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ABSTRACT. Recently cobalt is classified as one of the critical supply bottlenecks materials for the world transition to sustainable energy future. The paper presents the use, current and future demand of cobalt, resources, reserves, production ways, as well as possibilities for its recycling and substitution.

Кобалтът и преходът към устойчиво енергийно бъдеще
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Резюме. Напоследък кобалтът се класифицира като един от най-критичните материали за прехода на човечеството към устойчиво енергийно бъдеще. Статията представя използването, актуалното и бъдещото търсене на кобалт, ресурсите, резервите, производствените пътища, както и възможностите за неговото рециклиране и заместване.
Introduction
   The Report of the Ad-hoc Working Group of the Raw Materials Supply Group at DG “Enterprise and Industry”, European Commission, on defining critical raw materials pointed cobalt as one of the 14 materials which are critical for the EU economy (Critical raw materials for the EU, 2010). In this report a raw material is determined as “critical” when it is highly risky with respect of its supply and at the same time it is of high economic importance.
   The report of the United Nations Environment Programme – “Critical Metals for Future Sustainable Technologies and their Recycling Potential” (Buchert, 2009) identified critical metals for future sustainable technologies, such as renewable energy production and energy efficiency technologies, based on demand growth, supply risks and recycling restrictions. The report classified metals according to whether they will be critical on the short, medium or long term. This report pointed cobalt as a metal which would be critical in long term. 
   The report of the APS Panel on Public Affairs and The Materials Research Society (2011) “Energy Critical Elements: Securing Materials for Emerging Technologies” uses the term “energy-critical element” to describe a class of elements that currently appear critical to one or more new, energy related technologies. The elements are grouped according to their usage: advanced photovoltaic solar cells, wind turbines and hybrid automobiles, energy-efficient solid-state lighting, high performance batteries, advanced nuclear reactor designs, and manufacturing in the energy sector, fuel cells and auto-emissions catalyst. The report also identified cobalt as a critical metal.
   The report “Critical Materials Present Danger to U.S. Manufacturing” (Silberglitt et al., 2013), describes the results of a study of the sources and reliability of the supply of imported materials on which the United States manufacturers are dependent. Subset of materials is analyzed for which production is concentrated in one or a few countries and for which the following conditions apply: the dominant producer is outside the United States; the USA has appreciable net imports; and the dominant producers have shortfalls in their quality of governance, as measured by the Worldwide Governance Indicators (WGI) published by the World Bank. The report identified cobalt among critical metals.
   The report “Critical Materials for the Transition to a 100% Sustainable Energy Future” (Singer, 2014) notes that the reserves to production and resources to production ratios are not always good indicators for the likelihood of a supply chain bottleneck, since they only are relevant for materials with a stable demand. The availability is also affected by the possibilities of recycling and substituting the material. The report has studied materials needed for the following technologies: solar energy, wind energy, wave and tidal energy, hydropower, geothermal power, efficiency in industry, low carbon transport, energy efficiency in the built environment, energy efficient lighting, and infrastructure. The following approaches were used: A quick scan was carried out to identify areas where bottlenecks might occur. These bottlenecks were further analysed based on information on the installed electric capacity, amount of vehicles or building area, and multiplying this with the material intensity of the different technologies. These calculations resulted in estimation of the maximum material demand for a technology, both on a yearly basis as well as cumulative for the period 2012 to 2050. The maximum material demand per year was compared with the production of that material in 2011. The cumulative demand for the material was compared with the reserves and the resources of that material. This report identifies cobalt as one of the two bottleneck metals.
   All mentioned above shows that due attention is to be paid to the cobalt.
Current and future use

   Globally, the leading use of cobalt is in rechargeable battery electrodes, mainly in lithium ion batteries’ cathode (as LiCoO2) - Table 1. Stable at high temperatures superalloys, applied to make parts for gas turbine engines, are another major use for cobalt. Co-Al-W is expected to replace Ni based super alloys. It possesses by 100 oC higher melting temperature than Ni super alloys (Cobalt news, 2014). Cobalt finds its use also in carbide and diamond tooling, corrosion- and wear-resistant high-strength alloys; high-speed steels; catalysts for the petroleum and chemical industries, biofuel production (Fischer-Tropsch process), carbon dioxide reduction, as well as in fuel cells; drying agents in chemistry; pigments; ground coats for porcelain enamels; permanent magnets (Alnico and SamCo alloys) and magnetic recording media; steel-belted radial tires. Cobalt-60 is a commercially important radioisotope, used as a radioactive tracer and for the production of high intensity gamma rays. Co oxide nano-particles are reported recently as a powerful catalyst for splitting water in hydrogen and oxygen (Cobalt news, 2014).
Table 1. 

