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Abstract

:

Copper-cobalt deposits in the Central African Copperbelt belong to the Sediment-Hosted Stratiform Copper (SHSC) type and are situated in the Neoproterozoic Katanga Supergroup. This paper describes in detail the geology, geochemistry and hydrometallurgy of cobalt, with a special focus on the Black Ore Mineralised Zone (BOMZ) unit from the Ruashi Cu-Co deposit as a case study. Based on results from fieldwork and laboratory testing, it was concluded that the BOMZ consists of a succession of massive and stratified dolostones, which are weathered into carbonaceous clay dolostones and clays. The Lower “Calcaire à Minéreaux Noirs Formation” (Lower CMN Formation) consists of stratified and finely laminated dolostones, which are weathered at the surface into clayey to siliceous dolostones. The cobalt concentration in the weathering zone is due to supergene enrichment, a process that is linked to the formation of a cobalt cap. The ore consists of heterogenite associated with minor amounts of chrysocolla and malachite. Minor carrollite, chalcopyrite, chalcocite and bornite are present in unweathered fragments. The cobalt grade in both the BOMZ and Lower CMN decreases within depth while the copper grade increases. These grade changes reflect the variation in mineralogy with depth from heterogenite with minor amounts of malachite and chrysocolla to malachite, chrysocolla with traces of heterogenite, spherocobaltite, chalcocite, chalcopyrite, carrollite and bornite. Based on the Cu (100xAS Cu/TCu) and Co ratio (100xAS Co/TCo), which is related to the ore mineralogy, oxide ores (Cu ratio ≥ 75%) and oxide dominant mixed ores (Cu ratio < 75%, containing the copper sulphide chalcocite) can be differentiated in both the BOMZ and Lower CMN. The absence of talc and the low concentration of Ni, Mn and Fe, on the one hand, and the high-grade Cu in the BOMZ, on the other hand, facilitate the hydrometallurgy of cobalt but require a specific processing. Consequently, the recovery of Co from the BOMZ requires the application of a processing method that is based on sulphuric acid (30 g/L) leaching under reducing conditions (300–350 mV) and the removal of impurities (Cu > 95% and Mn ≈99%) from the pregnant leach solution (PLS) by solvent extraction (SX) prior to the precipitation of cobalt as a high-grade hydroxide (40.5%). The sulphuric acid leaching of the BOMZ enabled achieving, after 8 h of magnetic stirring (500 rpm), a highest yield of 93% Co, with other major elements Mn (84%) and Cu (40%). The latter forms a main co-product of the Co exploitation. In contrast, the highest leaching yield for Fe remained smaller than 5%.
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1. Introduction


The Central African Copperbelt (CACB) hosts the Sediment-Hosted Stratiform Copper Deposits (SHSC) in the Neoproterozoic Katanga Supergroup (Figure 1; [1,2,3,4,5]). The CACB contains around 75% of the world’s Co reserve, with around 60% sourced from the DR Congo [6,7,8,9,10]. Around 25% of world Co reserves are hosted in other types of deposits, for example, Co occurs often associated with Ni, Cu, PGE, and REE in mafic and ultramafic rocks as well as ore mineralization. In addition, it is found in Ni-Fe residual lateritic and volcanogenic deposits [6,11,12,13]. Due to the increased demand of Co in the electric vehicle industry for batteries, and the high technology industries, Co has become a critical metal [14,15,16,17].



The Neoproterozoic Katanga Supergroup has recently been subdivided into four groups, from bottom to top: the Roan, Nguba, Kundelungu and Biano groups (Figure 2) [19]. The Roan Group consists of a succession of dolostone, shale, mudstone, siltstone, and sandstone that was deposited on a carbonate platform [18,20,21,22]. According to Batumike et al. [23], the Nguba group is separated from the underlying Roan by the Mwale Formation (~717–660 Ma; equivalent to Sturtian glaciation) and it is overlain by the Kyandamu Formation (~635–615 Ma; equivalent to Marinoan glaciation), forming the basal formation of the Kundelungu Group. The main lithologies in the Nguba Group are dolostone, sandstone, siltstone, shale and dolomitic shale [20,24]. The Kundelungu and Biano groups comprise a succession of arkosic sandstone, shale, conglomerate and sedimentary breccia [23,25,26].



The Roan Group, in both the Katanga Copperbelt (KCB) and Zambian Copperbelt (ZCB), hosts the main Cu-Co ore bodies [3,27,28]. Although this Cu-Co mineralization occurs in several formations (e.g., Kambove, Kamoto, Dolomitic Shale and Kansuki formations), the distribution of the Cu versus Co differs in each formation. Cobalt is highly concentrated in a particular unit of the Kinsevere Formation (former Dolomitic Shale Formation), named the Black Ore Mineralised Zone (BOMZ) corresponding to the Shale Dolomitic 2a (SD2a) unit of the Mines Subgroup in the Roan [2]. This unit is missing in some deposits, as is the case at Kisanfu, Kwatebala and Tenke because of its occurrence as lenses. The fresh BOMZ unit (1 to 16 m of thick) at the Kamoto Cu-Co deposit consists of a stratified and massive dolostone with large dolomite crystals in association with recrystallized quartz [27,29]. A microscopic study of samples collected from the Shinkolobwe, Kamoto and Kilamusembu Cu-Co deposits has shown that this weathered rock is composed mainly of quartz, dolomite and muscovite, and occasionally magnesite and chlorite [30,31]. Pyrite, chalcopyrite, bornite, chalcocite, siegenite and carrollite are usually observed in minor quantities in the weathered rock. At the Ruashi deposit, the BOMZ (2–6 m thick) unit is marked by a poorly stratified and well-recrystallized dolomite, highly weathered at outcrop, by quartz, and traces of albite. In the weathering zone, the BOMZ unit presents similar characteristics to different Cu-Co deposits within the Lufilian arc. This dolostone is intensely weathered into black sandy and clayey dolostone and clays. At the Luiswishi Cu-Co deposit, the BOMZ is enriched in U and Th [32,33]. Additionally, some major elements increase from the fresh rock (e.g., SiO2: 26.27%, Al2O3: 3.5%, Fe2O3: 1.56%) to weathered rocks (e.g., SiO2: 39.49%, Al2O3: 7.55%, Fe2O3: 28.28%) Fontaine et al. [31]. Heterogenite with minor chalcocite, malachite or chrysocolla are the main supergene minerals in BOMZ.



