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Abstract

:

About 120 million tons of red mud is produced worldwide each year. Due to its high basicity and potential leaching, its storage is a critical environmental problem. This material is typically stored in dams, which demands prior care of the disposal area and includes monitoring and maintenance throughout its useful life. Consequently, it is crucial to figure out an industrial solution able to consumes large volumes of this material. At this moment, there are several studies, the majority in metallurgical procedures, building materials, and in the chemical industry, discussing how to reuse red mud. This paper provides a review of the aluminium process, including metal importance, its global production, and the environmental impact due to its manufacture process. It presents a review of the potential application of red mud showing its overall generation, some relevant characterisation results collected from the literature, and its utilisation in diverse areas of engineering. The study aimed to highlight applications where red mud characteristics may be favourable.
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1. Aluminium


1.1. Introduction


Aluminium is the most common metal and the third most abundant element present in the earth’s crust. By mass, it occurs in about eight per cent of the earth’s crust composition, but due to its chemical activity only exists in oxide forms [1,2]. Bauxite, a combination of hydrated aluminium oxides and other minerals, is the principal aluminium ore. The most common minerals present in bauxite are gibbsite (Al(OH)3), boehmite (γ-AlO(OH)), diaspore α-AlO(OH), and kaolinite (Al2Si5(OH)4), usually together with iron-bearing minerals like goethite (FeO(OH)) and hematite (Fe2O3) and small amounts of anatase (TiO2) [3,4,5]. Aluminium has a silvery-white aspect, is soft, non-magnetic, and ductile. It is extraordinary in applications where low density and corrosion resistance are essential. On the other hand, aluminium does not perform well at elevated temperatures because of its low melting temperature [1,6].



This nonferrous material is produced industrially by the Bayer process followed by the Hall–Heroult procedure. The first step is a hydrometallurgical extraction and refinement of alumina from bauxite ore. It is performed at temperatures of up to 240 °C and includes digesting crushed bauxite in strong sodium hydroxide solutions, resulting in alumina and an insoluble residue (red mud). The second part (Hall–Heroult process) is electrolysis refinement and consists of the decomposition of alumina dissolved in an electrolyte (Na3AlF6) at 950–970 °C followed by a purification stage, producing the metallic aluminium [6,7].



Applications of alumina cover some sectors; the market for bionic implants is worth around USD 25 billion in products such as pacemakers, bionic ear, bionic eye, brain stimulator, and several other bionic implants. In the semiconductor and microelectronics industries, the use of electronic alumina substrates generates around USD 50 billion. Alumina also plays a crucial role in refractory industries [8]. Aluminium-based composites are very promising structural materials due to their high resistance to corrosion and wear, in addition to having a specific module and ideal weight for automotive and aerospace applications [9].



Aluminium fabrication requires massive amounts of energy. To produce 1 ton of this metal, about 17,000 kWh of electricity is required, which implies a reasonably elevated cost [10]. However, this material is exceptionally appropriate for recycling. According to the International Aluminium Institute, only about 5% of the energy that was spent to make it from virgin raw materials is required to remelt scrap aluminium [10,11].



Aluminium is the nonferrous metal most consumed all over the world [12]. Nevertheless, aluminium is hardly ever applied in its pure form. Alloys typically are developed combining aluminium with magnesium, manganese, copper, and silicon, enhancing up to 15 times the strength comparing to pure aluminium. Heat treatment and cold working similarly improve the strength of these materials [10,13].




1.2. Importance


Aluminium is important in various segments of the economy, but its principal uses have been developed in six major industries. The consumption can be divided by sectors: 23% in transportation, followed by construction (22%), packaging (13%), electrical (12%), machinery and equipment (8.5%), consumer durables (4.5%), and other segments (4%) [14,15]. It becomes the second most used metal only after steel for modern societies. These metals are versatile, economical, and attractive for a wide diversity of uses [3,14,15].