Cobalt usage
	Usage, year (USGS, 2012-2014)
	2011
	2012
	2013

	Superalloys, mainly in aircraft gas turbine engines
	47%
	51%
	48%

	Chemical applications
	28%;
	25%
	27%

	Metallic applications
	16%
	16%
	16%

	Cemented carbides
	9%
	8%
	9%


   The most significant growth in Co use is predicted for batteries, catalysts, super-alloys with applications in turbines and carbide tooling applications. However, the cobalt’s use in batteries is gradually being reduced since Co-bearing electrodes are being replaced by other cheaper materials, such as manganese and phosphates.
Production, producers

   Cobalt is found in chemical compounds often associated with sulphur and arsenic. Some cobalt is produced specifically from various metallic-lustered ores, for example cobaltite (CoAsS) linnaeite (Co3S4). Cobalt is produced industrially mainly as a by-product of copper, nickel and lead. Nickel laterite ores are most often processed directly. Other cobalt-bearing ores usually are beneficiated (by mineral flotation or gravimetric methods) to produce a mineral concentrate. Some ores and concentrates are roasted or smelted to a material named “matte” prior to refining. Hydrometallurgical methods are used by the most of the cobalt-producing refineries to extract the desirable metals from the ores, concentrates, or mattes and to separate cobalt from the other metals present in the resulting solutions (Shedd, 1998). 
   In the case when Co is a by-product of copper, concentrates are roasted in air to convert sulphides to oxides, then the material is crushed and milled to a powder. To extract cobalt the oxide is leached with sulphuric acid which dissolves metals more reactive than copper, particularly iron, cobalt and nickel, to form sulphates. Iron is separated from the liquor by the addition of lime which precipitates iron oxide. After that cobalt can be precipitated as hydroxide - Co(OH)3. The hydroxide is roasted to the oxide which is then reduced to cobalt metal with charcoal or hydrogen gas (Speirs et al., 2012). The principal flow sheet of cobalt production is presented in Fig. 1. 
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Fig. 1. Principal flow sheet of cobalt production 
   Some refineries also process scrap and cobalt intermediate products, such as alloys, impure cobalt compounds, mixed metal sulfides, residues, and slags. Refined cobalt can be in the form of cobalt metal (cathode, granules, or ingot), metal powder (loose or briquetted), or cobalt chemicals (acetates, carbonate, chlorides, hydroxides, nitrates, oxides, or sulfates) (Shedd, 1998). 
   The main Co producers and production are presented in Table 2 (USGS, 2012-2014).
Table 2. 

Main producers and production, in metric tons of cobalt content
	Year
	first
	second
	third
	forth
	Fifth
	other

	2011
	Congo (Kinshasa) 60000
	Canada
7100
	China 6800
	Russia 6300
	Zambia 5400
	23400

	2012
	Congo (Kinshasa) 51000
	China 7000


	Canada
6630
	Russia 6300
	Australia 5880
	26190

	2013e
	Congo (Kinshasa) 57000
	Canada
8000
	China 7100
	Russia 6700
	Australia 6500
	34700


e – estimated

   Estimated reserves in 2013 were (in metric tons of cobalt content): 7200000, from which in Congo (Kinshasa) - 3400000, in - Australia 1000000, and in Cuba - 500000.
   Identified world terrestrial cobalt resources are about 25 million. Principal identified world resources are in sediment-hosted stratiform copper deposits in Congo (Kinshasa) and Zambia; nickel-bearing laterite deposits in Australia and nearby island countries and Cuba; and magmatic nickel-copper sulfide deposits hosted in mafic and ultramafic rocks in Australia, Canada, Russia, and the United States. More than 120 million tons of cobalt resources have been identified in manganese nodules and crusts on the floor of the Atlantic, Indian, and Pacific Oceans.
Recycling