Recent research conducted on the Cu-Co ores from both the KCB and ZCB have revealed that high-grade Co can be recovered by implementing new flow sheets such as that of Welham et al. [34]. Contrary to the processes currently used at hydrometallurgical plants operating in the KCB for recovering Co [7,35], i.e., through precipitation as inorganic salts (hydroxides or carbonates) using solutions from the sulphuric leaching of the ores or using raffinates from the solvent extraction (SX) of Cu as starting solution, recent studies propose a new process. This process is based on SX and electrowinning (EW) of Cu and Co, with Cyanex as an extractant for selective recovery of Co from pregnant leach solution (PLS). Prior to the recovery of Co, impurities such as Cu, Zn, Fe, Mn and Al are first removed from the PLS using chemical processes [36,37,38]. The recovery of Co based on traditional hydrometallurgical processing of Cu-Co ores results in hydroxides with grades ranging between 22 and 30%. Therefore, a need exists to invest in a better process to recover the high-grade Co from the BOMZ. This implies testing new processing routes in order to increase the recovery of Co. The outcome of this research will most likely require constructing new sections in operational plants dedicated to the recovery of Co.



In this paper, the Ruashi Cu-Co deposit is used as a case study to: (i) define and compare the main geometallurgical properties (grades, mineralogy, textures) of the BOMZ and CMN ore types, (ii) to better understand these properties on Co recovery and metallurgical behaviour, (iii) to propose a new hydrometallurgical processing route for Co recovery from the BOMZ ore, and (iv) to demonstrate how a detailed geometallurgical assessment of marginal ore types in SHSC deposits could help to enhance cobalt by-product recovery and reduce losses.




2. Geological Background


2.1. Lithostratigraphical Distribution of the Cu-Co Mineralisation


The African Copperbelt comprises south-eastern Congo and northern Zambia. The Cu-Co (U) and Cu (Pb, Zn) mineralization in the Katanga Supergroup is controlled by the lithology and tectonics [2,18,24,27,28,39,40,41]. Figure 2 shows a lithostratigraphic succession of the Katangan rocks with the Cu-Co mineralization indicated [19,23]. The Roan Group at the base of the Katanga Supergroup hosts the major stratiform to stratabound Cu-Co (U) deposits [42,43,44]. The Cu-Co deposits in the KCB are situated in the Mines Subgroup (e.g., at Etoile, Tenke-Fungurume, Kamoto, Kambove, Luiswishi and Ruashi) and in the Kansuki Formation (e.g., Shituru and Kipoï deposits). In the ZCB, Cu-Co mineralization occurs in the Mindola and Kitwe formations and the Mwashia Subgroup of the Roan Group [3,45]. In the overlying Nguba and Kundelungu groups in both the KCB and ZCB, stratiform to stratabound Co-rich deposits are absent. However, they do host either Cu mineralization (e.g., Fisthie, Kamoa, Kakula and Shangoluwe deposits; [26,46,47,48,49,50]) or Cu (Pb, Zn) mineralisation (e.g., Kipushi and Dikulushi deposits; [51,52,53,54]).




2.2. Geology of Ruashi Cu-Co Deposit


The Ruashi Cu-Co ore deposit is located ~7 km NE of the city centre of Lubumbashi in the DR Congo. The deposit consists of three distinct mega breccias of the Mines Subgroup named Ruashi I, II and III (Figure 3). They occur along the NW-SE Etoile-Luiswishi alignment [59]. The Ruashi deposit contains around 45.8 Mt ores at a grade of 2.81% Cu and 0.246% Co [60]. Presently, the Ruashi Mine produces around 440 t of Co and 38,000 t of Cu per year. The Union Minière du Haut-Katanga (UMHK) discovered the Etoile (Star of Congo Mine) and Ruashi Cu-Co deposits in 1911. In 1920, the same mining company developed the open pit at the Ruashi ore body I and extracted the oxidized ores malachite and chrysocolla. In 1967, the UMHK was nationalized by the central government and renamed “Gécamines”. As a consequence of the privatization of the mines in 1997, several new projects were evaluated at the Ruashi mine, such as the exploitation of the stockpiles by the Cobalt Metals Company. Since 2007, mining operations were restarted by Ruashi Mining, owned by the Metorex group, and later by Jinchuan International [61], all in partnership with Gécamines.



The Ruashi I deposit is the largest of the three. It is located to the north-west of the Ruashi II deposit and extends over a length of ~900 m and a width of 350 m. It is characterized by a large oxidized zone that reaches a depth of ~130 m below the surface, whilst only hypogene sulphide mineralization has been intersected at a depth of >300 m. The orebody is terminated by a brecciated shear zone on both its north-western and south-eastern margins (Figure 4 and Figure 5). Ruashi II is a smaller deposit with a length of ~200 m and a width of ~250 m. It lies in the middle between the Ruashi I and III deposits. The Ruashi III deposit is ~650 m long and >200 m wide. All three deposits are intensively fractured and overly Kundelungu Group rocks. The contact with the latter is formed by a polymict breccia. The Fungurume Subgroup (former Dipeta Subgroup) within the Roan consists of stratified grey dolostone, silty grey dolostone and grey whitish and talcaeous dolostone with crocidolite (white riebeckite). These rocks separate the Mines Subgroup from the Kundelungu rocks in the southern part of the deposits.



The lithostratigraphic succession and the associated Cu-Co mineralization at Ruashi are typical for those described in the Mines and Musonoï subgroups along the Lufilian arc such as at Luiswishi, Tenke-Fungurume, Kambove, Kolwezi and Luisha [18,44,62,63]. The Musonoi Subgroup or the former RAT Subgroup is overlain by the Mines Subgroup, comprising from bottom to top, the Kamoto (Roche Siliceuse Cellulaire, Roche Siliceuse Feuilletée units), Kinsevere (Shale Dolomitique de Base, BOMZ, Shale Dolomitique units) and Kambove formations (Figure 2). The boundary between the oxidized and sulphide ores is gradual and irregular [31,64]. Sulphide ores contain chalcopyrite, bornite, chalcocite, carrollite, covellite and linnaeite. Native Cu is usually present in the mixed zone with covellite, chalcocite, malachite, carrollite, digenite and chalcopyrite. Characteristic for the Ruashi deposit is the development of a cobalt cap under a leached zone. In the weathering zone, the main minerals are azurite, cuprite, cornetite, spherocobaltite, malachite and chrysocolla.





3. Hydrometallurgical Extraction of Cobalt at the Ruashi Mine


Since 2008, Co has been produced as hydroxides at the Ruashi hydrometallurgical plant. The implemented process (Figure 6) comprises sulphuric acid leaching of the Cu-Co oxidized ores (e.g., malachite and heterogenite) under reducing conditions (sodium metabisulphite or SMBS), the SX with oximes (LIX 984 N) and EW of Cu followed by the precipitation of Co from the raffinate given by the SX of Cu after the removal of impurities (Al, Fe and Mn).