Almost three times lighter than steel, this metal is superior in fuel efficiency, becoming appropriate for automotive, defence, and aviation [16,17]. Aluminium alloys are used in the construction industry on several products from exterior finishing to structural components because of its aesthetical appearance, durability, and non-corrosive properties [18]. It is suitable in the electrical and electronics industries due to its ability to conduct heat and electricity [19]. Moreover, being infinitely recyclable, the packaging industry applies aluminium in their products, for example, in beverage cans and foils [20].




1.3. Global Production


According to the United States Geological Survey, almost sixty million tons of aluminium as a pure metal was produced in 2015 [3,21]. Figure 1 shows the overall aluminium production during the last century, starting in 1920, the year in which aluminium production became industrially relevant.



It can be seen that aluminium volume has increased about 2.5% per year for the last 25 years; 19 million tons were produced in 1990, facing 58 million manufactured in 2015. By 2020, the demand is expected to have increased to around 97 million tons. Nowadays, nearly 50% of the scrap is end-of-life products, confirming its recyclability [3,21]. The major mining is in developing countries. Primary aluminium production is becoming more energy-efficient; however, without any significant improvement in the process, that would allow the use of poorer ores. Only iron has a higher mine production than aluminium. Around 1450 million tons of iron are extracted every year [3,47].



The bauxite for the extraction of aluminium had an increase in consumption of 30% in 2019 when compared to the year 2018. Approximately 73% of the bauxite is refined by the Bayer process, and 66% of the alumina resulting from the process is destined for the production of the aluminium primary [46]. The production of alumina can also occur by sintering the bauxite mixture and caustic soda at a temperature of 1200 °C. The residue undergoes acidic treatments, usually with hydrochloric acid, to neutralise its alkalinity. Eleven countries stand out in bauxite production (Figure 2), with the largest producers being Australia, Guinea, China, and Brazil. Guinea increased its production in the last year, about 43.8%, surpassing China, which reduced its production by 6%. Brazil maintained its production, and Australia had a 15% growth [46].



The largest alumina producers are not the largest aluminium producers except China and India, which stand out as alumina and aluminium producers (Figure 3). The production of alumina and aluminium has been maintained for the past two years [25,44]. The demand for aluminium tends to increase significantly concerning other metals, increasing by 215% from 2010 to 2050 [48].



Brazil occupies the eleventh position on the primary aluminium producers ranking, preceded by China, Russia, Canada, United Arab Emirates, India, Australia, Norway, Bahrain, Saudi Arabia, and Iceland. In terms of bauxite beneficiation, Brazil is in the fourth position, behind Australia, China, and Guinea, and the third alumina producer, after China and Australia [49]. The key aluminium consumer markets include China, the United States of America, Germany, India, and Japan [15].




1.4. Aluminium Production Impact


All over the world, bauxite deposits often are covered by an overburden of rock and clay, which must be removed. The ore is frequently located near the surface but in small thickness, excavating relatively large land areas. About 40–50 square kilometres of land usually is modified (including roads and infrastructure) every year to provide aluminium. As a result, a large amount of rock rejects from the mining process is eliminated. After mining, even if the topsoil is restored, the soil loses its ability to retain water, making it unsuitable for crops. In addition, loss of biodiversity and ecosystems are associated with aluminium production [15,50].



In the second stage, alumina production, red mud results from the Bayer process as a reject. It is as red sludge containing iron, titanium, and silicon oxides in the majority and aluminium oxide unsuccessfully extracted, together with sodium hydroxide. It is an extremely alkaline residue as sodium hydroxide is added during the Bayer process [51,52]. Typically, about 4–5 tons of red mud is discarded per 1 ton of aluminium metal produces. The mud produced is usually transported to a dam, and in sequence, it can go through a dehydration and drying process to reduce its volume and maintenance costs. [53,54]. It is estimated that only in Brazil, 10.6 million tons of this material is thrown away per year, while the world generates about 117 million tons in the same period [55]. The main problem of red mud, as can be seen, is the considerable volume generated. Besides, there is a huge hazard associated with water and soil contamination due to its high alkalinity (pH between 10 and 13), the occurrence of heavy metals, and even traces of radioactive elements [51,55,56]. Together with the need for a large storage area for disposal, permanent care is required with maintenance and monitoring. It is calculated that only Brazilian companies spend about USD 106 million annually to ensure the safe disposal of red mud [55]. Other impacts include air pollution from alumina refining, where caustic gases and other corrosive dust are released into the atmosphere. Vast amounts of water are fundamental throughout this phase of the process, although the most significant volume is reused [57,58,59].



