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Abstract

:

Managing red mud (RM), a solid waste byproduct of the alumina recovery process, is a serious ecological and environmental issue. With ~150 million tons/year of RM being generated globally, nearly 4.6 billion tons of RM are presently stored in vast waste reserves. RM can be a valuable resource of metals, minor elements, and rare earth elements. The suitability of RM as a low-grade iron resource was assessed in this study. The utilization of RM as a material resource in several commercial, industrial operations was briefly reviewed. Key features of iron recovery techniques, such as magnetic separation, carbothermal reduction, smelting reduction, acid leaching, and hydrothermal techniques were presented. RMs from different parts of the globe including India, China, Greece, Italy, France, and Russia were examined for their iron recovery potential. Data on RM composition, iron recovery, techniques, and yields was presented. The composition range of RMs examined were: Fe2O3: 28.3–63.2 wt.%; Al2O3: 6.9–26.53 wt.%; SiO2: 2.3–22.0 wt.%; Na2O: 0.27–13.44 wt.%; CaO: 0.26–23.8 wt.%; Al2O3/SiO2: 0.3–4.6. Even with a high alumina content and high Al2O3/SiO2 ratios, it was possible to recover iron in all cases, showing the significant potential of RM as a secondary resource of low-grade iron.
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1. Introduction


Bauxite, recognized as the key aluminum ore, contains ~30–54% alumina (Al2O3) along with mixtures of silica, iron oxides, titanium dioxide, and several impurities, etc. Up to 95% Al is produced worldwide from the bauxite ore using the Bayer’s process. In the Bayer process, bauxite is washed in a hot solution of sodium hydroxide, which leaches Al in the form of Al(OH)3; it is later calcined to form Al2O3. Red mud (RM), also known as the bauxite residue, is a solid waste byproduct of the alumina recovery process. Producing one ton of alumina consumes up to 2–3 tons of bauxite and generates ~0.4–2 tons of RM depending on the source/location of the ore; the global average of RM is ~1.3 tons per ton of alumina [1,2]. Alumina has also been extracted from poor-quality diasporic bauxite using soda lime sintering at high temperatures [3]. Wang and Liu (2012) [4] have reported on the chemical composition of Bayer and sintering red muds from an alumina refining plant in Guizhou, China [4]. While the typical composition of Bayer RM was Fe2O3 (26.4%), Al2O3 (18.9%), SiO2 (8.52%), CaO (21.8%), and TiO2 (7.4%), the corresponding results for the sintering RM were Fe2O3 (7.9%), Al2O3 (17.3%), SiO2 (17.3%), CaO (40.2%), and TiO2 (7.4%). The sintering RM showed much higher levels of CaO and SiO2 but low levels of Fe2O3 as compared to the Bayer RM; similar trends have also been reported by Feng and Yang (2018) [5]. Due to quite low levels of Fe2O3 present, sintering RM is not considered a potential iron resource in this study.



Global bauxite resources are estimated to be ~55 to 75 billion tons with reserves in Africa (32%), Oceania (23%), South America, the Caribbean (21%), and Asia (18%). With the annual primary aluminum production increasing to 47 million tons, an estimated 150 million tons of RM are being produced in various aluminum plants across the world [6,7]. Nearly 4.6 billion tons of RM, presently stored around in vast waste reserves, represents massive industrial waste scenarios [8,9,10]. Several red mud incidents in different countries have also been tabulated in a number of publications [11,12].



Extensive efforts and attempts have been made to recycle, process, and utilize RM waste. Several excellent reviews are available in the literature on RM recycling, utilization, and management [13,14,15,16,17,18,19,20]. Key challenges in processing RM include, among others, high alkalinity pH: 10–13 [21], high moisture content, small particle sizes (≤75 µm), large volumes, and transportation costs [22]. Landfilling and dumping around the industrial plants have been the standard procedure; vast quantities of stockpiled RM are known to be toxic and very hazardous [23]. Deep sea dumping and storage in ponds have also been attempted. Poorly designed storage dams are likely to fail under certain circumstances resulting in local and environmental contamination [24]. Numerous efforts are being made to find economically viable and environmentally sustainable solutions to the RM problem. However, most current options can only accommodate a small fraction of the red mud generated globally [25,26].



Depending on the region and the location, the type of bauxite, operating parameters of the Bayer process, and the composition of red mud can vary over a wide range [27]. Major constituents of RM are: Fe2O3: 26.6–46 wt.%; Al2O3: 15–21.2 wt.%; TiO2: 4.9–21.2 wt.%; SiO2: 4.4–18.8 wt.%; Na2O: 1–10.3 wt.%; CaO: 1–22.2 wt.% [28,29]. Several minor elements (U, Ga, V, Zr, Sc, Cr, Mn, Y, Ni, Zn, Th, rare earths) may also be present in ppm levels [30]. RM particles are generally fine-grained with particle sizes smaller than 75 μm for up to 90 wt.% of particles, and surface areas ranging between 10–30 m2/g [31]. Given the complex composition of RM, fine particle sizes and toxic caustic-corrosive nature, the processing of RM can be quite challenging, and technically difficult [32].



Global steel production has more than tripled over the past 50 years; China and India are the top two steel producing nations. In 2020, the global steel production was 1.86 billion tons; China accounted for more than a billion tons of steel [33]. Iron ore resources are getting consumed at a fast rate leading to a reduced availability of high-grade iron ores as well as sharp declines in their supply to iron and steel plants. The current scenario is steadily shifting towards the use of low grade iron ores. Presently, red mud is not considered as competitive raw material for iron and steel making as the Fe2O3 content of the red mud (27–47%) is significantly lower than the requisite concentrations in conventional iron ores (>60%) [34]. Iron ores with Fe contents above 65% are regarded as high-grade ores; 62–64% medium grade ores and those below 58% Fe are considered as low-grade ores [35,36]. The known world resources of crude iron ores are approximately 800 billion tons [37]. Most of the known deposits contain low-grade ores with iron contents even less than 30%. In order to meet the growing demand for iron and steel, it is thus imperative to find new sources of iron ore to supplement the existing reserves [38].