The feed to the hydrometallurgical plant operated by Ruashi Mining is composed of a blend of oxidized ores (6500 t per day). The ores are subjected to comminution by dry crushing (OSBORN crusher) and wet grinding conducted inside a SAG Mill (250 t per day and 90–100 m3/h of water). The grinder delivers its discharge to a trommel of which the oversize is directed toward the stockpile, and the undersize is used as feed to cyclones. The overflow (OF) of cyclones constitutes the feed to the pre-leaching section whereas the cyclones underflow (UF) is returned back to comminution inside Ball Mills working in closed circuit with cyclones [61]. As a result, a pulp composed of 70–75% of solid particles smaller than 74 µm is obtained and subjected to thickening (using 20% Bronte 103 as flocculent) so that its specific gravity is raised from 1250 up to 1550–1600 kg/m3. The sulphuric acid (pH: 1.5–1.8) leaching of comminuted ores (pulp) is conducted over 8 h inside four agitated reactors (two hours in each) under reducing conditions (2 g/L Na2S2O5 or a Redox potential of 425–450 mV). The leaching of ores enables a high-grade (7–10 g/L Cu) pregnant leach solution (PLS) to be obtained, with the solid residues scavenged for valuable metals through washing inside the counter-current decanters (CCDs). This scavenging process produces a low-grade (5–6 g/L Cu) PLS. The high-grade PLS undergoes SX of Cu using an organic phase composed of LIX 984N as extractant (10–33%) diluted in Sasol 210 (67–90%) as solvent prior to EW of Cu in view of producing commercial-grade cathodes (99.99%). As for the low-grade PLS, it undergoes purification through chemical precipitation of Fe, Al and Mn followed by the recovery of Co [7] which is precipitated as hydroxides (22–30%). The precipitating reagent of cobalt consists of a mixture of MgO and NaOH (pH: 7.5–8.5).




4. Materials and Methods


4.1. Geological Fieldwork, Sample Preparation and Chemical Analysis


The fieldwork focused on mapping at a 1/2000 scale and producing a lithological description of each unit of the Mines Subgroup including the style of mineralization at the Ruashi ore deposit. This step was followed by core logging of 10 boreholes (100 to 300 m total depth) drilled along different transects. Representative samples were collected systematically at the outcrop of the BOMZ and at the base of CMN both within the weathering zone and a mesh of 2.5 m by 5 m at different levels. Each sample was collected from a small sampling grid of 1 m square and 50 cm depth, then mixed and homogenized using a splitter. Twenty-five samples from the BOMZ were collected in open pit III at 1155 m, 1165 m, 1170 m, 1175 m and 1190 m levels. Fifteen samples were collected from open pit I at 1245 m, 1250 m, 1255 m and 1265 m levels and thirty samples from open pit III at 1180 m, 1185 m, 1190 m, 1200 m, 1205 m and 1210 m levels. Sample weights ranged between 2 and 5 kg, and each sample was submitted for thin and polished sections and for a chemical essay by ICP-MS, for major and trace element determinations (25 samples of BOMZ and 55 samples of Lower CMN). We used the IOGAS software to interpret the geochemical data. The standard diagrams of Terry and Chillingar [65] were used for the determination of the modal composition of the minerals in the thin section under the microscope.



Additionally, a 50 kg composite sample of the BOMZ from Ruashi open pit III was prepared through mixing and homogenization. The composite sample was fragmented using a 100 mm × 130 mm 911MPE-JC100 Model Jaw crusher, with the discharge passing over a 2.3 mm aperture sieve and re-crushing of the oversize. Subsequently, four subsamples of 1 kg each of the undersize were prepared using a rifle sampler. Aliquots (2 g) were finely fragmented using a vibrator grinder, with 0.5 g of the material dissolved, in duplicate, using aqua regia (5 mL concentrated nitric acid and 10 mL concentrated hydrochloric acid). The obtained solution was heated, boiled for 1 min in view of a complete digestion and subsequently diluted (5 mL in 250 mL of distilled water) prior to spectrophotometric analyses of Cu (0.41%), Co (1.21%), Fe (3.52%) and Mn (0.95%) using an AAS 300 Analytik Jena spectrophotometer (Analytik Jena, Iéna, Germany) equipped with Kinesis hallow cathode lamps (multi-element in standard 1 ½” (37 mm)).




4.2. Grindability of the BOMZ Sample


One kg of crushed BOMZ (from Ruashi open pit III) with a particle size smaller than 2.3 mm, was subjected to wet grinding inside a lab rod mill (152 mm inside diameter × 305 mm length, containing 10 7 kg steel rods with 19 mm diameter × 279 mm length and one litre of tap water) operated at 70 rpm while varying the grinding time as follows: 3, 6, 9, 12 and 15 min. The grinder discharge was screened using a 212 µm aperture sieve. The oversize was washed, dried at 107 °C for 48 h in a Memmert steam room before being weighted using a Mettler Toledo SB 1600 analytic balance. The proportion of oversize was plotted versus the grinding time (Figure 7). The wet grinding of BOMZ rocks for 11 min was considered as optimal considering that it enabled obtaining 25% of the oversize from a 212 µm aperture sieve.




4.3. Sulphuric Acid Leaching of BOMZ


Leaching tests of BOMZ rocks were achieved in duplicate through magnetic stirring (Fischer Scientific magnetic stirrer) at a constant speed (500 rpm), in aqueous sulphuric acid over 8 h, under reducing conditions. A pulp with particle size smaller than 212 µm and a specific gravity of 1500 kg/m3 (1.17 kg of solid particles in a mixture with one litre of an aqueous solution of sulphuric acid (30 g/L) and 2.5 g/L of SMBS (300–350 mV) was prepared. The aqueous solution was prepared using analytical-grade reagents: SMBS (≥98.0%) provided by WVR Chemicals and concentrated sulphuric acid (98.0%) from MERCK. The redox potential (versus SHE at 25 °C) was measured using a CONSORT C933 analyser and a Sen Tix ORP (WTW) electrode. The pulp pH was adjusted between 1.6 and 1.8 using the same analyser and an SP10B general-purpose electrode coupled with an ATC (Pt 1000) electrode. At every 30-min interval, 5 mL of pulp was collected, vacuum filtered, and the recovered aqueous solution spectrophotometrically assayed for Cu, Co, Fe and Mn (using an SAA 300 Analytik Jena spectrophotometer, Iéna, Germany) in view of following up the leaching kinetics of the BOMZ. The results are expressed as yields of metals of interest versus time.




