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Article 
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Abstract: In pursuit of carbon neutrality, the demand for metals that are necessary for the 
development of clean energy technologies is rapidly increasing. Metallurgical waste, such as slag, 
presents a promising secondary source of these key metals. This research aims to develop an eco-
friendly hydrometallurgical process to recover Cu, Ni, and Co from discarded copper/nickel slag. 
The high-pressure acid leaching (HPAL) was used to selectively leach Ni, Cu, and Co from the 
fayalite slag, yielding high leaching efficiencies of 99.9%, 89.4%, and 99.9%, respectively, with low 
Fe and Si tenors to the pregnant leach solution (PLS). The solvent extraction (SX) technique utilizing 
LIX 984N was used to selectively extract and enrich copper from the dilute PLS to about 23 g/L Cu 

with a very low Fe concentration of 0.05 g/L. Potassium amyl xanthate (PAX) solution was used to 
form Ni and Co xanthate complexes from the raffinate solution. Nickel was selectively recovered 
using ammonia solution, while cobalt xanthate complex was thermally decomposed and recovered 
as cobalt oxide solids of about 25 wt.% Co. A comprehensive process flowsheet is presented, 
furthermore, to realize the real application of the developed slag cleaning process, a preliminary 
economic evaluation was performed. 

Keywords: slag; copper; nickel; cobalt; recovery; high-pressure leaching; solvent extraction; 
complexation; hydrometallurgy; waste 
 

1. Introduction 

As the world is shifting towards a carbon-neutral society, more emphasis is drawn on renewable 
sources of energy such as wind, solar, geothermal, hydro, and biomass. However, a clean energy 
transition would result in a great increase in demand for metals. For instance, solar panels utilize 
large quantities of copper, silicon, silver, and zinc,  wind turbines require iron, copper, and 
aluminum, while a typical electric vehicle battery needs lithium, nickel, manganese, and cobalt. 
Countries worldwide have set targets to achieve carbon neutrality by 2050 or 2060 [1,2], therefore a 
spike in demand for these key metals is inevitable. To sustain the supply of these metals in the future, 
secondary sources of metals are greatly important to support the declining primary ore resources. 
Metallurgical waste, such as slag, presents a promising secondary source of the key metals needed in 
low-carbon technologies such as Cu, Ni, Co, and Fe. Alongside the recovery of these valuable metals 
from slag waste, cleaning the slag is highly beneficial in preventing environmental pollution. The 
slag dump sites generally undergo natural weathering; that is a wide range of chemical, biological, 
and environmental factors such as pH variations, and microbial conditions [3]. Long-term exposure 
of slag to weathering may encourage the oxidation of entrained sulfur to sulfuric acid which 
promotes the slow leaching of heavy metals into the environment and consequently contaminates 
soil and groundwater sources [4–7] Therefore when cleaning the slag, environmentally sensitive 
technologies that generate benign waste or zero waste should be primarily considered. 
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Slag cleaning technologies have widely been explored including the application of conventional 
methods such as flotation and pyrometallurgical approaches like re-smelting and roasting. However, 
some limitations associated with these methods have been noted. The flotation method can only 
recover metallic form and sulfide minerals, while other metals in the slag such as cobalt, exist in the 
oxide form, making the flotation method ineffective for the recovery of Co and other metal oxides 
[8,9]. Additionally, a significant proportion of the sulfides are locked in the fayalite phase, requiring 
costly fine grinding to liberate the sulfides for effective recovery by flotation [8,10,11]. A common 
pyrometallurgical route in slag cleaning is the carbothermal reduction method at high temperatures 
of around 1400°C using a DC arc furnace, however, high energy consumptions remain an associated 
challenge [9,12]. A combined pyro-hydrometallurgical method of roasting with subsequent leaching 
is a commonly studied method in slag treatment [8,13,14]. Nevertheless, comprehensive 
hydrometallurgical methods are preferred for the chemical extraction of valuable metals from low-
grade materials such as slag. The common hydrometallurgical methods studied include atmospheric 
leaching and high-pressure acid leaching. Some limitations noted by some researchers during 
atmospheric leaching of slag include difficulty in solid-liquid separation due to silica gel formation, 
low metal extractions, and high iron co-extraction. Therefore, the addition of lixiviants such as 
dichromate compounds or hydrogen peroxide during leaching has largely been studied to address 
these challenges [15–19]. The high-pressure acid leaching (HPAL) process has been noted to be a 
robust process in achieving very high metal extractions and producing a benign residue that is most 
suitable for safe disposal [5,11,20,21]. However, low metal extractions have consistently been 
reported during high-pressure leaching of amorphous slags when compared to crystalline (naturally 
cooled) slags with HPAL conditions of around 250 °C and oxygen overpressure of about 0.6 MPa 
[4,10,19].  

The present study focuses on the process development of slag to recover cobalt, nickel, copper, 
and iron using hydrometallurgical methods. The slag sample utilized in this study is of an amorphous 
nature originating from a copper-nickel smelter in Botswana. The HPAL method is investigated at 
mild operating conditions; lower temperatures (~150°C) and pressure (0.6 MPa) to selectively leach 
the finely dispersed metal sulfides from the slag. Leaching of low-grade material such as slag results 
in a dilute solution, therefore, to enrich the metal values after the leaching process, a combination of 
solvent extraction, selective precipitation, and xanthate complexation processes was employed to 
separate and upgrade the metal ions of Cu, Ni, and Co from the dilute pregnant leach solution (PLS) 
as well as separate the Fe impurity from solution. The separation of Ni and Co from aqueous solutions 
is commonly done by solvent extraction, however, in this study, the xanthate complexation process 
was applied, utilizing potassium amyl xanthate (PAX) as a chelating agent. Alkali xanthates form 
xanthate complexes in the form of precipitates with various metal ions from the solution. The 
difference in the solubility product constant (Ksp) of these xanthate complexes allows for the selective 
separation of metal ions from the solution [22]. The xanthate complexation method is a cheaper 
alternative to solvent extraction and is highly selective for the target metal, moreover, the availability 
of PAX reagent is prevalent.  