Finally, producing pure aluminium is a critical phase, resulting in atmospheric emissions, more significant energy consumption, and the generation of other solid wastes. Aluminium is a very stable metal; consequently, the energy required for its production is too high, reaching up to 20–40 per cent of the total production cost. Generally, an industrial plant where alumina turns into aluminium must use its power stations. Due to this fact, there are even more impacts on the environment depending on the power generation type, as frequently it includes fossil oil burning or often, these power stations are hydroelectric. Emissions from aluminium reduction processes include the emission of gases, vapours, and particulate materials, the main ones being carbon monoxide (CO), carbon dioxide (CO2), volatile organic compounds, sulphur oxides (SOx), aluminium, and calcium fluoride (AlF3 and CaF2, respectively). In addition, there are perfluorocarbons tetrafluoromethane (CF4) and hexafluoroethane (C2F6). Polycyclic aromatic hydrocarbons (PAHs) are some of the pollutants produced during the electrolytic process that deserves special attention, as it presents carcinogenic properties. The electrolytic cube in its end-life is as well a solid waste [15].



Because of this, there is a need for research that expands the frontier of knowledge, adding efforts with governments and producers to adopt a circular economy model [60]. The circular economy adds value to products, making it possible to reduce waste [61]. The waste transformation into products and clean energy promotes society’s progress to become circular economies. In this way, it is possible to have more durable, recyclable, and renewable inputs. Studies show that the use of by-products can promote economic improvements in society due to the circularity of resources, which is a reflection of the transition from contemporary (consumerist) behaviours to more sustainable habits [62,63,64]. In this work, the possibility for disposal of the red sludge of the aluminium production process is presented.





2. Red Mud


2.1. Global Production


The most used and cheapest method to treat this residue is the wet one, which consists of adding water to the mud and disposing of the solution for sedimentation. However, this method has a high potential for environmental impact. This sludge represents an environmental and economic problem, once about 2.7 billion tons of red mud is disposed of worldwide, and growth is estimated at nearly 120 million tons per year [53,60]. The global inventory of red mud is estimated at 4 billion tons, considering its current production [65,66,67].



The red mud is transported to the tailing region as a sludge, i.e., with a large amount of water and low solids content. In this way, large lagoons of the residue are formed, like dams. Each tailings dam for red mud is typically used for four to seven years, but its break risk will always be present [11]. Some disasters have already happened. In 2010, around 700,000 m3 of red mud poured in Ajka, Hungary. Ten people were killed, hundreds were seriously injured, and about 40 km2 of the agricultural area was devastated [68,69].



Similarly, in January 2018, another disaster occurred in Belem, Brazil. A powerful rain caused red mud storage overflows, contaminating soil and threatening drinking water by high levels of lead and aluminium [55]. The red mud also can be converted into a dry cake as pressure filters reduce its moisture content. Then, it is stored using dry mud stacking, which is less hazardous [70,71].



The amount of red mud generated depends on two factors. The first is the quality of the ore, and the second refers to the processing conditions employed. Several authors have estimated the volume of red mud generated. Reported values range from 0.3 ton for each ton of best quality bauxite processed to 2.5 ton per ton of lower quality bauxite [11,70].



The principal factors include the amount of aluminium on the original bauxite, type of aluminium oxide or hydroxide present on the ore, and pressure conditions used during the manufacturing process. In addition, the nature and type of alumina, energy, and transportation costs affect the volume of waste generated [11].