4.4. Leach Liquor Purification by Solvent Extraction


The Cu was removed through SX from the aqueous phase (300 mL) prepared during the sulphuric acid leaching of BOMZ, with the pH varying in the range 1.5–5.0, using analytical–grade chemicals: ACORGA OPT 5510 provided by Cytec Industries Inc. (Seattle, WA, USA). and LIX 984N from BASF, ludwigshafen, Germany. The organic phase (300 mL), composed of either ACORGA OPT 5510 (20%) or LIX 984N (20%) diluted in paraffin (80%), was mixed with the aqueous phase under magnetic stirring in a 1000 mL beaker over 3 min. The mixture was allowed to settle for 1 min and 30 s in order to separate the organic and aqueous phases. The Cu was transferred to the organic phase and was stripped threefold by means of a fresh electrolyte (sulphuric acid aqueous solution-250 g/L), which was later spectrophotometrically analysed to determine the recovery yields of Co, Cu, Fe and Mn. The raffinate resulting from the extraction of Cu was subjected to SX of Mn, with the pH varying in the range 1.5–5.0 using analytical-grade chemicals LIX 63 provided by BASF and neodecanoic acid 99.0% provided by Shanghai Jinjinle Industry Co, Ltd., Shanghai, China. The organic phase was composed of two solutions: 65% LIX 63 and 35% Neodecanoic acid (in volume proportions). The two components or solutions were prepared by diluting 20% LIX 63 in 80% xylene and 30% Neodecanoic acid in 70% xylene, respectively.




4.5. Precipitation of Cobalt as Hydroxides


The Co was recovered as hydroxides, from the raffinate given by the SX of Mn, using a mixture of analytical-grade chemicals as precipitating agents: MC40 magnesia (98.0%) provided by Martin Marietta and caustic soda tablets (98.0%) from MERCK prepared as 5 N solution. Different amounts of pure MC40 magnesia, determined based on the ratio MgO/Co, were added to 500 mL of the leach liquor that was allowed to rest for 3 h, followed by the addition of an aqueous solution of NaOH (5 N) until pH adjustment at 8.2. Later on, 10 mL of the flocculent (20% Bronte 103) was added and the mixture subjected to stirring in view of improving the precipitation process of Co. The mixture was left to settle for about an hour, followed by vacuum filtration of the precipitate. The latter was dried at 105 °C, inside a Memmert steam room for 24 h, and subjected to spectrophotometric analysis of Co and other metals of interest, i.e., Cu, Fe and Mn.





5. Results


5.1. Petrography and Ore Mineralogy


The BOMZ unit at Ruashi shows a succession of stratified and massive dolostones. These rocks are intensely weathered to black argillaceous and siliceous dolostones. In the outcrops and cores, supergene ore is mainly presented by malachite and heterogenite locally associated with chrysocolla and spherocobaltite (Figure 8a–c). These supergene minerals are preferentially concentrated in bedding planes, fractures, and dissolution cavities. In thin sections, the clayey dolostone is composed of euhedral dolomite crystals (15 vol.%), magnesite (2 vol.%), authigenic quartz (20 vol.%) and muscovite (13 vol.%). The muscovite is present as white elongated flakes embedded in an authigenic quartz cement. Fine-grained quartz and small dolomite crystals give an equigranular texture to the rock. Polished sections (Figure 8d–f) show a high content of malachite (15 vol.%) and heterogenite (10 vol.%) associated with goethite (15 vol.%), plus a minor amount of hematite (4 vol.%) and black Fe oxides (2 vol.%).



Sulphide minerals are represented by chalcopyrite (1 vol.%), carrollite (1 vol.%), bornite (1 vol.%), pyrite (1 vol.%) and chalcocite (5 vol.%). Carrollite (5 vol.%) is usually disseminated in the dolomite cement while chalcopyrite together with bornite replace pyrite. Malachite replaces chalcopyrite from the periphery towards the centre of mineral. In certain samples, coarse-grained chalcocite, bornite and chalcopyrite float within authigenic quartz and carbonate cement. In quartz and dolomite veins, carrollite is associated with oxide minerals (goethite) in voids and dissolution cavities.



The Lower CMN unit comprises stratified to finely laminated dolostones, which are weathered to clayey and siliceous dolostones. In outcrops exposed in open pits and in the cores, the rock is red to black and is mineralized with malachite, chrysocolla and heterogenite (Figure 8g–i). In thin and polished sections, the laminated dolostone is composed of a succession of fine- and coarse-grained thin layers (1 to 2 mm) consisting of muscovite flakes (10 vol.%), authigenic quartz (20 vol.%) and dolomite (30 vol.%). Fine-grained detrital quartz and authigenic quartz are more abundant than dolomite in the siliceous micro-layers. Hematite (2 vol.%) and goethite (8 vol.%) are commonly present in the authigenic quartz and are associated with malachite (10 vol.%) and heterogenite (3 vol.%).



The iron oxi-hydroxides mentioned above replace pyrite, chalcopyrite and bornite. Malachite (5%), chrysocolla (3 vol.%) and heterogenite (3 vol.%) fill fractures and cleavage planes. Pyrite (1 vol.%), chalcopyrite (3 vol.%), carrollite (4 vol.%) and bornite (1 vol.%) are also found in fractures or occur disseminated in the carbonate cement. Chalcocite (2 vol.%) locally replaces chalcopyrite and is rimmed by hematite. Chalcocite and bornite seem to be more abundant in the Lower CMN than in the BOMZ in the Ruashi ore deposit. The black clay consists of a mixture of fine- to coarse-grained quartz (10 vol.%), dolomite (10 vol.%), malachite (5 vol.%), heterogenite (3 vol.%), pyrite (2 vol.%), carrollite (1 vol.%), chalcopyrite (2 vol.%) and bornite (1 vol.%). These are embedded in an association of phyllosilicate minerals (e.g., muscovite, chlorite) and authigenic quartz (62 vol.%) and are associated with goethite, hematite, and other Fe oxides (4 vol.%).




5.2. Lithogeochemistry


The distribution of major and trace elements in the BOMZ and Lower CMN differs between each deposit at Ruashi Mining (Figure 9 and Figure 10). In the Lower CMN, SiO2 (35.67–75.49%) has a higher content than in the BOMZ (12.12–58.75% of SiO2). The range in the MgO content is slightly higher in the BOMZ (2.43–16.07%) than in the Lower CMN (0.13–15.63%). CaO content is low in the Lower CMN (0.28 and 13.07%) from open pit I and III. The highest aluminium content (Al2O3 ≤ 3.74%) is found in the Lower CMN from open pit I, which is characterized by abundant muscovite and chlorite. The BOMZ and Lower CMN units contain Fe2O3 (4.99–14.97%) due to the occurrence of hematite and goethite as well as other Fe-Mn oxides associated with the Cu-Co ores. At the Ruashi deposits, the BOMZ contains more Cu and Co than the Lower CMN although they have a similar mineral paragenesis. In open pit I, the concentration of Co is low (<0.64%). Although the contents of the elements Zr, Ni, Bi, V, Cr, Th, U, Sc, Bi, Nb, Rb, As and Mn, is low, they do show distribution trends (Figure 9b). Figure 9e indicates that the BOMZ and Lower CMN contain more Ni than Pb and Zn. Ba is present at a higher content than Sr, V, Nb, As and Y. Ba has been reported from silicates such as muscovite in Kipushi Zn-Pb-Cu deposits [51].