With significant reserves of iron, albeit in relatively low concentrations, the RM waste could be considered as a low-grade iron ore. However, requisite high volumes, fine particle sizes, high moisture, and alkaline content make it virtually impossible and too costly to transport large quantities of RM to distant places. Commercial scale iron recovery, therefore, needs to be carried out near the source of RM generation. Across the globe, there are wide variations in RM compositions as well as methodologies used to recover iron.



The aim of this study is to develop a critical review and an assessment on the recovery of iron from RMs in different parts of globe. This study will consolidate relevant data from India, China, Greece, Italy, France, and Russia in the form of case studies to determine the likelihood of iron recovery processes, tailored to local conditions and RM compositions. The article is organized as follows. A brief overview on RM waste management strategies is presented in Section 2. Section 3 presents key techniques used for the recovery of iron from red mud. Consolidated results from the global scenario are presented in Section 4 in the form of case studies. These discussions are followed by a comparison of RMs with low grade iron ores and concluding remarks in Section 5 and Section 6.




2. RM Waste Management Strategies: A Brief Overview


A brief overview of RM waste management practices is presented next with specific focus on recycling, utilization, and material recovery. Attempts have been made to recycle large volumes of RM in several commercial, industrial operations such as building and construction materials, cement, concrete, coloring agents for paints, paper/polymer/ceramic/refractory products, catalysts, inorganic chemicals, adsorbents, metallurgical recovery of metals (Al, Ti, Si), rare earth elements, and others [39,40]. Being the focus of this study, specific details on the recovery of iron from red mud will be presented in later sections. Some of the key approaches to RM utilization are summarized below.



2.1. Construction Materials


2.1.1. Cement


The use of RM in the production of cement has been investigated extensively in several countries. Road construction using RM is considered one of the most suitable applications [41]. High contents of iron and aluminum in RM were reported to be beneficial for cement production, accelerating the clinkering process and for slag replacement. Pontikes and Angelopoulos [42] have recommended the addition of ~30 kg of RM per ton of ordinary Portland cement. Feng et al. [43] mixed 50 wt.% thermally active RM with modifiers along with other solid wastes to produce Portland cement; the flexural and compressive strength of the manufactured concrete were found to be adequate for concrete requirements of pavement materials. Liu and Poon [44] used RM to prepare self-compacting concrete; Nikbin et al. [45] evaluated the mechanical strength, elastic moduli and environmental impact of lightweight concrete. RM from HINDALCO (Hindustan Aluminum Corporation, Mumbai, India) has been used to prepare superior strength Portland cements; typical compositions used were: 30–35% RM, 15–20% bauxite, 7.5–10% gypsum, 45–50% lime [46]. The crushing and bending strength of the mortar were found to improve with 5–10% RM addition [47].




2.1.2. Building Materials


Dodoo-Arhin et al. [48] investigated composites of RM (20–50 wt.%) and Tetegbu clay (balance) for making ceramic bricks. Sintered bricks were fired in the temperature range 800–1100 °C; optimal properties for the construction brick applications were obtained for RM contents of 50 wt.%. Several researchers [49,50,51,52,53,54] have examined the potential recycling of RM for construction and building supplies, different types of bricks such as non-fired, non-steam cured bricks, ceramic glazed tiles, decorative bricks, hollow bricks, fly ash bricks, and others; their strength and quality was found to be quite comparable to standard bricks. Stabilized blocks with strength of grades II/III bricks have been developed mixing RM with clay and/or fly ash; low density (1.1–1.2 g/cm3), hollow bricks and blocks have also been prepared [55,56].




2.1.3. Glass-Ceramics, Geopolymers, Catalysts


Some other applications of RM include utilization in the production of glass-ceramics, geopolymers, catalysts, and fillers, among others. Firing blends of RM with limestone at 1150 to 1200 °C, Amritphale et al. [57] were successful in producing cements with a strength of 200 kg/cm2. Ceramic tiles were also produced from mixtures of RM with fly ash/additives; relative proportions of various constituents were used for controlling the tile strength [58,59]; RM has also been used to reduce the impact of glazing [60]. Yang et al. [61] were able to prepare a CaO-SiO2-Al2O3 glass-ceramics using up to 85% waste materials (RM and fly ash). The limitations of RM in terms of colour and impact strength and densification mechanism could limit some commercial applications [62].



Geopolymers and synthetic aluminosilicates have been produced from mixtures of RM with fly ash other wastes such as FeNi slag, rice husk ash, blast furnace slag, etc. as a replacement for Portland cement ceramic and composite applications [63,64]. Advanced composites are used extensively in defence, aerospace, petrochemical, and marine industries [65]. Using RM as base and filler materials, a 4 km long highway was trialed in Zibo, Shandong Province, China and was found to meet requisite strength requirements [66]. RM has been used as a catalyst in several applications, e.g., hydro-dechlorination, coal hydrogenation, coal/biomass liquefaction, SO2 reduction, methane combustion etc. [67,68]; However, only a small fraction of RM waste can be used in these applications. Environmental pollution control applications of RM include waste water treatment, soil remediation with bauxite residues, waste gas purification and sulphur removal, etc. [69,70,71].





2.2. Resource Recovery of Metals


Depending on the region & the location, the type of bauxite, operating parameters of the Bayer process, the composition of red mud can vary over a wide range [72]. Major constituents of RM are: Fe2O3 Al2O3, TiO2, SiO2, Na2O, CaO etc. [73,74,75,76]. Several minor elements (U, Ga, V, Zr, Sc, Cr, Mn, Y, Ni, Zn, Th, rare earths) may also be present in ppm levels [77,78,79]. RM particles are generally fine-grained with particle sizes smaller than 75 μm for up to 90 wt.% of particles, and surface areas ranging between 10–30 m2/g. Given the complex composition of RM, fine particle sizes, high moisture content and toxic caustic-corrosive nature, the processing of RM can be quite challenging and technically difficult [32,80]. Some of the techniques used to extract key metals from RM are briefly summarized below.