   Enhanced recycling could help to foster satisfaction of Co demand in the future. Cobalt recycling of new scrap can be regarded as common. Global end-of-life Co recycling rate is in the range of 25 - 50% (UNEP, 2011).
   Recycling rate of cobalt from scrap is steadily increasing. It has been increased from 25 % (of cobalt reported consumption) in 2011 to 26% in 2013. A wide variety of technologies are used to process cobalt-bearing scrap. 
   Alloy scrap is recycled using mainly pyrometallurgy. Alloy  is remelted in an electric arc furnace, while its chemical composition is adjusted. Alloy grindings and dusts can be treated by using hydrometallurgical or pyrometallurgical processes.
   Cemented carbide scrap is treated by two types of processes  - direct and indirect recycling. In direct recycling, the cemented carbides are disaggregated, and the resulting powder of tungsten carbide and cobalt is more or less ready to be used to make new cemented carbide parts. Examples of direct recycling processes include bloating, the coldstream process, leach milling with partial cobalt removal, and the zinc process. In indirect recycling processes, the individual components are recovered and purified separately by using chemical methods. Examples of indirect recycling processes include chlorination, leach milling with total cobalt removal, nitrate and/or nitrate-carbonate fusion, and oxidation-sodium hydroxide leaching. The advantage of chemical process is the ability to remove impurities, but it has higher costs, higher energy consumption, lower yields, and more waste products than the direct recycling methods. By using combinations of indirect chemical recycling and direct recycling processes industry is able to recycle soft and hard, contaminated and clean cemented carbide scrap, to reduce the overall impurity levels in reclaimed materials, and to reduce recycling costs. 
   Osram Sylvania Inc. is an example of one company that uses a chemical process to recycle cemented carbide scrap. Company's tungsten production is from ore concentrates and tungsten-bearing scrap. The concentrates and oxidized scrap are leached with sodium hydroxide to produce a sodium tungstate solution, which is filtered to remove byproduct sludge containing cobalt and other metals recovered from the scrap. The sludge is treated chemically to separate the metals. Once separated, the cobalt is converted to cobaltic oxide, which is then reduced by hydrogen to cobalt metal powder. In addition to cemented carbide scrap, Osram’s chemical process is able to treat other cobalt-bearing scrap, such as alloys and catalysts. 
   Some tungsten processors and cemented carbide producers use the zinc process to recycle hard cemented carbide scrap. The scrap is initially sorted by grade and cleaned to remove any brazing or impurities and then immersed in molten zinc in the presence of argon gas. The molten zinc reacts with the cobalt binder, causing the scrap to expand. The zinc is removed by vacuum distillation, leaving material rich in tungsten carbide and cobalt, which is crushed, milled, and blended. Following chemical analysis and carbon content adjustment, the reclaimed powder is then ready to press into new cemented carbide parts. 
   Cobalt can be recovered from a variety of scrap materials, including alloys, spent Li-ion and NiMH batteries, Li-ion and NiMH battery manufacturing scrap, spent catalysts from the petroleum and polyester fiber manufacturing industries, residues, and other cobalt-bearing materials by using the Apex process. In general the process comprises: leaching, removal of impurities, solvent extraction, precipitating the cobalt as carbonate, and then drying the carbonate or calcining it to oxide. Spent battery scrap is shredded, screened, and then magnetically separated before processing. Li-ion battery electrode scrap is shredded, calcined, and then screened to separate aluminum from frit-grade oxide without hydrometallurgical treatment. Products include cobalt carbonate, cobalt nitrate, cobalt oxide, cobalt sulfate solution, frit-grade oxide, lithium-cobalt dioxide, and custom-produced specialty chemicals. 