The distribution of Cu and Co reflects the proportion of sulphide and supergene ores in the host rocks. Arsenic could be contained in pyrite and chalcopyrite [66]. Calculated Cu ratio (100xAcid Soluble Cu/TCu), in which TCu is the total Cu, ranges between 69.15% and 95.6% for the BOMZ, and between 69.18% and 94.04% for the Lower CMN. In the BOMZ, Co ratio (100xAcid Soluble Co/Total Co) varies between 80 and 93% and between 64.41 and 95.65% in Lower CMN. In these two cases, the analysed AS Cu and AS Co are obtained after 4 h of Cu-Co ores leaching in sulphuric acid according to the Ruashi Mining chemistry protocol. The behaviour of the Cu ratio merits more attention because it allows classification of ore types into an oxide, oxide-dominant mixed, sulphide-dominant mixed or sulphide ore subtype. The ore types in Cu-Co deposits are usually determined by the relationship between the Quick Leach Test (QLT), the Cu and Co ratio, and the ore mineralogy. Although the QLT has not been performed, the behaviour of the Cu ratio and the mineralogical assemblage allows the classification of ores in the BOMZ and Lower CMN as oxide ores (Cu ratio ≥ 75%) and as oxide dominant mixed ores (Cu ratio < 75%, more chalcocite present in this ore). The abundance of chalcocite in the mixed ores could be due to the supergene origin of this sulphide as described in other Cu deposits [67]. The oxide dominant mixed ores contain unweathered dolostone fragments (millimetre to metric size) with sulphides. The Cu and Co ratio is also influenced by the presence of small amounts of chalcopyrite, bornite, chalcocite and carrollite in both the oxide and oxide-rich mixed ores. The insolubility of the sulphides during the hydrometallurgical processing increased the Cu (up 3%) and Co (up 1%) in the tailing material at Ruashi Mining [59]. Therefore, these tailings form a second source of both Cu and Co for future mine development [68,69,70,71,72].




5.3. Hydrometallurgical Extraction of Cobalt from the BOMZ


This extraction was conducted using a processing scheme based on the sulphuric acid leaching of the BOMZ under reducing conditions, SX of Cu and Mn followed by precipitation of Co in the form of hydroxides.



5.3.1. Sulphuric Acid Leaching of the BOMZ


The leaching of the BOMZ led to the results shown in Figure 11 of which the reading reveals that 8 h is the time that enables the highest dissolution of Co, achieving a yield with a value that varies around 93%. The leaching process of Co is accompanied by significant dissolution of Mn (84%) contrarily to Cu for which the highest leaching yield was 40%. Iron was not strongly dissolved during the leaching process of the BOMZ since its highest leaching yield was smaller than 5%. Considering the presence of impurities in the leach liquor, i.e., Cu and Mn also dissolved during the leaching process of the BOMZ, a purification prior to the recovery of Co is necessary.




5.3.2. Solvent Extraction of Copper


The leach liquor purification through the removal of Cu by SX with ACORGA OPT 5510, was successful in the pH range 1.5–1.8 (Table 1). Indeed, more than 95% Cu was recovered, with the proportion of extracted Co and Mn varying from 0.5 to 1.3% and 0.3 to 0.8%, respectively. The optimal pH for extracting Cu with ACORGA OPT 5510 is 1.7 given that the loss in Co, which is a metal of great interest, was of about 0.5%. However, Fe and Mn were also extracted to yields equal to about 9% and 0.8%, respectively.



During the leach liquor purification by SX using LIX 984N, the highest removal of Cu (96.5%) was achieved when the aqueous phase pH was adjusted to 1.7. Under these conditions, the proportion of co-extracted Co and Mn was lower than 0.8% and 1.5%, respectively. The proportion of Fe removed from the aqueous phase was practically equal to 5%. Above a pH of 1.7 and up to a pH value of 4, the extraction yield of Cu progressively dropped down until it reached a value lower than 85%, with a loss in Co nearing 1.6%. The removal of Mn and Fe reached 6.8% and 1.8%, respectively.




5.3.3. Solvent Extraction of Manganese


The SX of Mn, using the organic phase composed of LIX 63 and Neodecanoic acid, was implemented using the raffinate from the SX of Cu as the starting solution. This enabled the results given in Table 2 to be obtained. The SX of Mn, from the raffinate given by SX of Cu with ACORGA OPT 5510, enabled a yield of about 23% at a pH of 1.7 to be achieved. Under these conditions, more Cu was co-extracted (≈67%) with a loss in Co of 2.4%. The highest yield of Mn (≈99%) was achieved when the aqueous phase pH was adjusted to 5 and this resulted in a co-extraction of about 27% Co, that is, a loss in Co of 1.6%. Removal of Mn contained in the raffinate given by SX of Cu with LIX 984N, enabled achieving the highest yield (98.1%) when the aqueous phase pH was adjusted to 5. Under such conditions, 25% and 2.8% of Cu and Fe were extracted, respectively.




5.3.4. Recovery of Cobalt as Hydroxides


The precipitation of Co as hydroxides was conducted using the raffinate given by SX of Mn as starting solution, following the removal of Cu either using ACORGA OPT 5510 or LIX 984 N as extractant, with the results obtained given in Table 3. Based on these results, it can be observed that the precipitation of Co with the magnesia, prepared to a [MgO/Co] ratio varying from 0.9 to 1.1, enabled obtaining a cake with a Co grade between 30.0 and 43.5%. Consequently, a yield between 92.0 and 94.5% was achieved, depending on the initial pH of the raffinate resulting from the SX of Cu and Mn and whatever the composition of the organic phase utilized. Moreover, the contents of Mn and Cu in all cakes have remained equal to 0.01% contrary to when the precipitation of cobalt was achieved using a PLS (with the initial pH equal to 1.7) not subjected to SX of Cu and Mn.