2.2.1. Aluminium


Up to 4–16% aluminum could be present in RM after Bayer’s process as residual alumina; several hydro/bio metallurgical approaches have been developed for processing RM as an additional alumina resource. Vachon et al. [81] used mixtures of sulphuric/citrus/oxalic acids in a range of proportions for extracting aluminum from RM. These authors also investigated bioleaching using acid-producing bacteria and fungi recovering up to 75% Al present. Bruckard et al. [82] used fluxing, smelting and leaching at 60 °C with soda and calcium carbonate to dissolve up to 55% Al. The hydrometallurgical approach involves atmospheric/pressurized alkali leaching at high temperatures as well as acid leaching. Zhang et al. [83,84] were able to recover alumina by forming andradite–grossular hydrogarnet in a hydrothermal process. The pyrometallurgical recovery involves sintering with soda (25–70 wt.%) and lime (10–50 wt.%) in the temperature range 1000–1050 °C to form water-soluble sodium aluminate, followed by leaching in water/NaOH (1.5–2 M) achieving up to 76–90% aluminum extraction [85,86]. However, some of these processing methods could be quite expensive, time consuming and produce secondary waste products as well.




2.2.2. Titanium


Pyrometallurgical as well as hydrometallurgical techniques have been used for extracting TiO2 from RM. Calcining RM in the temperature range 850–1300 °C, followed by smelting with a carbonaceous reductant in an electric furnace, produces molten iron along with a slag containing titanium dioxide, alumina, silica, etc. [87,88,89]. Kasliwal and Sai [90] leached RM with HCl at 363 K, and heat treated the leach residue with Na2CO3 at 1423 K for 115 min to recover up to 76% TiO2. Deep et al. [91] used hydrolysis and calcination followed by acid leaching with (3% H2O2, 0.5 M H2SO4, 4 M HCl/H2SO4) solution to recover TiO2. The commercialization of these predominantly laboratory based techniques would require significant resources and associated infrastructure.




2.2.3. Rare Earths and Other Elements


RM also contains several rare earth elements (REEs), including scandium (60–120 ppm), yttrium (60–150 ppm), gallium (60–80 ppm), as well as radioactive elements uranium (50–60 ppm) and thorium (20–30 ppm) [92,93,94,95,96,97]; some of these concentrations are comparable or even better than corresponding concentrations in respective ores. REEs are generally recovered from RM using the hydrometallurgical route. Wang et al. [98] recovered scandium from synthetic RM using solvent extraction with Di-(2-ethylhexyl) phosphoric acid. Through selective leaching of a Greek RM with dilute HNO3, Ochsenkuhn-Petropulu et al. [99] were able to recover up to 90% Y, ~70% heavy lanthanides (Yb, Dy, Er), ~50% middle lanthanides (Nd, Sm, Eu, Gd) and 30% light lanthanides (La, Ce, Pr). Mineral as well as organic acids were used by Ujaczki et al. [100] to leach out REEs from the RM. Selective recovery of up to 75% Sc can be achieved from RM by using the sulfation method [101]






3. Iron Recovery from Red Mud: Key Techniques


Iron is one of the key constituents of RM and is often present as oxides or oxyhydroxides. Several techniques such as magnetic separation, carbothermal reduction, microwave carbothermal reduction, smelting reduction, acid leaching, and hydrothermal techniques have been developed to separate and recover iron-bearing phases [102,103]. A brief summary of the methods used is presented below.



3.1. Magnetic Separation


The main mineral phase of iron in RM tailings could be hematite, goethite, or magnetite, which are magnetic or weakly magnetic materials. One of the most effective ways to separate the fine magnetic particles in liquid suspensions is through direct application of high intensity magnetic fields; electromagnets with fields up to 0.3 T (Tesla) have been used for recovering Fe from RM slurry. The yield was generally quite poor with the resulting output in the form of magnetic and non-magnetic fractions [104]. A direct magnetic separation approach is inefficient for Fe recovery from RM due to the lack of magnetic iron-bearing mineralogical phases. Much stronger fields (up to 4 T) using superconducting magnets have also been used to separate the fine magnetic particles (<100 µm) in liquid suspensions and to separate iron rich and iron poor fractions [105]. After the separation process, high iron content and low iron content parts of RM could be recycled as resources in different industrial sectors. Higher magnetic intensity leads to more amounts of concentrates being collected and higher iron contents in the concentrates. Using hydro cyclone and magnetic separation techniques, it was possible to raise the iron content of RM from 52 wt.% to 70 wt.% [106].




3.2. Carbothermal Reduction


The carbothermal reduction of red mud has been reported using several techniques such as smelting [107], microwave reduction [108], suspension roasting [109], and sintering [110]. In the carbothermal reduction, RM powders are mixed with a range of carbonaceous materials (coals, coke, charcoal, graphite, bagasse, spent pot lining etc. [111,112] and sodium flux to produce pellets/briquets followed by heat treatment in the temperature range between 600–1200 °C for time periods between 30–240 min. This technique is limited by the low grade of iron produced, economic costs of the flux and reductants used, and high energy consumption.