   The INMETCO process uses a high temperature metal recovery. The solid wastes are blended with carbon and pelletized by using either liquid wastes or water. The pellets, spent catalysts, and shredded nickel and iron from the batteries are reduced in a rotary hearth furnace and then fed into a submerged electric arc furnace where they are smelted to extract the metals. The molten metal is cast into pigs, which are used as remelt alloy by the stainless steel industry. The INMETCO process recoveres 97 % of the cobalt present in the waste and scrap. 
   Cobalt oxide products can be produced by calcining processed filter cakes, filters, grindings, solutions, and spent catalysts containing primarily cobalt, copper, nickel, and/or zinc in a natural gas fired rotary furnace. The metal oxides that contain nickel and cobalt are smelted. 
   A variety of cobalt and nickel compounds from metallic feeds, plating cake and solutions, and spent catalyst can be produced by processing feed materials by leaching, followed by precipitation and filtering. 
   Spent cobalt-molybdenum and nickel-molybdenum hydroprocessing catalysts and sodium carbonate are roasted in a multiple hearth furnace to burn off the hydrocarbons and some of the sulfur and to convert the molybdenum, the vanadium, and the remaining sulfur to water-soluble salts. After roasting, the calcine is milled, leached with water to dissolve the molybdenum and vanadium compounds, then filtered to separate the alumina, cobalt, and nickel solids from the molybdenum and vanadium in solution. The solution is treated to produce molybdenum and vanadium compounds. Depending on its metal content, the filtercake can be sold to cement manufacturers, nickel refineries, or smelted in electric arc furnace. Products of smelting are high-grade fused alumina for refractory and abrasive applications and an alloy containing 37-43 % nickel and 12-17 % cobalt. 
   Other possibility to recover cobalt from spent hydroprocessing catalysts is to use a two-stage pressure leaching process. Spent catalysts are milled in a solution of sodium aluminate and sodium hydroxide. The resulting slurry is fed into an autoclave and leached under oxidizing conditions at elevated temperature and pressure to convert the sulfur to sulfate, oxidize the organic compounds, and dissolve the molybdenum and vanadium. The autoclaved material is thickened and filtered to separate the liquid from the solids. Molybdenum and vanadium are recovered from the liquid and converted to oxides. The solids, containing alumina, cobalt, and nickel, are leached a second time at high temperature and pressure with a strong caustic solution to solubilize aluminum. The nickel-cobalt solids from the second leach are separated, washed, and dried, then - calcined. The calcined nickel-cobalt material is exported to a nickel-cobalt refiner. 
   Different Co recycling technologies, depending on the material treated, have been developed by the BGRIMM – Xuzhou Institute: High melting point Ni-alloys, bearing Co, are treated in 2 ways, depending on their grade: 
- High grade alloys are melt and cast to anode by electrical furnace. Then nickel is dissolved from anode selectively and further reduced on cathode to produce metal. Cobalt and other metals are recovered from electrolyte.