The contents of Cu, Mn and Fe remain as high as 4.70%, 3.79% and 4.60%, respectively, when the PLS not rid of Cu and Mn was subjected to precipitation of Co, with the MgO/Co ratio kept at 1.2. When Cu was eliminated from the leach liquor through SX with AGORGA OPT 5510 and the Mn by SX using LIX 63, together with Neodecanoic acid, the precipitation of Co gave a cake with the highest content of Co (43.3%), that is, with the achievement of a yield of 93.9%, using a PLS with a starting pH of 5.5. In parallel, the precipitation of Co from the raffinate given by the SX of Cu with LIX 984N and the SX of Mn with LIX 63, together with Neodecanoic acid, with a starting pH of 5.5, enabled a cake with the highest content of Co (42.2%), that is, with a yield of 93.75% to be obtained. The Fe content varied in all cakes between 2.8% and 3.5% when Cu and Mn were removed from the PLS through SX.






6. Discussion


6.1. Mineralogical Characteristics of the Host Rock and Distribution of Copper and Cobalt Ores


The Lower CMN is usually present in each deposit, and it is occasionally mineralized as in the case of Kambove West, Ruashi-Etoile and Tenke-Fungurume (e.g., Fungurume 6 and Zikule) deposits. In many deposits in the KCB, this Lower CMN is extensively silicified without any mineralization while the BOMZ is usually missing. The fresh BOMZ is still poorly studied since the Co grade is low in fresh rocks. The alteration of Cu-Co ores in the weathering zone of the Sediment-Hosted Stratiform Copper changes the mineralogy of the gangue and the hypogene ores with depth [43,59,73]. In several major deposits of the KCB (e.g., Etoile, Kanfundwa, Katuto, Luiswishi and Ruashi), a Co cap formed in the uppermost part of the weathering zone. It is mainly composed of heterogenite with minor amounts of other supergene minerals such as malachite and chrysocolla and it occurs associated with Mn–Fe oxides and REE [74,75]. Under the Co cap, there is an enrichment of goethite and hematite, and intense silicification together with the presence of trace amounts of Cu in the oxidized ores. These characteristics of the Co cap are similar to those described at both the Ruashi and Etoile deposits. This Co cap is missing in other deposits in CACB. In the other deposits, the weathering zones are characterized by a cupriferous ores containing malachite, chrysocolla and pseudomalachite.



The minerals present in the BOMZ and Lower CMN at the Ruashi deposit are the sulphides pyrite, chalcopyrite, carrollite and bornite, and the supergene minerals malachite, chrysocolla and heterogenite. The latter are present along bedding planes, in fractures, in dissolution cavities or occur disseminated in the carbonate cement. The sulphide minerals have not been totally replaced by supergene oxides between the mine levels at 1265 m and 1155 m and the exploitation is in progress towards the mixed zone. The leached zone, usually containing more Fe-oxide, is missing nowadays since it has been mined several years ago. Therefore, the abundance of goethite and hematite at the Ruashi deposit between 1265 m and 1155 m reflects a mineral association with the supergene minerals in the weathering zone. Dolomite, quartz, magnesite, muscovite and chlorite constitute the gangue minerals of the BOMZ and of the weathered Lower CMN. The same gangue mineral association in these two distinct units evidence the same hydrothermal influence in both units. In contrast, talc is an abundant gangue mineral in the weathering zone of the Upper CMN. It probably resulted from the alteration of the dolostone as described in the same unit from the Kambove region by [76]. The absence of talc in the BOMZ and Lower CMN is an advantage because the amount of suspended solids will remain low in an aqueous solution of Cu and Co. In this context, additional flocculants (e.g., Brontë 103) will not be used for the clarification prior to the SX achievement [68,77]. This is an important difference between the ores from the BOMZ and Lower CMN units, and those from the Musonoï Subgroup (cfr. grey and pink RAT) and Kamoto Formation at the Ruashi deposit.



The supergene concentration of Co in the BOMZ and Lower CMN at Ruashi is not so evident as is the case with the immobile and chalcophile elements as Zr, Ni, Bi, V, Cr, Th, U, Sc, Bi, Nb, Rb and As (Figure 9a,b). In the case of the Ruashi deposit as well as for other Sediment-Hosted Stratiform Copper in the KCB, the Cu and Co grades are controlled mainly by the enrichment in supergene minerals (e.g., malachite, heterogenite, chrysocolla and spherocobaltite), with only a minor contribution of sulphide minerals (e.g., chalcopyrite, bornite, carrollite and chalcocite). Five years ago, Co ores mined from the Ruashi deposit contained a very high Co grade (8–16%) and originated from the cobalt cap developed in the subsurface of the deposit. At the level between 1265 m and 1155 m in the Ruashi mine, the oxide ore tonnage and the Co grade decrease, while the proportion of sulphide ores and the Cu grade increases with depth [24,59]. However, a transition zone between the oxide and mixed ores is characterized by the presence of an oxide dominant mixed ore that is influencing the hydrometallurgical processing efficiency in terms of: (i) the recovery of metals of interest as well as their increased retention in the tailings due to the abundant supergene sulphide mineral chalcocite, (ii) the presence of minor amounts of hypogene pyrite, chalcopyrite, bornite and carrollite. The increased presence of sulphide minerals requires a rethink of the in-force mineral processing practices [78].



The trace element distribution at the subsurface along the Lufilian arc is complex [42,74,79]. At the Ruashi deposit, the geochemical anomaly in the BOMZ corresponds to an enrichment of Th, Rb, Y, Cr, As, Zr, Bi, Fe and Ni associated with Cu and Co. At the Mashitu Cu-Co deposit, this geochemical anomaly in the subsurface (30 up to 50 m depth) consists of Co, Bi, V and Mo related to supergene enrichment while Cu, Ni, S and Zn are depleted [80]. A particular case is seen at the Luishia and Luiswishi Cu-Co (U) deposits, where the BOMZ is enriched in Th and U [42,81]. This enrichment is compatible with the presence of primary uranium minerals, i.e., mainly uraninite which is absent at the Ruashi and Mashitu deposits [32,33,82,83]. At the Luiswishi deposit, the BOMZ presents a concentration of both LREE and HREE, while LREE are leached in the other units of the Mines Subgroup in the weathering zone [31,74,84]. This is related to the spatial and temporal distribution of the primary minerals in the Katanga Supergroup. In the weathering zone of both the BOMZ and Lower CMN at the Ruashi deposit, trace and major elements have a similar distribution since they were affected by the same physico-chemical alteration in the supergene zone and have a similar carbonate host rock. Therefore, the hydrometallurgical processing method proposed for the BOMZ could be extended to the Lower CMN.