The aim of this study is to present a comprehensive hydrometallurgical process flow to recover 
Co, Ni, Cu, and Fe from the smelter slag in Botswana. Currently, there is no slag cleaning process in 
place, and unfortunately, previous studies have demonstrated that the slag dump is causing 
significant environmental deterioration, especially in the surrounding water sources [23,24]. 
Additionally, the utilization of sulfuric acid as a leaching agent will encourage the copper/nickel 
smelter in Botswana to produce sulfuric acid from sulfur dioxide in the off-gas streams and cease 
venting SO2-containing off-gases to the atmosphere. So, a slag cleaning scheme will be beneficial in 
alleviating these environmental effects. Furthermore, to realize the real application of the developed 
slag cleaning process, a preliminary economic evaluation was performed. The establishment of a slag 
cleaning scheme is important as part of developing effective long-term processes to reduce the 
environmental footprint of the mining industry, especially in the numerous abandoned mines in the 
African region where effective mine remediation strategies are developing.  

2. Materials and Methods 
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2.1. Sample 

The slag sample was obtained from a copper-nickel smelter in Botswana. The sample was 
formed by granulation of the electric arc furnace slag melt in water resulting in a glassy material. The 
slag sample was analyzed using X-ray diffraction (XRD) (Rigaku Miniflex) (Figure 1), which showed 
that the dominant mineral composition is fayalite. The slag sample is amorphous, as demonstrated 
by an exceedingly high background of the XRD pattern. Several authors also confirmed that molten 
slags which are quenched in water produce an amorphous structure [4,10,19,25]. 

 

Figure 1. XRD pattern of the granulated electric furnace copper/nickel slag. 

The X-ray fluorescence (XRF) spectrometry (Rigaku ZSX Primus II) was used to determine the 
elemental composition of the slag. The results in Table 1 show that the most abundant element is iron 
at 38.7 wt.% followed by silicon at 13.3 wt.%, while the content of valuable metals of interest, nickel, 
copper, and cobalt was measured to be 0.36, 0.36, and 0.17 wt.%, respectively. Additionally, SEM-
EDS (Scanning Electron Microscope-Energy Dispersion Spectroscopy) was used to characterize the 
slag sample. Figure 2 shows an SEM image of the slag particles, showing entrapped matte (MeS, 
where Me can either be Ni, Cu, and/or Co). The matte which is the sulfide phase appears as visible 
bright dots (light grey), occurring as fine occlusions in the fayalite phase (dark grey). Elemental 
mapping of SEM-EDS observation of the granulated electric furnace slag is shown in Figure 3. Nickel 
and copper exist in the slag as sulfides and occur as dispersed spherical matte inclusions while cobalt 
exists predominantly in the oxide form which is homogeneously distributed in the fayalite phase. 
Several authors also found that typical slags from nickel and copper smelters contain Ni and Cu 
mostly in the form of sulfide while Co exists in the oxide form [5,10,26,27]. 

Table 1. The chemical composition of the electric furnace copper/nickel slag (wt.%). 

Fe Si Ni Cu Co Al Mg Ca S Cr Na K 

38.7 13.3 0.36 0.36 0.17 3.26 1.96 1.98 0.64 0.18 0.63 0.72 
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Figure 2. SEM image of the granulated electric furnace copper/nickel slag. 
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Figure 3. SEM image and the respective elemental mapping of the granulated slag. 

2.2. Procedure 

2.2.1. High-Pressure Leaching 

Leaching experiments were conducted on a ground slag sample using a sulfuric acid solution. 
The particle size of the sample was less than 125 µm with the average particle (D50) of 56 µm. A 
stainless-steel autoclave reactor comprising a 200 ml capacity reaction vessel, heating mantle, 
temperature controller, and a variable speed stirrer was utilized. To obtain optimal leaching 
conditions, the sulfuric acid concentration was varied between 0 (distilled water) – 1 mol/L, while the 
leaching time and temperature were varied in the ranges of 0.5–2 h and 120–180 °C, respectively. The 
stirring speed and pulp density were kept constant at 700 rpm and 100 g/L, respectively.  Once the 
intended temperature was reached, oxygen (O2) gas was injected into the slurry vessel at a controlled 
total pressure (Ptotal = Pvapor + Poxygen) of 0.6 – 1.5 MPa. The slurry pH was recorded before and after 
leaching. The obtained slurry was filtered to separate the pregnant leach solution (PLS) from the solid 
residue after leaching. The PLS was analyzed using 4210 MP-AES (Agilent), while the solid residue 
was analyzed using X-Ray Diffractometer (XRD, Rigaku RINT–2200V) to identify the mineral 
composition of the solid samples. About 0.3 g of the solid residue was dissolved by aqua regia and 
analyzed using MP-AES to determine the residual metal content.  