- Low grade nickel and cobalt alloys are pretreated by crushing and grinding. The powder obtained is leached to solve valuable metals. Then precipitation or N235 SX is used to remove iron, and P204 SX for removal of impurities. Finally P507 SX is applied for nickel and cobalt separation.
   For hard Co-bearing alloys sodium roasting process is applied, followed by water leaching to dissolve tungsten as Na2WO4. After purification solution is used to produce ammonium paratungstate (APT). Cobalt and other metals are recovered from leaching residue. Other possibility is to use electrochemical dissolution. Cobalt is extracted from solution with a recovery rate of 92-95%.
   Ni/Co/Mo/V catalyst are treated by 2 types of processes:
• Sodium roasting process -- to remove organic, sulphur and carbon. Aluminium and molybdenum are converted into sodium salt. Then water leaching is applied to solve Al and Mo, while nickel and cobalt are extracted from residue by acid leaching;

• Reductive smelting process -- spent catalyst and pyrite are mixed together for smelting. At 950-1000 oC Ni/Co/V/Mo is converted into sulphide, separated from carrier and slag. Further, the polymetallic sulphide is treated by pressure leaching or oxidative leaching.
   Recently, lithium batteries (LiBs) have become a significant source of secondary cobalt. An analysis from Umicore Battery Recycling, showed that mixed lithium-ion battery packs of small and medium sizes display a mean cobalt content of 13.8%. The Oeko-Institut's tests have recorded a battery weight of 33 g for a smartphone. Thus, the estimate of cobalt content in one smartphone is around 6.3 g. The potential for cobalt recovery (from batteries) from smartphones sold in Germany in 2010 is over 48 tons. (Buchert et al., 2012). Batteries from spent mobile phones and smart phones in Europe are normally fed into pyrometallurgical plants, such as Umicore's facility in Belgium, without any further disassembly. 
   Generally, there are two types of processes for batteries recycling: pyrometallurgical and hydrometallurgical (Sullivan et al., 2011). Pyrometallurgical processes are high-temperature processes, where batteries may or may not be broken up before being fed into a smelting furnace. Metals are recovered from the furnace as elements and subsequently reacted to make battery materials. Umicore has major operations devoted to recycling nickel metal hydride, nickel cadmium, and lithium-ion batteries in this way (Fig. 2). The Umicore battery recycling facility in Belgium recycles cobalt and nickel hydroxides. The materials recovered from the Umicore recycling system are copper (Cu), iron (Fe), zinc (Zn), nickel hydroxide [Ni(OH)2], and cobalt chloride (CoCl2). The CoCl2 is sent on to another operation and reacted with new lithium to produce lithium cobalt oxide (LiCoO2) for use in new batteries. Umicore claims that using recycled Co reduces the production energy for LiCoO2 by 70%.
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Fig 2. Umicore battery recycling process flows

Source: www.batteryrecycling.umicore.com
   In hydrometallurgical method, mechanical separation was employed as pretreatment by subjecting LiBs to skinning, crushing removing of crust, sieving and separation of both anode and cathode material for easy recovery of the valuable components of the batteries. Then materials are subjected to a dissolution process (Oluwatosin et al., 2013). This process recently dominates because ensures maximum recovery of valuable components from batteries. Here, the choice of suitable solvents is very important. Often, after leaching, solvent extraction methods are applied to extract metals or metal salts from leach liquors.  
   The scrap of the spent batteries is contacted with either acid or alkaline solution to dissolve the metallic fraction of the batteries. For example, a mixture of H2SO4 and H2O2 is used to recover Li and Co from LiBs at 75 oC within 10 min with an agitation of 300 rpm (Oluwatosin et al., 2013). However, the thermal pretreatment of LiCoO2 particles to remove carbon and organic binder before chemical leaching significantly reduces the leaching efficiency. 
   A mixture of an easily degradable organic acid DL-malic acid and H2O2 was applied to recover Co and Li from LiBs also, with an enhanced leaching efficiency (Li et al, 2010a). Instead of DL-malic acid with H2O2, both Co and Li were effectively recovered by use of citric acid and H2O2 (Li et al., 2010b). Kang et al (2010a) leached successfully cobalt-containing powder from LiBs with H2SO4 and H2O2 to recover cobalt sulfate, while addition of oxalic acid to the filtrate produced crystalline cobalt oxalate, which was then heated to produce Co3O4 (Kang et al., 2010b). Zhang et al (1998) recovered Co and Li using HCl solution. The Co in the leached liquor was selectively extracted with PC-88A in kerosene and then as cobalt sulfate with high purity, while Li was reccovered as LiCO3.