6.2. Leaching Kinetics and Extraction of Cobalt


Concerning the leaching behaviour of Co within the BOMZ, the achieved leaching yield is consistent with the lithogeochemical data of the deposit. Indeed, a Co cap exists in the uppermost part of the weathering zone of the deposit. The slowdown observed in the leaching kinetics of Co indicates that Co is also present as a sulphide mineral in the BOMZ. This leaching behaviour of Co, under the implemented leaching conditions, can be explained by its presence as carrollite. Indeed, carrollite is reported in the weathering zone in this study. Besides, the Co leaching yield achieved after four hours of leaching falls within the value range of the AS Co proportion given for the BOMZ from the Ruashi deposit. The greater dissolution of Mn observed during the leaching of BOMZ is related to the presence of black Mn-oxides as well as the possibility of its conversion into a soluble form under reducing conditions.



As for the leaching behaviour of Cu, the achieved yield is lower than the proportion of the AS Cu found in BOMZ from the Ruashi deposit. This behaviour can be well explained by the fact that Cu is present in supergene minerals that are very abundant in the BOMZ. The lower leaching yield is probably due to the conversion of the leached Cu into metal considering that the leaching of the BOMZ was conducted under reducing conditions. Moreover, the Co cap in most deposits of KCB contains less Cu than Co and this also applies to the samples of BOMZ under consideration.



Iron is present in the BOMZ as hematite and goethite as well as black iron oxides. Its lower leaching yield could be due to the presence of pyrite in the BOMZ. It is evident from this and other studies [59,85] that the weathering process of minerals greatly influences the mineralogical composition of the ore in the deposit and ultimately the ore processing technology, especially in terms of the acid consumption and the leaching behaviour of minerals.



Cu is extracted as cathodes from the PLS, resulting from the leaching of Cu-Co ores through the SX and EW, and constitutes the main metal targeted at hydrometallurgical plants operated in the KCB. Given that the Cu grade is lower than that of Co in the BOMZ, Co is the main product targeted in this paper, with Cu recovered as a secondary product. Mn present in the PLS is one of the main impurities which is usually removed using solely chemical-based precipitation processes prior to the recovery of Co. The SX, as implemented in the process proposed, can be used for removing impurities such as manganese from the PLS [36]. However, further studies involving operational and cost aspects need to be considered in view of its applicability at the industrial scale.



After the removal by SX of Cu and Mn, the grades and recovery yields of Co through precipitation are greater than when Co was precipitated using a non-purified PLS. Giving preference to the economy of the reagents MgO and NaOH, the best precipitation conditions for recovering Co contained in the PLS are the ones enabling cakes grading 40.5% Co to be obtained, recovered at a yield of about 94%, and 38.9% Co, recovered at a yield of about 93%, respectively. Mn concentrations in the cake were as low as 0.01% and 0.03%, respectively. During the processing of the BOMZ, Co has been precipitated as high-grade hydroxides from a purified PLS. The enhancement of the grade in the obtained hydroxides results from the use of BOMZ as starting material instead of a blend of Cu-Co oxidized ores traditionally processed at hydrometallurgical plants operated in the KCB [35,86]. This also results from the PLS purification by SX contrary to the widespread practice at hydrometallurgical plants, which rely on the removal of impurities from the low-grade PLS through chemical precipitation (Fe, Al and Mn) prior to the recovery of Co [37,38,87]. The removal of Mn from the PLS through SX enables an enhancement of the quality of the cake of hydroxides given by the precipitation of cobalt as well as minimizing the drop in the process efficiency experienced at Ruashi [88].





7. Conclusions


In the present study, a detailed mineralogical and geochemical analysis is performed in order to understand the efficiency of the hydrometallurgical process of the Black Ore Mineralised Zone in the Katanga Supergroup. From these investigations, it can be concluded that:




	
The mineralogy changes from a cobaltiferous ore in the shallow subsurface to a cupriferous ore at deeper zones in both the BOMZ and the Lower CMN. This means that the hydrometallurgical processing of the ores of the shallow subsurface layers of the deposit is of most interest for the extraction of Co whereas the ores from deeper levels are more suitable for the extraction of copper.



	
From 1155 m to 1265 m, both the BOMZ and the Lower CMN in the Ruashi mine contain oxide ores with a few local oxide dominant mixed ore packages. Sulphide minerals are more abundant in oxide dominant mixed ore than in the oxide ore and represent relics of unweathered rocks. These relics occur along a fault zone with the latter being intensely mineralized or at the base of the oxidized part of the supergene enrichment zone, which is characterized by relatively high MgO and CaO contents. The hydrometallurgical processing of ores from these parts of the deposit results in an increased retention of the metals of interest in the tailings.



	
Talc is absent in the BOMZ and Lower CMN, and the gangue minerals in the weathering zone are still characterized by pyrite, carbonate, quartz, magnesite, chlorite, hematite, and goethite.



	
Cu and Co are enriched in the weathering zone, where they are associated with the immobile elements Th, Rb, Y, Cr, As, Zr, Bi and Ni. This geochemical Cu and Co anomaly could be used in mineral exploration of base metals in the Katanga Copperbelt. The cobalt concentration in the BOMZ and the Lower CMN is directly related to the abundance of heterogenite and to a minor extent to carrollite.



	
The processing of the BOMZ mined from the Ruashi deposit, using a new method, enables recovery of Co with a high yield as hydroxides, with an enhanced grade in Co. The recovery is larger than the ones achieved at hydrometallurgical plants using Cu-Co ores as feed and applying chemical precipitation for ridding the pregnant leach solution of impurities.
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Figure 1. Geological map of the Central African Copperbelt with the Katanga Supergroup rocks and location of the Ruashi deposit indicated [18]. 
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Figure 2. (a) Lithostratigraphy of the Katanga Supergroup from Batumike et al. [23] modified by Cailteux and De Putter [19]. Glaciation intervals are marked by the Kaigas (~750–720 Ma), Sturtian (717–660 Ma), and Marinoan (~650–635 Ma) glaciations. Ages are from Master et al. [25], Key et al. [55], Barron et al. [56], Rooney et al. [57]. Definition of sedimentary breccia and subdivision of the Kamoya Formation respectively by Mambwe et al. [22,58]. (b) Lithostratigraphy subdivision of the Mines Subgroup within the Cu-Co ores bodies. 
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Figure 3. Location of the Ruashi Cu-Co deposits on the Google Earth map, west to the Etoile Cu-Co deposit. aa’ and bb’ are cross-sections in the eastern part of the Ruashi III (open pit III). Two faults (in red) form the boundary between the three open pits at Ruashi. 






Figure 3. Location of the Ruashi Cu-Co deposits on the Google Earth map, west to the Etoile Cu-Co deposit. aa’ and bb’ are cross-sections in the eastern part of the Ruashi III (open pit III). Two faults (in red) form the boundary between the three open pits at Ruashi.