2.2.2. Solvent Extraction 
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Batch solvent extraction tests were conducted using a countercurrent two-stage mixer settler 
extraction column on a simulated pregnant leach solution obtained from the optimized HPAL 
experiment. The concentration of metals in the PLS is displayed in Table 2, showing low metal 
concentrations of nickel, copper, and cobalt. A LIX 984N (10%v/v) with Isoper M as a diluent was 
used as a copper extractant. The initial pH of the PLS was measured to be 1, and the pH was adjusted 
between 1 – 2.5 using a 1 M NaOH solution. For each extraction test, 400 ml of solution and 100 ml of 
extractant (O/A = 0.25) were simultaneously fed by a pump into the extraction column at about 15 
ml/s. The agitation speed was kept constant at 400 rpm. Once the extractant was filled into the 
extraction column, the respective pump was stopped to avoid air bubbles in the extraction column. 
The mixing and settling were allowed for 20 minutes to achieve clear phase separation. The copper-
loaded organic phase was then collected at its respective outlet leaving behind the copper barren 
aqueous phase (raffinate), which was collected afterward at the aqueous phase outlet. The raffinate 
solution was analyzed using MP-AES to determine the metal concentration and compute the 
extraction efficiency. 

Table 2. Metal concentration in the pregnant leach solution from HPAL. 

Element Fe Ni Cu Co 

Concentration, g/L 2.96 0.34 0.30 0.13 
The copper-loaded organic was subjected to stripping experiments using a sulfuric acid solution. 

The stripping column had a similar setup as the extraction column. A desired volume of the sulfuric 
acid solution (50 – 175 g/L H2SO4) and the copper-loaded organic was pumped into the stripping 
column at 15 ml/s and mixed at an agitation speed of 400 rpm. The organic/aqueous (O/A) phase ratio 
was investigated in the range of 0.25 – 4.0. After 20 minutes of contacting, the barren and the stripped 
solution were collected separately from their respective outlets. The strip solution was analyzed using 
MP-AES for copper concentration and determination of the stripping efficiency. For copper 
enrichment in solution, a combination of two extraction stages and two stripping stages were 
employed where the strip solution from the first stripping stage was contacted again with the copper 
extractant. The operating conditions were kept the same as in the first extraction and stripping stages.  

2.2.3. Iron Recovery 

The raffinate solution obtained from the first extraction stage was further processed for iron 
removal. A prepared calcium carbonate emulsion of 200 g/L was added to the raffinate solution in a 
dropwise manner, to achieve a pH of 4. The raffinate solution was then heated to 65 °C using a 
magnetic stirrer operating at 400 rpm. Once the temperature reached 65 °C the reaction time was set 
to 20 minutes. The resulting precipitate and the residual solution were cooled, filtered, and the 
solution was taken for MP-AES analysis for the elemental analysis to determine the precipitation 
efficiency.  

2.2.4. Ni/Co Complexation 

For the recovery of nickel and cobalt from the raffinate solution obtained from the first copper 
extraction stage, a potassium amyl xanthate (PAX) solution of 55 g/L was prepared and dosed 
correspondingly to achieve the desired molar ratio of xanthate to nickel and cobalt. A 50 ml solution 
of the raffinate was utilized for each complexation test. The pH was investigated between 4 to 8, with 
a pH of 4 being the initial pH of the raffinate solution. A 1 mol/L NaOH solution was used to adjust 
the pH to the required pH. The mixture was then heated to 50 °C using a water bath shaker operating 
at 200 rpm. The complexation reaction was allowed to proceed for 2 h, after which the solution was 
cooled and filtered. The residual barren solution was analyzed using MP-AES to determine the 
amount of nickel and cobalt remaining in the solution and accordingly calculate the complexation 
efficiency.  

The Ni/Co xanthate precipitate was washed with 10 ml of a 28% analytical grade ammonia 
solution (NH3) and shaken at 400 rpm for 20 minutes at 30 °C. The solution was filtered and taken for 
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MP-AES  analysis to determine the amount of nickel dissolved, while the remaining cobalt xanthate 
was dried before the calcination process. The cobalt xanthate precipitate was roasted in a muffle 
furnace at 200 °C for 1.5 h. After the calcination process, the products were cooled to room 
temperature and analyzed using XRD for mineral identification. Part of the calcined product was 
dissolved using aqua regia and analyzed for elemental composition using MP-AES.  

3. Discussion 

3.1. High-Pressure Leaching 

3.1.1. Effect of Sulfuric acid Concentration 

The sulfuric acid concentration was varied between 0 mol/L (distilled water) and 1.0 mol/L 
under 0.6 MPa total pressure, 150 °C temperature, 1 h leaching time, 100 g/L pulp density, and stirring 
speed of 700 rpm (Figure 4(a)). The metal extractions of Ni, Cu, and Co significantly increased with 
an increase in sulfuric acid concentration. The optimum leaching conditions were observed at 0.6 
mol/L sulfuric acid concentration with Ni, Cu, and Co metal dissolutions of 91.81%, 83.36, and 98.36% 
respectively, beyond which there was no significant improvement in metal dissolution. Iron tenors 
in the PLS remained low at about 2%, however, the extent of Fe reporting to the PLS seems to 
significantly increase above 0.4 mol/L H2SO4 concentration. Liao et al. noted the possible re-
dissolution of hematite from the solid residue thus increasing the iron concentration in the PLS at 
high acid concentrations [21]. At 0.6 mol/L H2SO4 concentration, almost all the Co is extracted from 
the slag while the Cu and Ni extractions began to decline. The highest Cu, Co, and Fe concentrations 
in the PLS were 0.30, 0.25, 0.11, and 7.22 g/L, respectively under 0.6 mol/L H2SO4 concentration.  

