphalerite was effective in the 
studied leaching conditions which is also supported by the literature 
regarding leaching order of different sulfide species (Arpalahti and 
Lundström, 2018). From more refractory minerals, chalcopyrite showed 
slow leaching kinetics, and the extraction of copper could potentially be 
enhanced by increasing leaching duration. Pyrite is the most refractory 
mineral of the studied raw material, and the oxidative effect of O2 and 
Fe3+ was not sufficient for substantial pyrite dissolution. By addition of 
H2O2, pyrite was presumably partially dissolved, however, the H2O2 
consumption was increased due to decomposition of H2O2. Self- 
decomposition of H2O2 can occur by catalysts such as dissolved ferric 
ions or thermally which can be the case with experiments at 60 ◦C and 
90 ◦C. 

Longer leaching duration or more intensive leaching conditions are 
necessary for pyrite dissolution meaning either higher temperature and 
oxygen pressure, i.e., autoclave leaching (Long and Dixon, 2004), roast- 
leaching (Kamariah et al., 2022), bioleaching (Ahmadi et al., 2015; 
Altinkaya et al., 2018; Mäkinen et al., 2021), chloride leaching (Altin-
kaya et al., 2018), intensive milling as pre-treatment (Mäkinen et al., 

2021) or use of more oxidizing—but industrially less attracti-
ve—chemicals such as HNO3 (Xie et al., 2005; Teimouri et al., 2022). As 
drawbacks, these all are likely to increase the capital expenditure and/or 
operational costs of the leaching process and e.g. nitrates may compli-
cate the solution composition considering integration of the Ni-Co so-
lution into primary solution purification processing. 

3.4.2. Suggested processing scenarios 
By atmospheric sulfuric acid leaching, pregnant leach solution with 

low nickel (≈0.1 g/L) and cobalt (≈0.05 g/L) concentrations can be 
obtained. Additionally, a minor concentration of copper (≈0.05 g/L) 
and reasonable concentration of zinc (≈0.5 g/L) is present with signif-
icant iron impurity concentration (≈15 g/L). In order to utilize the PLS 
further, Fe must first be removed from the solution. Jarosite and goethite 
precipitation are the most common methods for iron removal at atmo-
spheric pressure (Chang et al., 2010). Precipitation as jarosite occurs at 
temperature close to boiling point in the presence of different mono-
valent cations such as K+, NH4

+, and Na+ (Hoeber and Steinlechner, 
2021). Goethite precipitation is generally carried out at pH 2.0–6.0 and 
at temperature range of 85–95 ◦C (Chang et al., 2010; Yue et al., 2016). 
Goethite precipitation does not require added cations and the precipitate 
is considered more stable for storage than jarosite (Chang et al., 2010). 
The filtration of the goethite precipitate is generally challenging, and to 
offset poor filterability, the use of magnetic seed has been proposed (Han 
et al., 2015). 

Following iron removal, pregnant leach solution can potentially be 
integrated into primary process of nickel–cobalt sulfate solutions prior 
to solvent extraction stages. The main challenge in integration are the 
lower metal concentrations when compared to primary nickel–cobalt 
sulfate solutions (Table 2). In general, primary feed solutions to solvent 
extraction processes have > 3 g/L Ni or Co depending on the main 
product and > 0.03 g/L Ni or Co as by-product/impurity. Therefore, the 
feed ratio of low concentrated Ni-Co solution would have to be low to 
maintain sufficient metal concentrations in the solvent extraction feed. 

An alternative strategy for metals recovery is the precipitation of 
base metals as intermediate sulfides or hydroxides. Sulfide precipitation 
can be conducted by means of gaseous hydrogen sulfide (H2S) or 
aqueous sodium sulfide (Na2S), sodium hydrosulfide (NaHS), and 
ammonium sulfide ((NH4)2S) of which H2S is typically utilized at in-
dustrial scale. Additionally, solid compounds such as iron sulfide (FeS) 
and calcium sulfide (CaS) can be used as sulfide sources in precipitation 
(Lewis, 2010). Iron sulfide has higher solubility than Ni, Co, Zn, and Cu 
sulfides which enables selective precipitation of these metals with 
respect to Fe (Zhang and Cheng, 2007). The mixed metal sulfide pre-
cipitate can be either subjected to a pyrometallurgical process or 
redissolved and utilized in primary Ni-Co hydrometallurgical process. 

Due to the limited cobalt and nickel extractions from the raw ma-
terial, the metals were slightly enriched in leach residue when compared 
to concentrations in the raw material. This especially applies for cobalt; 
based on the leaching results, the grade of cobalt increased by 50 %— 
from 0.80 wt% to 1.2 wt%—in H2SO4-O2 leaching (Exp. LA6) due to 
efficient extraction of low cobalt-containing pyrrhotite. Additionally, 
the nickel grade increased from 0.45 wt% to 0.58 wt% and copper from 
0.20 wt% to 0.25 wt%. Therefore, the resulting leach residue can 
potentially be utilized as a raw material in the primary nickel–cobalt 
sulfide smelting process. In general, sulfide processes including mines, 
concentrators, and smelting are considered profitable when Ni, Co, and 
Cu concentrations are greater than 2 wt% in combination (Crundwell 
et al., 2011). Fig. 8 summarizes different processing strategies for Ni-Co 
sulfate solution and Ni-Co sulfide residue. 

4. Conclusions 

The aim of this research was to study the possibility of extracting 
valuable battery metals from flotation tailings using atmospheric 
leaching conditions. Additionally, the target was to extract the metals in 
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a way that the pregnant leach solution would have suitable character-
istics for integration into primary battery metals production. Therefore, 
the leaching was carried out in sulfate media and in the presence of 
oxidants that wouldn’t complicate the pregnant leach solution further. 

For cobalt extraction from the tailings, the most oxidative conditions 
are beneficial. The final Co extraction was ca. 6 % in the H2SO4-O2 
system, ca. 9 % in the H2SO4-Fe3+–O2 system and ca. 14 % in H2SO4- 
H2O2-O2 system which indicated that partial pyrite dissolution took 
place at elevated oxidation potentials. Based on the similar leaching 
trends between nickel and iron, the extracted nickel was mainly present 
in pyrrhotite. Pyrrhotite leaching was complete in the H2SO4-O2 system, 
which explains the moderate increase in Ni extraction in more oxidative 
conditions—from ca. 20 % to 23 %. Copper extraction increased the 
whole leaching duration which shows the slow leaching kinetics of 
chalcopyrite. Zinc extraction from sphalerite was shown to be efficient 
during atmospheric sulfuric acid leaching which is also supported by the 
literature. The use of oxidants seemingly reduced the acid dissolution of 
minerals and increased the oxidative dissolution, however, the change 
in leaching mechanism had only a small effect on the final metal 
extractions. 

To enhance metals extraction from the tailings or other pyrite-rich 
materials, a longer leaching time or more intensive conditions are 
needed. On the other hand, atmospheric sulfuric acid leaching is an 
efficient method for cobalt and nickel extraction from non-refractory 
minerals such as pyrrhotite as well as for zinc extraction from sphal-
erite. Therefore, the leaching approach presented in this research shows 
potential for the treatment of high-pyrrhotite tailings. 
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