3.3. Microwave Carbothermal Reduction


This technique uses isothermal/non-isothermal reduction using microwave heating followed by magnetic separation [113,114]. Microwave heating has several advantages over conventional heating, such as the instantaneous generation of heat inside moderately absorptive materials rather than relatively slow heat transfer from the outside surface. Typical processing conditions are 600–1000 W power, 700–1000 °C temperature range, 5–20 min roasting time and 5–16 wt.% C. Reductants used include charcoal and CO/CO2 gases. Microwave heat treatment is followed by low intensity (0.1–1.8 T) magnetic separation. This treatment has significantly faster reaction times and potentially lower energy consumption as compared to conventional heat treatment methods [115]. Some of the limitations of this technique include high costs of reductants, low grade iron recovery and scaling issues.




3.4. Smelting Reduction


Smelting reduction involves the roasting of red mud, reductant and flux pellets in the temperature range 1400–1750 °C for times between 15 to 60 min. Furnaces used include resistance furnace, electric arc furnace, plasma furnace, vertical tube furnace, etc. [116,117,118,119,120,121,122,123]. Coal, coke, graphite, blast furnace sludge, and biomass have been used as reductants [124]. Additives during pellet making include Na2CO3, CaCO3, Na2SO4-Na2CO3, among others. Under the ENEXAL project, Balomenos et al. [125] have reported on the reductive smelting of red mud and coke in electric arc furnace based experiments, preliminary thermodynamic modelling, and transition to full-scale pilot plant operation. Typical post treatments included the separation of metal and slag and acid leaching; end products were in the form of pig iron, iron nuggets, and REE enriched solutions. While high grade iron (91–96%) could be recovered, the limitations of this technique include high energy and flux consumption, high levels of phosphorus, and sulphur in iron and generally low yields.




3.5. Suspension Reduction


In this technique, RM undergoes reduction with reducing gases CO, CO2, and H2 combined with N2 in a fluidized/static bed reactors [126,127,128]. This technique offers an alternate processing route for the separation of iron bearing phases from RM and the residue valorization via hydrogen reduction followed by magnetic separation. Typical temperature ranges and heating times were 350–600 °C for 30 min and 500–640 °C for 15–30 min. Key advantages of this method are relatively low processing temperatures, low energy consumption, no need for sintering or agglomerating the residue, and negligible carbon contamination typically observed in carbothermal reduction. This method is, however, limited by the high cost of H2, poor iron enrichment, complex design, and composition variables.




3.6. Hydrometallurgy


A number of hydrometallurgical processes based on acid leaching have been developed for extracting iron from red mud. The metallic values in red mud are leached using mineral acids: HCl, H2SO4, HNO3, H3PO4, and organic oxalic acid followed by solvent extraction [129]. An extraction rate of 96% could be achieved after leaching with 1 mol/L oxalic acid at 75 °C for 2 h. UV radiation was used on the precipitates for transforming ferric oxalate to ferrous oxalate [130]. Leaching with 8 N sulphuric acid at 100 °C for 24 h, an iron recovery of 47 wt.% could be achieved [131]. Iron grade recovery ranged from 94.2–97.4 wt.% for oxalic acid, 52–95.9 wt.% for hydrochloric acid, and 40–97.4 wt.% for sulphuric acid [132,133]. However, this technique is uneconomical for large scale utilization and nonselective iron extraction, and suffers from secondary waste generation and requires further downstream processing.




3.7. Other Techniques


Being ecological and requiring low energy consumption, bio-metallurgical techniques based on bioleaching are becoming increasingly important for the treatment of iron oxide ores [134,135]. Desulfuromonas palmitatis is believed to dissolve part of iron minerals from bauxite; especially 95% of amorphous ferrihydrite can be dissolved. The high pH value of red mud is likely to restrict the use of bioleaching for extracting of iron oxides [136]. Vakilchap et al. [137] observed that Aspergillus niger fungus can recover up to 69.8% Al, 60% Ti, and 25.4% Fe from red mud; a holding time of 30 days was required. Penicillium tricolor fungus has also been used for REE recovery from red mud [138,139]. In the hydrothermal method, red mud is digested in an alkaline medium at high temperatures (40% NaOH, 250 °C, 30–180 min), followed by washing and magnetic separation. [140]. Iron values present in red mud can be extracted using both the pyrometallurgical and hydrometallurgical techniques. Oxalic acid leaching, coupled with photocatalytic reduction, may be suitable for low iron grade red mud. Carbothermal microwave reduction followed by magnetic separation presents a high efficiency technique for red muds with 25–40% iron values. The choice of recovery technique will be based on economic feasibility, efficiency, as well as recovery efficiency.





4. Global Scenario


In this section, we present an overview on red muds being used a secondary iron resource in different countries around the globe. Details will be provided on the composition of red mud, iron recovery technique used, product yield and other relevant features in the form of case studies. As high temperature processing and pyrometallurgy are traditional approaches in conventional ironmaking, in this section we have focused our specific attention on the pyrometallurgical recovery of iron from red muds using well-established techniques.



4.1. INDIA


4.1.1. Case Study 1


In this study, the red mud was sourced from HINDALCO India and the Bauxite type was Laterite [113]. The chemical composition of RM is given in Table 1.



As received RM powder was pulverized using a ball mill to sizes below 100 µm and concentrated to an iron rich fraction using magnetic separation, followed by reduction roasting pre-treatment. Reduction investigations were carried out in the temperature range (700–1000 °C) using a silica crucible in a standard muffle furnace as well as in a 900 W microwave furnace. Charcoal was used as the reductant in both furnaces and the heating times were between 10–50 min. A coating of calcium oxide was used from trapping CO2 gas over period of time. Specimens were water quenched after the heat treatments. Magnetic separation was carried out on reduced samples using 0.2 T magnetic field. Heat treatment temperature and heating time were found to be key factors in iron recovery. A treatment at 1000 °C for 10 min resulted in 95% iron recovery and an increase in RM iron content to 48.5 wt.%.




4.1.2. Case Study 2


In this study, the red mud was sourced from NALCO India; Bauxite type used was Laterite [114]. The chemical composition of RM is given in Table 2.