The residues obtained after leaching were analyzed using XRD (Figure 5), the main components 
observed were hematite, jarosite-natrojarosite, and goethite. At lower acid concentrations (0.2 – 0.4 
mol/L), hematite and goethite are preferentially precipitated, while at increasing acid concentrations 
(0.6 – 1.0 mol/L), jarosite is preferentially precipitated due to a sulfate-rich environment. Therefore, 
the formation of iron phases is dependent on pH and/or free acidity. McDonald and Muir [28], and 
Han et al. [29], also observed that upon increasing the acid and sulfate concentrations, the 
predominant iron-containing residue formed as jarosite. The silica phase was not detected by XRD, 
however, XRF analysis (Table 3) indicates almost 90% silica removal in all the solid residues, thus, 
implying that silica may exist as amorphous silica, rather than in crystalline form as also confirmed 
by other studies [11,21].   
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Figure 4. Metals dissolution profiles versus (a) H2SO4 concentration at 150 °C, 1 h, and 0.6 MPa; (b) 
temperature at 0.6 mol/L H2SO4, 0.6 MPa, 1 h; (c) total pressure at 0.6 mol/L H2SO4, 1 h, 150 °C ; (d) 
leaching time at  0.6 mol/L H2SO4, 0.6 MPa, and 150 °C.  The particle size, pulp density, and stirring 
speed were kept constant at -125 µm, 100 g/L, and 700 rpm respectively. 
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Figure 5. XRD patterns of residues obtained after HPAL at different leaching conditions. Conditions; 
H2SO4 concentration 0.2 – 1.0 mol/L, total pressure 0.6 – 1.0 MPa, temperature 150  –  180 °C, and 
leaching time 0.5 – 2 h. 

During HPAL of slag, the following chemical reactions (1) – (6) are considered [4,20,30–32]. The 
dissolution of fayalite via reaction (1), consumes acid and yields ferrous sulfate (FeSO4) and silicic 
acid (H4SiO4). The ferrous sulfate is then oxidized to ferric sulfate (Fe2(SO4)3) as per reaction (2), and 
the ferric sulfate is spontaneously hydrolyzed to form iron precipitates of hematite, goethite, and/or 
natrojarosite as per reactions (3) – (5). Silicic acid is further dehydrated via reaction (6), generating 
amorphous silica (SiO2), which was confirmed by XRF measurements used for calculations in Table 
3. Dehydration of silicic acid has thermodynamically been found to be favored at temperatures above 
109 °C [20], therefore leaching at 150 °C ensured that the majority of silicon is fixed in the solid residue 
as observed in Table 3. The pH of the pregnant leach solutions obtained after leaching with 0.4 mol/L 
and 0.6 mol/L H2SO4 concentration increased from the initial pH of 0.41 and 0.66 correspondingly, to 
1.02 and 1.25, respectively. Though the reactions (3) – (5) release sulfuric acid, it is in turn balanced 
by the acid consumption of the fayalite dissolution through reaction (1). 

Fe2SiO4 + 2H2SO4  2FeSO4 + H4SiO4            (1) 
4FeSO4 + O2 + 2H2SO4  2Fe2(SO4)3 + 2H2O               (2) 
3Fe2(SO4)3 + Na2SO4 + 12H2O  2NaFe3(SO4)2(OH)6 + 6H2SO4      (3) 
Fe2(SO4)3 + 4H2O  2FeO(OH) + 3H2SO4                    (4) 
2Fe2(SO4)3 + 6H2O  2Fe2O3 + 6H2SO4              (5) 
H4SiO4  SiO2 + 2H2O                  (6) 

Table 3. Metal distribution from slag to the solid leach residues after HPAL at different H2SO4 
concentrations. 
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 Metal Distribution, % 

Element Slag 
Leach residue 

0.2 mol/L 0.4 mol/L 0.6 mol/L 0.8 mol/L 1.0 mol/L 
Si 100 90.4 99.5 99.5 99.7 99.7 
Fe 100 99.5 97.5 90.3 87.4 64.0 

3.1.2. Effect of Temperature 

Figure 4(b) shows the metal dissolution profiles with respect to temperature, other parameters 
were kept constant at 0.6 mol/L H2SO4 concentration, 1 h leaching time, 100 g/L pulp density, 700 rpm 
stirring speed, and 0.6 MPa total pressure. The results show that at temperatures below 150 °C, the 
slag was amendable for leaching, however, at elevated temperatures (180 °C), a negative effect on the 
metal dissolution of Ni, Cu, and Co is observed. Difficulty with filtration was also experienced with 
the 180 °C leached sample, indicating the presence of silica gel. This was attributed to the decreased 
stability of silicic acid at high temperatures, which re-polymerizes rapidly forming silica gel, resulting 
in closed dissolution pores and preventing further slag leaching [4]. At all investigated conditions, 
cobalt is preferentially leached from the slag when compared to Ni and Cu, mainly because cobalt 
exists in the oxide form as shown in the mineralogical analysis (Figure 3), and thus can easily be 
dissolved by acid. The percentage of the dissolved iron increased by about three folds when the 
temperature was increased from 150 °C to 180 °C. The increase in iron concentration may be due to 
hindered oxygen diffusion due to the abundance of silica gel thus hindering the oxidation of ferrous 
sulfate and or the hydrolysis of ferric sulfate. At lower leaching temperatures (120 – 150 °C), the main 
component in the solid residue is jarosite, while at elevated temperatures (180 °C) hematite was 
observed as the only iron precipitate (Figure 5).  