[image: Minerals 12 00295 g003]







[image: Minerals 12 00295 g004 550] 





Figure 4. Geological structure of the Ruashi deposit (a) and (b) Cross sections oriented north-east to south-west, showing the lithostratigraphic succession of the Mines Subgroup with the RAT, RSF, RSC, SDB, BOMZ, SDS and the Lower and Upper CMN. 
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Figure 5. Geological map of level 1280 m at the Ruashi deposit. The BOMZ unit is present as lenses. Strike slip faults separate the Ruashi I (open pit I), II (open pit II) and III (open pit III). 






Figure 5. Geological map of level 1280 m at the Ruashi deposit. The BOMZ unit is present as lenses. Strike slip faults separate the Ruashi I (open pit I), II (open pit II) and III (open pit III).



[image: Minerals 12 00295 g005]







[image: Minerals 12 00295 g006 550] 





Figure 6. Flow sheet of the hydrometallurgical plant of Ruashi Mining. 
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Figure 7. Grindability curve of BOMZ rocks. 
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Figure 8. Host-rock petrography and Cu-Co mineralization: (a–c) facies of the BOMZ; (d–f) thin polished sections of the BOMZ showing the mineralization of malachite (Mal.) and heterogenite (Het.); (g–i) facies of the Lower CMN unit with mineralization of chrysocolla (Chry.) malachite (Mal.) and heterogenite (Het.). 
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Figure 9. Geochemistry of the BOMZ and CMN: (a) Whisker diagram of the major elements and of Cu and Co; (b) Whisker diagram of the most abundant trace elements; (c,d) Probability plot of the Cu and Co ratio. 
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Figure 10. (a) Triangular diagram of Pb-Zn-Ni and (b) Triangular diagram of Cu-Co-Fe2O3. 






Figure 10. (a) Triangular diagram of Pb-Zn-Ni and (b) Triangular diagram of Cu-Co-Fe2O3.



[image: Minerals 12 00295 g010]







[image: Minerals 12 00295 g011 550] 





Figure 11. Dissolution kinetics of metals contained in the BOMZ. 
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Table 1. Leach liquor purification through copper solvent extraction.
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pH

	
Yield of Cu SX with ACORGA OPT 5510 (%)

	
Yield of Cu SX with LIX 984N (%)




	
Cu

	
Co

	
Fe

	
Mn

	
Cu

	
Co

	
Fe

	
Mn






	
1.5

	
94.70

	
1.31

	
9.09

	
0.80

	
94.73

	
1.31

	
6.81

	
1.04




	
1.7

	
94.69

	
0.52

	
9.11

	
0.79

	
96.49

	
0.79

	
4.54

	
1.04




	
1.8

	
94.68

	
0.53

	
9.13

	
0.29

	
94.73

	
0.79

	
9.09

	
0.78




	
2.0

	
87.61

	
0.82

	
2.27

	
1.01

	
89.47

	
1.05

	
4.54

	
1.31




	
3.0

	
87.64

	
1.29

	
2.29

	
1.02

	
87.71

	
1.31

	
4.54

	
1.31




	
4.0

	
85.92

	
1.32

	
4.49

	
1.57

	
84.21

	
1.58

	
6.81

	
1.83
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Table 2. Leach liquor purification through manganese solvent extraction with LIX 63 in synergism with Neodecanoic acid.
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pH

	
Raffinate from Copper SX with ACORGA OPT 5510

	
Raffinate from Copper SX with LIX 63




	
Cu (%)

	
Co (%)

	
Fe (%)

	
Mn (%)

	
Cu (%)

	
Co (%)

	
Fe (%)

	
Mn (%)






	
1.5

	
33.3

	
1.9

	
18.8

	
22.7

	
33.3

	
1.9

	
4.9

	
22.5




	
1.7

	
66.7

	
2.4

	
5.0

	
23.2

	
50.0

	
1.7

	
4.8

	
23.3




	
1.8

	
58.3

	
1.6

	
5.0

	
25.7

	
33.3

	
1.6

	
2.5

	
24.4




	
2.0

	
57.1

	
1.9

	
4.7

	
22.5

	
50.0

	
1.8

	
4.8

	
22.8




	
3.0

	
57.1

	
1.3

	
4.7

	
20.9

	
57.1

	
1.5

	
2.4

	
24.7




	
4.0

	
37.5

	
1.6

	
4.8

	
47.3

	
66.7

	
1.5

	
4.9

	
47.5




	
5.0

	
27.3

	
1.6

	
2.6

	
98.9

	
25.0

	
1.6

	
2.8

	
98.1
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Table 3. Precipitate characteristics and yield of cobalt versus the precipitating reagent composition.
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Initial

PLS pH

	
MgO

(g)

	
Co

(g/L)

	
Ratio

MgO/Co

	
NaOH-5N

Volume (mL)

	
Final

PLS pH

	
Obtained

Cake Weight (g)

	
Cake Metal Contents (%)

	
Co Yield

(%)




	
Cu

	
Co

	
Fe

	
Mn






	
4.5

	
1.71

	
3.79

	
0.9

	
17.8

	
8.2

	
5.10 A

	
0.01

	
40.50

	
3.45

	
0.01

	
94.02




	
4.5

	
1.71

	
3.79

	
0.9

	
17.8

	
8.5

	
5.10 B

	
0.01

	
38.90

	
3.42

	
0.03

	
92.50




	
5.0

	
1.90

	
3.78

	
1.0

	
17.0

	
8.2

	
5.65 A

	
0.01

	
42.80

	
3.02

	
0.01

	
92.03




	
5.0

	
1.90

	
3.78

	
1.0

	
17.0

	
8.2

	
5.57 B

	
0.01

	
40.10

	
3.00

	
0.01

	
92.80




	
5.5

	
2.09

	
3.8

	
1.1

	
16.4

	
8.2

	
5.99 A

	
0.01

	
43.30

	
2.85

	
0.01

	
93.90




	
5.5

	
2.09

	
3.80

	
1.1

	
16.4

	
8.2

	
5.99 B

	
0.01

	
42.20

	
2.92

	
0.01

	
92.75




	
1.7

	
2.28

	
3.8

	
1.2

	
25.3

	
8.2

	
5.57 C

	
4.70

	
30.50

	
3.79

	
4.60

	
89.65








A Cake obtained using the raffinate from SX of Cu with ACORGA OPT 5510 and SX of Mn with LIX 63 + 10 Versatic acid. B Cake obtained using the raffinate from SX of Cu with LIX 984N and SX of Mn with LIX 63 + 10-Versatic acid. C Cake from a PLS not subjected to SX of Cu and Mn.
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