Experimental steps used in this study were quite similar to those in Case Study 1 and involved the blending of red mud with charcoal reductant, carbothermal reduction in muffle, and microwave furnaces followed by magnetic separation. Optimal experimental conditions for iron grade and iron recovery were determined. In the muffle furnace, optimal conditions for iron grade and iron recovery were 1000 °C, 16.5 wt.% C, 50 min and 850 °C, 11 wt.% C, 50 min, respectively. Corresponding conditions for the microwave furnace were 1000 °C, 11 wt.% C, 10 min and 850 °C, 5.5 wt.% C, 30 min, respectively.




4.1.3. Case Study 3


Jayasankar et al. [117] used thermal plasma technology to produce pig iron from RM, as well as from low grade iron ore fines. The RM was sourced from NALCO India; its composition is provided in Table 3. The term LOI represents ‘loss on ignition’.



The plasma furnace used in this study uses a pot type 35 kW DC extended transfer arc plasma reactor; zircon coated graphite crucibles were used as the furnace hearth [141]. Size reduced powders were placed in the graphite crucible of the plasma reactor. 1 kg of RM was mixed with 30% petroleum coke and 10% dolomite; the presence of dolomite helped in the separation of Fe from the slag. Graphite was also used as a reductant in some cases. These blends were loaded in the crucible. The plasma furnace was operated using 250 A current and a DC voltage of 60 V. Argon gas was passed continuously through the furnace at a flow rate of 1 L/min. Blends were smelted in the temperature range 1550–1650 °C for times between 20–30 min. The smelted pig iron and slag were collected into a preheated graphite mould through a tap hole. Iron recovery of 78% and 48% was achieved for graphite and petroleum coke reductants.





4.2. CHINA


4.2.1. Case Study 4


Li et al. [142] collected red mud from Shandong Province, China; the sample was pre-dried at 100 °C for 10 h to remove moisture. The chemical composition is given in Table 4.



The RM, flux, and bentonite binder were mixed thoroughly to prepare green balls (800 mm dia., 200 mm thickness) in a disk pelletizer; these were later dried using a vacuum oven. Bituminous coals were used reductants and mixed with dry pellets with C/Fe mass ratio of 1.5. These were heat treated in a muffle furnace at 1050 °C for 80 min and furnace cooled. About 50 gm of pre-reduced pellets were mixed with 10% C and smelted at 1600 °C for 30 min; a corundum crucible was used during smelting. Pig iron and slag were cooled to room temperature under N2 atmosphere for subsequent separation. The pig iron was produced with an iron recovery of 98.15% and the slag containing 43.17% Al2O3 and 15.71% TiO2, respectively.




4.2.2. Case Study 5


Chun et al. [143] investigated the recovery of iron from red mud using high temperature reduction of carbon bearing RM briquettes. The red mud was collected from Shandong Aluminum Corporation, China. Up to 80% particles could pass through a 0.1 mm sieve. The composition of red mud is given in Table 5.



The coal with the following characteristics was used as the reductant: fixed carbon—78.99%, volatile matter—7.4%, ash content—10.95%; sodium borate was used as an additive. Red mud, sodium borate (0–6 wt.%) and coal fines (7–12 wt.%) were blended using a small amount of water. Cylindrical briquettes were prepared in a mould by applying 8 MPa pressure for 1 min; these were then oven dried at 105 °C for 4 h. The reduction of briquettes was carried out in the temperature range 1200–1350 °C four times between 20 to 30 min in N2 (1 L/min) atmosphere. Optimal roasting conditions were determined to be 1300 °C for 30 min. Reduced briquettes were ground finely, and the iron content was separated using magnetic separation (0.08 T). The addition of sodium borate was found to increase the iron grade of the recovered metallic powder to ~90%; which was attributed to the iron oxide reduction and the growth of metallic grains leading to an improved separation from gangue during subsequent magnetic processing.




4.2.3. Case Study 6


Zhang et al. [144] reported a semi-smelting reduction on an iron rich bauxite ore and magnetic separation process for the recovery of iron and alumina slag under a lower basicity condition. The composition of iron rich bauxite from western Guangxi, China is given in Table 6.



Iron rich bauxite, Ca(OH)2, anthracite coal, and CaF2 were mixed thoroughly in a range of proportions and crushed using a ball mill. The anthracite coal with 78.73% fixed carbon was from Yangquan in Shanxi province in China. The average particle size and specific surface area of blends were determined to be 88.431 µm and 0.149 m2/g. The mixtures were placed in a roller press and squeezed in the form of briquettes; these were then dried at 200 °C for 3 h. The composite briquettes were placed in a corundum crucible and reduced to a semi-smelting stage in a high temperature furnace in Ar (1.5 L/min) atmosphere. The reduction process was repeated three times. The reduced briquettes were crushed by the jaw crusher to 1–10 mm sizes and iron nugget and alumina slag were magnetically separated by a high strength magnetic field (0.4 T). Increasing the temperature can significantly increase the iron recovery and total iron content in the magnetic fraction; it also has a strong influence on the slag melting point and metallization rate of the briquettes. Reduction studies were carried out in the temperature range 1375–1450 °C for 1 to 15 min. Optimum conditions were determined to be: w(CaO)/w(SiO2) ratio of 1.25; 1425 °C, 15 min, anthracite proportion of ~12%. High quality iron nugget and high-grade alumina slag could be achieved with highest iron recovery rate (96.84 wt.%) and grade of alumina slag (43.98 wt.%), respectively.




4.2.4. Case Study 7


Guo et al. [145] used red mud from a Chinese aluminum plant and used magnetic separation to concentrate into iron rich fraction. The chemical composition of the iron rich RM is given in Table 7.