3.1.3. Effect of Total Pressure 

Figure 4(c) shows the metals leaching efficiencies as the total pressure varied between 0.6 MPa 
and 1.6 MPa. The total pressure was controlled by oxygen injection, while other parameters were 
fixed at 0.6 mol/L H2SO4 concentration, 1 h leaching time, 150 °C temperature, 100 g/L pulp density, 
and 700 rpm stirring speed. The leaching efficiency of Ni, Cu, and Co did not show a significant 
change when the total pressure of the leaching system was increased. The lower total pressure of 0.6 
MPa was able to yield good leaching efficiency results of 91.81%, 83.36, and 98.36% for Ni, Cu, and 
Co, respectively, comparable to a higher total pressure of 1.6 MPa which yielded a similar leaching 
efficiency of 94.02%, 84.56 and 99.99% for Ni, Cu, and Co, respectively. Other scholars also confirmed 
no benefit in increasing oxygen overpressure above 600 kPa when leaching slag [5,20]. The dissolved 
iron in the PLS remained low at all the investigated total pressures. Excess oxygen encouraged the 
precipitation of hematite alongside jarosite-natrojarosite and goethite (Figure 5). Additionally, the 
presence of oxygen promotes the dissolution of metal sulfides as per the reaction [20].  

 
MeS(s) + 2O2   MeSO4          (Me = Ni, Cu, and Co)            (7) 
 

3.1.4. Effect of leaching time 

The effect of leaching time on slag dissolution was investigated at different time intervals of 0.5 
– 2 h, while other parameters were kept constant (0.6 mol/L H2SO4 concentration, 0.6 MPa total 
pressure, 150 °C temperature, 100 g/L pulp density, and 700 rpm stirring speed). The results are 
displayed in Figure 4(d), showing that the dissolution of cobalt almost reached completion after 1 h 
of leaching, while nickel dissolution reached completion after 1.5 h. The fast leaching rate of cobalt is 
attributed to its existence in oxide form in fayalite as compared to nickel and copper which exists in 
sulfide form. On the other hand, the leaching rate of copper was lower than that of Ni and Co and 
reached a high of 89.42 % after 1.5 h, and no further improvements in dissolution were noted. The 
lower leaching efficiency of copper is likely due to the re-precipitation of the dissolved copper which 
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has been previously noted [21]. The Fe tenors to the PLS remained around 10% after 1 h leaching 
time. The XRD patterns of residues obtained after leaching at different intervals are shown in Figure 
5. Hematite was only noted in the leach residue obtained after 0.5 h leaching time, alongside goethite 
and jarosite-natrojarosite. The leach residues obtained after 1 – 2 h of leaching had a similar 
mineralogical composition, comprising mainly jarosite-natrojarosite and goethite. No hematite was 
detected in the residue obtained after 1 h leaching time, indicating an iron phase conversion from 
hematite to jarosite as leaching progresses. Silica was not detected by XRD measurements in the solid 
residues of less than 1.5 h, indicating its existence as amorphous silica. However, silica was detected 
by XRD in the leach residue obtained after 2 h. of leaching, indicating a structural change from 
amorphous silica to crystalline silica as a function of time. 

3.2. Solvent Extraction and Stripping of Cu from PLS 

3.2.1. Effect of pH on Copper Extraction 

The first stage of copper extraction was conducted on the PLS whose metal concentration is 
displayed in Table 2. The pH of the pregnant leach solution (PLS) is one of the most important 
parameters affecting ion exchange reactions. Therefore, the pH was investigated in the range of 1 – 
2.5 on metal extractions, pH of 1 being the initial solution pH. Other operating conditions were kept 
constant at an O/A ratio of 0.25 (100 mL to 400 mL), a 10% LIX984N extractant, agitation speed of 400 
rpm, solutions flow rate of 15 ml/s, and a residence time of 20 min. The results are displayed in Figure 
6(a), showing that as the pH was increased, the amount of copper extracted from the pregnant leach 
solution likewise increased, reaching a high of 98.3% when the pH was 2.5. The amount of Fe 
extracted along with Cu remained below 6% when the pH was 2 or lower, however, when the pH 
was increased to 2.5, the amount of Fe co-extracted with copper sharply increased to about 25%. Co-
extractions of cobalt and nickel remained low at all the investigated pH values. Therefore, a pH of 2 
was chosen as the optimal condition for the extraction of copper (96.3%) from the pregnant leach 
solution due to the good separation efficiency of copper from iron, nickel, and cobalt.  
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Figure 6. (a) The extraction behavior of metals as a function of pH at O/A ratio 0.25, extractant LIX 
984N 10%, agitation speed 400 rpm, flow rate 15 ml/s, and residence time 20 min. (b) Stripping 
behavior of metals as a function of sulfuric acid concentration at O/A ratio 0.25 (100 ml to 400 ml), 
stirring speed 400 rpm, flow rate 15 ml/s, and residence time 20 min). 