   A combination of ultrasonic washing, acid leaching and precipitation was used by Li et al. (2009a, 2009b) to recover Co from spent LiBs. The ultrasonic washing improved the recovery efficiency of Co, reduced energy consumption as well as environmental pollution. This process was considered feasible for recycling spent LiBs for scale-up operation (Li et al., 2009a). 
   As a means of advancing the process of recycling, combinations of acids-alkaline and organic solvents were used. The batteries inner rolls were treated with NaOH to dissolve the aluminium foil to separate the cathode material powders from other components. The powder obtained was burnt to remove polyvinylidene difluoride (PVdF), followed by dissolution to produce sulfate solution. Cobalt in the solution was deposited as oxalate, while Acorga M 5640 and Cyanex 272 [di-(2,4,4 trimethyl pentyl) phosphoric acid] were used to selectively extract small quantities of Cu2+, Co2+ and Ni2+ ions (Nan et al., 2006) in the solution. Addition of a saturated Na2CO3 solution to the liquor precipitated Li as Li2CO3. The process can be represented by the flow-sheet in Fig. 3.
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Fig. 3. Flow sheet for general acid-alkaline treatment with selective recovery and recycling of LiBs
   Three different organic acids (citric, malic and aspartic) were studied as leaching reagents in the presence of hydrogen peroxide for the recovery of Co and Li from spent LiBs. It has been found that leaching with citric and malic acids recovered in excess of 90% of Co and Li, leaching with aspartic acid recovered significantly less of these metals (Li et al., 2013). 
   Recently, Sumitomo Metal Mining Co., Ltd. has developed jointly with the Kyushi University an extracting reagent for recovering Co in recycling process for secondary batteries and fluorescent tubes, as well as in the processing of mineral resources. The extractant is selective for Co in presence of high concentrations of manganese (Cobalt news, 2014).
   Electrochemical methods have been used to recover metals from the leached liquor of the cathode active materials of Li batteries. Since it was impossible to recover Ni directly from the liquor obtained, Ni was first separated from Co by solvent extraction, followed by its recovery through galvanostatic and potentiostatic electrowinning (Freitas and Garcia 2007). 
   An example of the third approach, the physical recycling processes, used in the "Toxco recycling", is shown in Fig. 4. Toxco’s approach involves separating batteries by their chemistry, shredding them in a flooded hammer mill, and separating product streams through a combination of a shaker table and two filters. Depending on the feed, liquid nitrogen is used in two special circumstances: (1) to suppress potential ignition of electrolyte in discarded batteries with high residual energy and (2) to achieve better materials separation when certain battery potting materials were used. The Toxco system produces three product streams: (1) mixed materials comprised of steel, paper, and plastics; (2) intermediate materials made up of collector foils, mixed metallics, and a little electrode material; and finally (3) a slurry of cathode and anode materials, some of which is carbon. Streams 2 and 3 are of the most value. Substantial amounts of copper, cobalt, nickel, and aluminum are contained in stream 2. Stream 3 produces two fractions: one that contains primarily a cathode material and anode carbon mix, which is rich in cobalt (35% by weight), and the second is a filtrate, from which lithium carbonate (Li2CO3) is recovered. 

[image: image4.emf]
Fig. 4. Depiction of the Toxco Recycling System
Source: http://www.toxcommc.com/toxco.html

   Often the recycling scheme consists of a mix of physical, chemical, hydrometallurgical, and pyrometallurgical processes. For example, a battery recycler might employ a pyrometallurgical process to capture metallic materials, but then for refinement purposes hydrometallurgical processing is used. Umicore is an example of such a company. The alloy (Cu, Co, Fe, and Ni) produced in its pyrometallurgical process is refined and purified by using a sulphuric acid leach with subsequent pH adjustments and dissolutions. The two primary products from their operations are NiSO4 and CoCl2. 

   The process, developed by the BGRIMM – Xuzhou Institute also combines different methods: Spent LiBs are subjected to reductive roasting, then leached. Copper is extracted from the liquor obtained by solvent extraction, then impurities are removed from the solution with P 204 and from the purified solution Ni and Co are separated with P 507 and - further by electrowinning.
Conclusion

   The possible mitigation measures for ensuring cobalt availability at world market could be summarized as follows: 
- Additional production – by opening new mines and deeper utilization of raw materials, such as discarded up to now by-products and tailings, which bare Co.
- Substitution - potential substitutes include barium or strontium ferrites, iron-phosphorous, manganese, nickel-cobalt-aluminum, or nickel-cobalt-manganese systems - in lithium-ion batteries; neodymium-iron-boron, or nickel-iron alloys - in magnets; cobalt-iron-copper or iron-copper - in diamond tools; iron, iron-cobalt-nickel, nickel, cermets, or ceramics - in cutting and wear-resistant materials; nickel-based alloys or ceramics - in jet engines; nickel - in petroleum catalysts and rhodium in hydroformylation catalysts; cerium, iron, lead, manganese, or vanadium - in paints; copper-iron-manganese - for curing unsaturated polyester resins. However, in some applications, substitution for cobalt would result in a loss in product performance.
- Irrespectively of the high scale of dissipative applications, an enhanced recycling flows of post-consumer Co-bearing scrap, (especially - batteries) is quite possible. The successful recovery of cobalt from batteries represents a large source of Co in future. It depends on increasing future collection and separation rates of lithium ion batteries from notebooks, smartphones, etc. Improving collection rates and infrastructure for collecting post-consumer Co-bearing materials and facilitating the transfer of BAT in Co recycling is needed. Currently, the greatest need for the technical optimization of recycling is improved manual disassembly during the pre-treatment stage. 
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