Red mud, anthracite coal, and lime-stone were used as raw materials; these were baked in a drying cabinet with forced convection at 200 °C for 2 h. These were mixed in a range of proportion to ensure sufficient carbon reductant and desired basicity. The mixture was homogenized with a binder and compacted into pellets using a roller press. Direct reduction of pellets was carried out in a muffle furnace using following operating conditions: 1350 °C/20 min; 1375 °C/25 min; and 1400 °C/30 min. Heat treated pellets were quenched in liquid N2. The degree of metallization was determined using x-ray diffraction and chemical analysis. Temperature was found to be a key factor for reduction and the separation of metal and slag. Iron nuggets with an iron content of 96.52 wt.% were observed within the pellets after 1400 °C/30 min heat treatment. A chemical analysis of nuggets showed that the total iron was higher than in pig iron along with lower Si and Mn contents.





4.3. GREECE


4.3.1. Case Study 8


Samouhos et al. [146] carried out investigations on red mud supplied by the Greek aluminum producer ‘‘Aluminum of Greece S.A”. The RM was relatively finely grained with 60 wt.% of particles with sizes below 100 µm and 97 wt.% with particles below 400 µm. The chemical composition of the RM is given in Table 8.



This study investigated the separation of the iron oxide from RM using low temperature reduction by hydrogen under static conditions, followed by wet magnetic separation. 20 gm of dried red mud sample (105 °C overnight) was placed in an alumina crucible and positioned in the outer region of a horizontal furnace (room temperature). The furnace tube was continuously purged with N2 gas (250 mL/min) to remove all oxygen present. The sample was then transferred to the central hot zone and the gas flow switched from N2 to N2/H2 gas mixtures in a range of proportions. RM samples were reduced in the temperature range 300–450 °C for 30 min and were furnace cooled by withdrawing to the outer region. The conversion degree of hematite to magnetite was investigated as a function of reduction time, temperature, and H2 supply. A maximum conversion of 87% was achieved at 480 °C. Reduced RM samples were subjected to magnetic separation yielding a magnetic fraction with over 54 wt.% magnetite content.




4.3.2. Case Study 9


Cardenia et al. [147] carried out investigations on the RM provided by Mytilineos, Metallurgy Business Unit (formerly known as AoG). The particle size distribution of the dried sample had a mean particle size (D50) of 1.87 µm and D90 of 90% of the particles below 43 µm. The composition of red mud is given in Table 9.



Dried homogenized bauxite residue was mixed with Na2CO3 in the ratio 4:1 and sintered in a muffle furnace at 900 °C for 2 h and furnace cooled. The sinter was stirred in a 0.1 M NaOH solution at 80 °C for 4 h with a 1.5% w/v pulp density and 240 rpm speed. Sodium and aluminum were leached out and a solid residue was left behind as modified red mud. The dried modified red mud was mixed with metallurgical coke in the ratio 4:9 and formed into pellets. These were roasted in a microwave at 600 W power, 300 s, and a N2 gas flow of 1 L/min for three times. During the 1st and 2nd MW reductive roasting process, the resulting cinders were found to be rich in spherical metallic Fe particles trapped within the matrix. These were separated using a manual sieve. These were then subjected to a wet high intensity magnetic separation. A high concentration of metallic iron was detected in the magnetic fraction (56 wt.%) along with calcium, silicon, and titanium also present in minor quantities. Up to 4% iron was detected in the non-magnetic fraction. With successive MW roastings, the recovery of iron was further enhanced up to 69%.




4.3.3. Case Study 10


Borra et al. [107] used the red mud provided by the Aluminum of Greece Company (Agios Nikolaos, Greece). The composition of RM is provided in Table 10.



The RM sample was mixed with graphite (5–15 wt.%) and flux using a pestle and mortar; wollastonite (CaSiO3) was used as a flux and graphite as a reducing agent. Handmade pellets were dried at 105 °C for 12 h. Smelting reduction experiments were carried out in a high-temperature vertical alumina tube furnace in the temperature range 1500–1600 °C with a heating rate 5 °C/min and kept at the pre-set temperature for 1 h. High purity Ar gas was flushed through the furnace at a flow rate of 0.4 L/min. After the heat treatment, the furnace was cooled down to room temperature. Optimum conditions at 1500 °C were identified as 20 wt.% wollastonite and 5 wt.% of graphite. More than 85 wt.% iron could be separated in the form of a nugget. Additional 10% iron could be recovered through subsequent grinding of slag and magnetic separation.





4.4. ITALY


Case Study 11


Mombelli et al. [124] used red muds from EurAllumina S.p.A., Portovesme (Italy) as a raw material for the production of iron-based secondary raw material in the form of cast iron and direct reduced iron (DRI). The composition of fresh and calcined red mud is given in Table 11. Red muds were calcined in a muffle furnace at 1000 °C for 60 min to eliminate hydroxide and carbonate species. Graphite and blast furnace sludge were used as reducing agents; lime was added as a fluxing agent to aid slag formation.



A muffle furnace was used to carry out reduction experiments at 1200 °C, 1300 °C, and 1500 °C. The furnace containing the samples was heated to these temperature, maintained for 15 min, and then cooled. The results showed that the blast furnace sludge was a suitable reductant to recover the iron fraction in the red mud. The metallization degree achieved was higher than 70%; the composition 1:1 red mud/blast furnace sludges were found to be equivalent to 0.85 C/Fe2O3. Mombelli et al. [148] mixed RM with 6 and 12 wt.% metallurgical coke and slag conditioners CaO and SiO2 and reduced the blend in an arc transferred plasma (ATP) reactor at 1600–1700 °C for 30–35 min. The quality of cast iron quality produced was evaluated for sake of valorization and marketability.





4.5. FRANCE


Case Study 12


Maihatchi et al. [149] have used an alternative route to beneficiate RM by directly producing electrolytic iron from hematite present in red muds in a highly alkaline medium. Red mud specimens were obtained from Alteo, a European alumina manufacturer. The chemical composition of RM is provided in Table 12.