3.2.2. Effect of Sulfuric Acid Concentration on Cu Stripping 

The effect of sulfuric acid on the stripping of copper from the organic phase was investigated in 
the range of 50 g/L to 175 g/L H2SO4 concentration (Figure 6 (b)). Operating conditions of the stripping 
column were kept identical as in the extraction column (O/A ratio of 0.25, agitation speed 400 rpm, 
solutions flow rates 15 ml/s, and a residence time of 20 min). As the concentration of sulfuric acid 
increased, so as the separation efficiency between copper and iron. Utilizing a sulfuric acid 
concentration of 175 g/L, a high copper stripping efficiency of 97.3% was achieved, with a lower iron 
stripping efficiency of 15.6%, yielding a good separation efficiency of 81.6% between copper and iron, 
while cobalt and nickel were undetectable in the strip solution. 

3.2.3. Effect of Organic/Aqueous (O/A) Ratio 

The organic/aqueous (O/A) ratio was investigated to achieve a higher copper concentration in 
the strip solution while maintaining a good copper stripping efficiency. The stripping conditions 
were as follows; 175 g/L H2SO4 concentration, 400 rpm stirring speed, 15 ml/s solutions flow rates, 
and residence time of 20 min. Figure 7 shows that the copper concentration increased from 0.26 g/L 
to 4.18 g/L as the O:A volume ratio was increased from 1:4 to 4:1. The concentration of iron slightly 
increased as the O/A volume ratio was increased, reaching a high of 1.27 g/L when the O/A volume 
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ratio was 4:1. This is attributed to the increased volume of the organic phase consequently presenting 
a higher amount of surface-active iron impurity, which is stripped alongside copper. The stripping 
efficiency of copper slightly declined from 97% to around 80%  as the O/A volume ratio was 
increased beyond 0.25, but maintained a stripping efficiency of 86% when the O/A ratio was 4:1. The 
decline in stripping efficiency is attributed to an increase in the mass transfer resistance as the loading 
ratio is increased [33]. 

 

Figure 7. The effect of the organic/aqueous (O/A) volume ratio on the concentration of metals in the 
stripped copper solution. Conditions: H2SO4 concentration 175 g/L, agitation speed 400 rpm, solutions 
flow rates 15 ml/s, and residence time 20 min).3.2.4. The Second Stage of Solvent Extraction 

To increase copper production, solvent extraction circuits are oftentimes arranged in parallel or 
series-parallel in the industry [34]. The strip solution (4.18 g/L Cu, 1.27 g/L Fe) obtained under the 
copper stripping conditions of O/A ratio 4:1, was further contacted with a fresh extractant to employ 
the second stage of extraction and stripping stages for further solution upgrade. The conditions of 
extraction and stripping in the second stages were kept the same as in the first extraction and 
stripping stages. By employing two stages of copper loading and stripping, the copper concentration 
was successfully upgraded from 4.2 g/L in the first extraction and stripping stages to 22.9 g/L in the 
second extraction and stripping stages. Moreover, iron concentration was further minimized in the 
final strip solution, decreasing from 1.27 g/L to 0.05 g/L in the first and second strip solutions, 
respectively. The raffinate 2 obtained from the second stage after copper extraction had a copper and 
iron concentration of 0.4 g/L and 1.57 g/L, respectively, which can be recycled back to the first stage 
of copper extraction to be blended with the PLS (0.3 g/L Cu and 2.96 g/L Fe) feed solution.  

3.3. Recovery of Ni and Co 

3.3.1. Iron Recovery 

Iron was removed from the raffinate 1 solution (2.52 g/L Fe, 0.3 g/L Ni, and 0.13 g/L Co) that was 
obtained from the first SX stage before Ni and Co can be recovered. A 200 g/L calcium carbonate 
(CaCO3) emulsion was used to selectively precipitate iron from the solution at pH 4, 65 °C, 400 rpm 
for 20 minutes. A CaCO3 emulsion is commonly used to achieve excellent removal of iron from 
solutions at a pH of around 3.5 [19]. Likewise, excellent removal of iron (99%) from the raffinate 
solution was achieved in this study, with no residual iron detected by MP-AES analysis. Ferric iron 
is known to precipitate as hydroxides at pH above 3, and Bhattacharjee et al. also noted that the 
precipitation of iron using calcium carbonate forms a mixture of calcium-iron hydroxides 
(Ca3Fe2(OH)12) [35]. However, an XRD analysis of the obtained precipitate showed the main mineral 
component as gypsum, while the iron mineral components could not be detected by XRD, suggesting 
that Fe precipitates are not in a crystalline structure. Low co-precipitation of nickel and cobalt of 
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3.68% and 2.27%, respectively were obtained. The concentration of metals in the residual Ni/Co 
solution was 0.3 g/L Ni and 0.12 g/L Co. However, utilization of CaCO3 reagent results in increased 
content of calcium in solutions, which has been noted to cause difficulties in the subsequent recovery 
processes of nickel and cobalt [36,37]. Therefore, the following separation process of xanthate 
complexation utilized in this study is a promising way to separate nickel and cobalt as it does not 
require prior removal of calcium impurity from the solution, as compared to the solvent extraction 
process commonly used for the separation of nickel and cobalt.  

3.3.2. Ni/Co Xanthate Complexation 

3.3.2.1. Effect of pH 

The solution pH is an important parameter that significantly influences the Ksp and the stability 
of xanthates [38], thus, consequently affecting the selective extraction of metals from the solution. 
Therefore, the effect of pH on the co-extraction of nickel and cobalt from the solution using PAX as a 
complexing agent was investigated. Figure 8 shows the complexation behavior of nickel and cobalt 
under different pH conditions, at 50 °C, 2 h, 400 rpm, and a 1.5  molar ratio of xanthate to nickel and 
cobalt. The results show that a pH of about 6 is conducive for complexing Ni and Co from solution 
using PAX, yielding a complexation efficiency of 83.6% and 99.4% for nickel and cobalt, respectively. 
At lower pH values, the xanthate complexation efficiency of nickel and cobalt is low which is 
attributed to the decomposition of xanthate in acidic conditions, thus resulting in insufficient 
xanthate ions to form nickel and cobalt complexes. A further increase in pH resulted in a decline in 
the formation of nickel xanthate precipitate, however, cobalt complexation efficiency was not affected 
by an increase in pH above 6 and maintained complete extraction from the solution. A lower 
complexation of Ni than Co may be attributed to a lower Ksp of nickel xanthate (Ni(C2H5OCSS)2) as 
compared to cobalt xanthate (Co(C2H5OCSS)2) [39], making Ni(C2H5OCSS)2 more unstable than 
Co(C2H5OCSS)2, and therefore easily re-dissolves. At high pH values, hydroxide ions have also been 
noted to compete with xanthates for metal ions [38], this also may have contributed to the low nickel 
xanthate complexation efficiency. The complexation of nickel and cobalt from solution using PAX is 
suggested to follow reactions (8) and (9), respectively [22,40].  

 
Ni2+ + 2CH3(CH2)4OCS2K  Ni(CH3(CH2)4OCSS)2 + 2K+      (8) 
Co2+ + 2CH3(CH2)4OCS2K  Co(CH3(CH2)4OCSS)2 + 2K+     (9) 
 

 

Figure 8. The effect of pH on the Ni/Co complexation using PAX. Conditions: 50 °C, 2 h, 400 rpm. 

3.3.2.2. Effect of Xanthate to Ni/Co Molar Ratio 

The molar ratio of xanthate to nickel and cobalt ions was investigated between 1 and 2.5 by 
varying the PAX dosage. Other complexation conditions were kept constant at 50 °C, pH of 6, 400 
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rpm, and a reaction time of 2 h. The results are displayed in Figure 9, showing that as the 
xanthate/(Ni+Co) molar ratio was increased, the complexation efficiency of nickel and cobalt likewise 
increased. At a xanthate/(Ni+Co) molar ratio of 2, almost all the nickel (99.3 %) and the cobalt (99.9 
%) were complexed out of the raffinate solution, which is in agreement with reactions (8) and (9). A 
xanthate/(Ni+Co) molar ratio of less than 2 results in insufficient xanthate ions required to form 
complexes with Ni and Co, while a molar ratio beyond 2 provides excess xanthate ions that enable 
complete complexation of Ni and Co from the solution. The tendency of xanthate to form metal 
complexes with cobalt was preferred over nickel as observed by a consistent complexation efficiency 
of more than 99.9% even at xanthate/(Ni+Co) molar ratios of less than 2. This indicates that cobalt 
may have a stronger affinity to xanthate than nickel, and thus rapidly binds and forms stable cobalt 
xanthate complexes.  

 
Figure 9. The effect of xanthate/(Ni+Co) molar ratio on the Ni/Co complexation using PAX. 
Conditions: 50 °C, pH 6, 2 h, 400 rpm. 

3.3.3. Separation of Ni and Co  

For the separation of nickel and cobalt xanthate complexes, the difference in their solubility 
product (Ksp) was explored. Since nickel xanthate has a lower solubility product than cobalt xanthate 
[22], nickel xanthate can therefore be easily dissolved, while cobalt remains in the solid form. 
Additionally, nickel is known to form stable complexes with ammonia [39], therefore, an analytical 
grade 28% ammonia solution (NH3) was directly used to selectively dissolve the nickel xanthate 
complex while cobalt xanthate remained in solid form. The dissolution of nickel xanthate complex 
using 10 ml ammonia solution, at 30 °C, 400 rpm for 20 min was anticipated to follow the reaction 
(10). The nickel xanthate dissolution percentage of 75.4% was obtained, yielding a nickel ammine 
solution of 1.2 g/L Ni. Cobalt was not detected in the wash solution by MP-AES analysis, confirming 
that almost all cobalt xanthate remained in solid form due to its higher Ksp. The incomplete 
dissolution of nickel xanthate may be attributed to the easy hydrolysis of NH3 to NH4+ in an aqueous 
solution, resulting in insufficient ammonia to react with Ni in the solution [39].  

Ni(CH3(CH2)4OCSS)2 (s)   +  6NH3(aq)    Ni(NH3)62+(aq)  + 2CH3(CH2)4OCSS-(aq)  (10) 
The cobalt xanthate precipitate was thermally decomposed in a muffle furnace for 1.5 h at 200 

°C and the XRD pattern of the calcined product is shown in Figure 10, showing that the main 
composition of the calcined product was cobalt oxide (CoO). The chemical analysis of the CoO 
product using MP-AES determined the cobalt grade to be 25 wt.%.  
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Figure 10. An XRD pattern of the calcined product obtained after cobalt xanthate precipitate 
calcination. 

3.4. Economic Evaluation 

A preliminary economic evaluation for processing the slag by the proposed technologies was 
evaluated as shown in Tables 4 and 5. Table 4 shows the financial benefit from the metal values 
utilizing the current market prices and the estimated tonnage of metal content in slag that could be 
recovered. The slag pile that accumulated over the 41 years of continuous smelter operation at a slag 
generation rate of 120 t/h was estimated to be about 32 million tons taking into consideration 
maintenance and smelter shutdowns. The total amount of metals was valued at around 8.6 billion 
USD. The value of Fe was derived from the price of iron ore (62 % Fe). The leach residue and the 
precipitated solids were regarded as Fe resources due to the possibility of further utilization as feed 
in the steel industry after additional processing.  