A double-walled Pyrex cell with a total volume of 600 mL and diameter 80 mm was used in the experiments. Approximately 450 mL of 12.5 mol/L NaOH solution and 150 g of red mud were introduced into the cell. A cylindrical graphite rod with a 19.4 cm2 wetted area was used as the working electrode. A platinum-coated titanium grid was used as a counter electrode. A saturated Ag/AgCl electrode was used as the reference electrode. A SP-150 potentiostat coupled to a 10 A booster acted as the current source. The solid: liquid ratio and amounts of impurities present in red mud were varied to optimize the faradaic yield and the production rate of electrolytic iron. Hematite could be reduced to iron with an efficiency over 80% for current densities up to 1000 A/m2. Highest current efficiency for red muds were achieved for current densities below 50 A/m2; these efficiencies were seen to decrease to 20% at 1000 A/m2. The produced electrodeposit contained more than 97% metal iron in all cases. For the economic and commercial viability of this technique, it is requisite to obtain larger faradaic yields for the beneficiation process.





4.6. RUSSIA


4.6.1. Case Study 13


Valeev et al. [119] carried out reductive smelting on neutralized RM from Ural Aluminium Plant (Kamensk-Uralsky, Russia) with an aim to obtain the maximum amount of pig iron and to achieve a complete separation of the metal and slag. The chemical composition of RM is given in Table 13.



The mixture with 27.6 g RM and 2.4 g graphite was loaded in a carbon crucible and placed in a Tammann furnace for reductive smelting. The furnace was heated up to 1300 °C rapidly for 1 h, then a slow heating to the required temperature range 1650–1750 °C at 10 °C/min. The assembly was kept at these temperatures for 10 min. The furnace was then switched off and the crucibles were furnace cooled to room temperature. After 1650 °C smelting reduction, the slag phase containing up to 8% Fe was not separated from the metal. Increasing temperature to 1700 °C saw the iron content in the slag to reduce to ~3% and the formation of large metal ingots at the crucible bottom. Almost complete separation of metal and slag was observed at 1750 °C with the iron content in the slag dropping to 0.16%. Pig iron obtained at 1750 °C could find application for producing moulds for steel-casting.




4.6.2. Case Study 14


Grudinsky et al. [150] have reported on the solid-state carbothermic roasting of two RMs in the presence of special additives followed by magnetic separation. Red muds were obtained from Bogoslovsky Aluminum Plant (Russian Federation, labelled as ‘B’) and from the Ural Aluminum Plant (Russian Federation, labelled as ‘U’). The composition of ‘B’ and ‘U’ RMs are provided in Table 13 and Table 14 respectively.



Long-flaming coal with 15% ash content and 18% moisture content was used as a reductant; Na2SO4 was used as an additive. RM, coal, and the additive were finely ground and blended together. These blends were roasted in a muffle furnace in the temperature range 1000–1450 °C, for times between 20–180 min. Heat treated samples were removed from the furnace and quenched with liquid N2. Roasted RM samples were ground finely, and the iron rich fraction was magnetically separated using a magnetic field of 0.35 T. Iron concentrates with more than 95% of iron recovery and 83% of the iron grade were obtained for ‘U’ and ‘B’ red muds respectively. Optimal conditions for the roasting of the samples were a duration of 180 min with the addition of 13.65% Na2SO4 at 1150 °C and 1350 °C for the ‘B’ and the ‘U’ RMs respectively.






5. Comparison with Low Grade Iron Ores


The overall quality of an iron ore is judged mainly by its Fe content in the elemental form. Iron ores with Fe contents above 65% are considered high-grade ores [35,151]. Medium grade ores contain ~62–64% iron and those below 58% iron are low grade ores. Other important considerations include the concentrations of SiO2, Al2O3, and S and P. The alumina to silica ratio higher than one can cause serious operational problems during sintering and subsequent smelting in the blast furnace [152]. High alumina content in the iron ore/and sinter leads to a viscous slag during smelting in a blast furnace resulting in a high consumption of coke as well as other concerns during tapping. Generalized concentrations of SiO2 in iron ore should be less than 6 wt.% [153] and Al2O3 should be between 3–4 wt.%. [154] for blast furnace ironmaking.



In Figure 1, the Fe2O3, Al2O3, and SiO2 contents of RMs from the 14 case studies have been plotted. The Fe2O3 content in most cases was between 30–50 wt.%; the average value was determined to be ~44 wt.%. The Al2O3 content of various RMs was quite high ranging between 6.9 to 26.5 wt.%; the SiO2 content ranged between 2.3 to 22 wt.%.



In Figure 2, Al2O3/SiO2 ratio vs. Fe2O3 content has been plotted for various red muds. Except for one RM, this ratio was higher than 1 (range: 1.3 to 4.6) for most RMs under investigation. Low Al2O3 in the iron ore facilitates and helps in maintaining lower alumina in slag without increasing slag rate and keeping it fluid. However, in sponge iron making (DRI) the SiO2/Al2O3 ratio should preferably be 1. Higher SiO2 in ore causes accretion formation in the DRI kiln; a balanced Al2O3 content enables easy dislodging of formed accretions. Some operations in China currently run on very high alumina iron ore, but the silica content is usually 3–4 times that of alumina.



China is currently world’s largest producer of iron and produced 1053 Mt out of total global production of 1864 Mt [33,155]. Facing the risks of raw material shortages, China is working towards the feasibility of using domestic low grade/refractory iron ore resources. There is a large deposit in the Guangxi Zhuang Autonomous Region with an average of 43 wt.% Fe2O3 and 25 wt.% Al2O3 [156]. Rath et al. [157] have reported on a low grade iron ore from India containing 51.6 wt.% Fe2O3, 17.6 wt.% SiO2 and 4.3 wt.% Al2O3.