The cost of processing the slag was estimated based on the yearly production of Cu, Ni, and Co 
when the throughput of slag is around 800,000 tons, which was equivalent to the yearly generation 
of slag by the smelter in Botswana. Table 5 displays the cost of processing slag with respect to the 
methodologies proposed. In the current study, other factors, such as depreciation values, labor costs, 
transportation, administrative, and other  

miscellaneous expenses were not taken into account during the economic evaluation estimation. 
High-pressure leaching capital costs were estimated to be 50,000 USD/annual tons of nickel 
produced, while the operating cost was estimated to be 8,000 USD/ton of nickel produced [41]. The 
sulfuric acid was considered to be readily supplied by the sulfuric acid plant from an operating 
smelter. The solvent extraction capital costs were estimated to be 500 USD/annual tons of Cu 
produced, while the operational costs and reagents costs were each estimated to be 0.05 USD/ kg Cu 
produced [34]. Based on this preliminary cost evaluation, cleaning the Botswana copper nickel slag 
will have an economic benefit of about 64.4 million USD per year after the settlement of the capital 
costs in the first year of operation. In addition to the economic benefit, environmental advantages are 
also realized. Processing the slag will disrupt the natural weathering process and prevent further 
metal elution into the environment, additionally, by manufacturing sulfuric acid for this leaching 
process, less SO2 emissions will be realized. 

Table 4. The estimated economic benefit of metal values from slag. 

 Price 

(USD/ton) 
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Ni 26,940 94.1 77,509,613 115,200 
3,103,488,0

00 
2,877.12 

73,009,5
55 

Co 35,190 99.9 47,810,542 54,400 
1,914,336,0

00 
1,358.64 

47,810,5
42 

Fe 126.34 99.9 39,064,015 12,384,000 
2,523,539,6

13 
309,197.52 39,064,015 

Total: 
8,592,563,6

13 
 187,878,48

9 

Table 5. The estimated processing cost of slag per year. 

Process  Cost (USD) Total 

1. HPAL 

Sulfuric acid (50 USD/ton) free 

166,872,960 
HPAL capital, (50,000 USD/annual ton 

Ni) [41] 
143,856,000 

HPAL operation ( 8000 USD/ton Ni) 
[41] 

23,016,960 

2. Solvent extraction 

(SX) 

SX capital (500 USD/annual ton Cu) 
[34] 

1,287,360  

SX operation (0.05 USD/kg Cu) [34] 128,736 1,544,832 
Reagents (0.05 USD/kg Cu) 128,736  

3. Fe removal 
CaCO3 (50 USD/ton)  2,968,296   

Operation cost  128,736  3,097,032 

4. Complexation 

NaOH (300 USD/ton)  178,098   

PAX (1300 USD/ton)  36,651,471  97,057,274 
NH3 (60 USD/L)  60,098,969   

Operation cost  128,736   

5. Roasting Operation cost (0.177 USD/KWh) 21,000 21,000 

TOTAL COST  

1st year (capital and 
operation)         

268,593,098 

2nd year (operation only)    123,449,738 

TOTAL INCOME 

1st year (capital and 
operation)         

(80,714,609) 

2nd year onwards 
(operation only)     

64,428,751 

4. Conclusion 

A hydrometallurgical process for the recovery of copper, nickel, and cobalt from smelter slag 
was developed and the process flow chart is presented in Figure 11. The key methods utilized were 
high-pressure acid leaching, solvent extraction, xanthate complexation, ammonia leaching, and 
calcination. The main findings from this study are highlighted below: 
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Figure 11. Process flow chart for recovery of copper, nickel, and cobalt from smelter slag by HPAL, 
solvent extraction, precipitation, and xanthate complexation. 

Under optimized HPAL conditions, selective extraction of Ni, Cu, and Co from the smelter slag 
was achieved, yielding high leaching efficiencies of  99.9%, 89.4%, and 99.9%, respectively. Low Fe 
and Si tenors to the PLS of 7.2% and 2.5%, respectively, were obtained, with a final solution pH of 1. 
Employing two-stage extraction and stripping stages, copper in the PLS was successfully enriched 
from 0.3 g/L to 23 g/L Cu, while iron concentration was remarkably reduced from 2.96 g/L to 0.05 g/L 
Fe in the final Cu-rich solution. After the complete removal of iron from the raffinate solution, PAX 
was successfully used to selectively extract 99.3% of nickel and 99.9 % of cobalt from the raffinate 
solution through chemical complexation at pH 6 and a xanthate/(Ni+Co) molar ratio of 2. Cobalt 
showed a stronger affinity to xanthate ions than nickel. Selective dissolution of nickel xanthate using 
ammonia solution yielded 75.4% nickel dissolution (1.2 g/L Ni) while more than 99% of Co remained 
as cobalt xanthate solids due to the difference in the Ksp of nickel and cobalt xanthates. Thermal 
decomposition of cobalt xanthate precipitate at 200 °C for 1 h converted to cobalt oxide (CoO) product 
which assayed 25 wt.% Co. 

This study demonstrates that copper/nickel smelter slags present a potential source of secondary 
raw material for copper, nickel, and cobalt production. A preliminary economic evaluation of the 
proposed process showed a positive income after the second year of operation, in addition to the 
unquantifiable environmental benefits that will be realized.  
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