In this study, iron recovery from a wide variety of red muds across the globe was reviewed in the form of case studies. Alumina content was higher than 20 wt.% in four case studies. In the case study 2 (Fe2O3: 47.9 wt.%; Al2O3: 22.64 wt.%; SiO2: 10.25 wt.%; Al2O3/SiO2: 1.92), the carbothermal reduction was carried out in muffle as well as microwave furnaces. Optimal conditions for iron recovery were determined as: muffle furnace: (1000 °C, 16.5 wt.% C, 50 min; 850 °C, 11 wt.% C, 50 min) and microwave furnace: (1000 °C, 11 wt.% C, 10 min and 850 °C, 5.5 wt.% C, 30 min). In case study 6 (Fe2O3: 40.6 wt.%; Al2O3: 26.53 wt.%; SiO2: 11.77 wt.%; Al2O3/SiO2: 2.25), high quality iron nuggets could be recovered with high iron recovery rate (96.84 wt.%) using semi-smelting reduction and magnetic separation process. In case study 10 (Fe2O3: 44.6 wt.%; Al2O3: 23.6 wt.%; SiO2: 10.2 wt.%; Al2O3/SiO2: 2.31), the smelting reduction experiments were carried out in the temperature range 1500–1600 °C; more than 85 wt.% iron could be recovered in the form of nuggets. In case study 11 (Fe2O3: 28.3 wt.%; Al2O3: 21.1 wt.%; SiO2: 15.7 wt.%; Al2O3/SiO2: 1.34), RM was mixed with 6 and 12 wt.% metallurgical coke and reduced in an arc transferred plasma (ATP) reactor at 1600–1700 °C for 30–35 min to achieve a high degree of metallization.




6. Concluding Remarks


In this article, we have focused our attention on evaluating the iron resource potential of RM. No attempt has been made towards establishing policies for managing RM waste or measures for a circular economy. Iron ore resources are getting consumed at a fast rate leading to a reduced availability of high-grade iron ores; the current scenario is steadily shifting towards the use of low-grade iron ores. Key findings from this study indicate that even with high levels of Al2O3 and SiO2, red muds have a good potential to be used as a low-grade iron resource.



While RMs may not qualify as suitable blast furnace feed, these can find application as iron resource in DRIs, iron nuggets, sinters, etc. Alternatively, the blending of ores and waste products could play a significant role in the selection process. An economic and sustainable iron recovery operations may require more than a single feed source. Such an approach has been successfully used to partially replace coal/coke with waste carbonaceous products in iron and steelmaking [158,159]. Along with supplementing the natural resource sector, waste reutilization will enhance the environmental sustainability of materials sector, resource conservation, as well as reducing the carbon footprint of the industry.
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Figure 1. Concentrations of Fe2O3, Al2O3 and SiO2 in red muds from case studies 1–14. 
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Figure 2. Al2O3/SiO2 ratio vs. Fe2O3 concentration for red muds in case studies 1–14. 
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Table 1. Chemical composition of red mud [113].






Table 1. Chemical composition of red mud [113].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	Iron Grade





	wt.%
	36.26
	16.58
	8.32
	17.10
	1.43
	6.00
	25.7%
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Table 2. Chemical composition of red mud [114].






Table 2. Chemical composition of red mud [114].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	Iron Grade





	wt.%
	47.85
	22.64
	10.25
	3.58
	1.86
	10.25
	33.5%
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Table 3. Chemical composition of red mud [117].






Table 3. Chemical composition of red mud [117].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	49.65
	6.86
	22.0
	-
	-
	8.29
	11.39%
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Table 4. Chemical composition of red mud [142].






Table 4. Chemical composition of red mud [142].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	47.76
	10.26
	2.25
	4.22
	0.26
	1.13
	11.93%










[image: Table] 





Table 5. Chemical composition of red mud [143].






Table 5. Chemical composition of red mud [143].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O





	wt.%
	42.45
	10.35
	6.89
	-
	0.72
	1.36
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Table 6. Chemical composition of red mud [144].






Table 6. Chemical composition of red mud [144].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	40.62
	26.53
	11.77
	1.57
	1.38
	-
	16.42%
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Table 7. Chemical composition of red mud [145].






Table 7. Chemical composition of red mud [145].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O





	wt.%
	63.2
	8.96
	8.54
	-
	0.551
	2.5
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Table 8. Chemical composition of red mud [146].






Table 8. Chemical composition of red mud [146].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	43.59
	18.45
	6.0
	5.54
	11.38
	1.82
	11.7%
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Table 9. Chemical composition of red mud [147].






Table 9. Chemical composition of red mud [147].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	43.51
	19.25
	6.5
	5.49
	9.58
	2.80
	9.41%
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Table 10. Chemical composition of red mud [107].






Table 10. Chemical composition of red mud [107].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O





	wt.%
	44.6
	23.6
	10.2
	5.7
	11.2
	2.5
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Table 11. Chemical composition of red mud [124].






Table 11. Chemical composition of red mud [124].





	Constituent (wt.%)
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	Fresh RM
	20.89
	16.3
	9.8
	5.2
	5.54
	10.39
	29.78



	Calcined RM
	28.26
	21.05
	15.69
	7.26
	7.69
	13.44
	3.78
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Table 12. Chemical composition of red mud [149].






Table 12. Chemical composition of red mud [149].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O





	wt.%
	52.7
	13.9
	4.19
	7.4
	4.1
	2.1
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Table 13. Chemical composition of red mud [119].






Table 13. Chemical composition of red mud [119].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O
	LOI





	wt.%
	36.9
	11.8
	8.71
	3.54
	23.8
	0.27
	12.46%
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Table 14. Chemical composition of red mud [150].






Table 14. Chemical composition of red mud [150].





	Constituent
	Fe2O3
	Al2O3
	SiO2
	TiO2
	CaO
	Na2O





	wt.%
	49.81
	12.77
	8.71
	4.67
	9.26
	33
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