As can be seen, the volume of red mud annually generated is appreciable, showing that its incorrect disposal has a high environmental impact. Thus, it is essential to find an effective recycling method since land preparation costs, dam monitoring, and maintenance costs are extensive [72]. According to Mukiza et al. (2019), red mud disposal costs represent about 2% of its total production value, i.e., approximately USD 10/ton. Some sources indicate that 5% of the aluminium’s production value is located in red mud management. According to the same authors, only Brazilians annually spend about USD 106 million to ensure the safe disposal of red mud [55].




2.2. Characterisation


For the several applications of this waste, it is essential to know the red mud characteristics to highlight their potentialities. As discussed in the previous sections, red mud is a waste resulting from the Bayer process for alumina production. Consequently, its constitution is a mixture of compounds initially present in the original ore (bauxite) and other substances generated during the Bayer cycle [73,74].



Several studies revealed that the material contains aluminium hydroxides, alumina, iron oxides, quartz, titanium dioxide, calcium, and sodium oxides and hydroxides. In addition to these, other elements can be found in smaller quantities, namely Na, K, Cr, V, Ni, Ba, Cu, Mn, Pb, Zn and V, Ga, P, Mn, Mg, Zn, Th, Cr, Nb oxides [11,75]. There is a variation in chemical composition among different red muds worldwide, as their composition is strongly influenced by the mineral deposit region [76,77,78].



The oxides from Table 1 can organise in several minerals’ forms, which also requires characterisation. Hairi et al. characterised the mineralogical composition of a red mud sample as containing hematite (Fe2O3), gibbsite (γ-Al(OH)3), boehmite (γ-AlOOH), goethite (α-FeOOH), TiO2 in the anatase polymorph, quartz (SiO2), and a hydrated sodium aluminosilicate (1.08Na2O.Al2O3.1.68SiO2.1.8H2O) [79]. Hu et al. also detected quartz, hematite, calcite (CaCO3), sodalite (Na8(Al6Si6O24)Cl2), chantalite (CaAl2(SiO4)(OH)4), and gibbsite in red mud [80]. A similar Ukrainian study described red mud by the following mineralogical composition (% by mass): 25–27% hematite, 25–28% goethite, 4.5–6.5% rutile and anatase, 15–17% hydrogarnets, 6–7% sodium aluminosilicate hydrate, 2.5–3.0% calcite [81]. Bădănoiu and her team found in their study hematite, iron titanium oxide, sodium aluminium silicate, aluminium silicate hydrate, cancrinite, and calcium aluminium silicate hydrate [82]. There can also be organic compounds on the residue, as a result of vegetable and organic substances in the bauxite/overburden and modifiers or flocculants added during the process, mainly carbohydrates, alcohols, phenols, and the sodium salts of polybasic and hydroxy acids such as humic, fulvic, succinic, acetic, or oxalic acids [78,83].



Red mud is extremely fine in terms of particle size distribution. According to Silva and other authors, 95% of the volume is below 44µm, with specific surface area (by Brunauer–Emmett–Teller (BET) analysis) values between 13 and 22 m2.g−1 [76]. Sutar and other collaborators [77] described a distribution with 90% of the material with a particle size below 75 microns and a specific surface area between 10 and 30 m2.g−1. Lima and his team described specific surface area values in a larger range from 20 to 30 m2.g−1. In the same work, they characterised red mud with particles smaller than 290 µm and by its average diameter between 0.4 and 0.6 µm. The authors highlighted the importance of particle size measurement, as this strongly affects the rheological properties and, consequently, the possible applications for this material [75]. Likewise, Rai et al. identified red mud as extremely low in size, as its average diameter is smaller than 10 μm. They similarly referred to the specific surface area between 14 and 25 m2.g−1. Finally, according to this paper, red mud real density is around 3 to 3.8 g.cm−3 [70]. The red mud’s surface area may vary according to the type of manufacturing process and their methodologies. Shoppert et al. showed that the red mud’s surface area from the Bayer process has a greater surface area than that obtained by the sintering process. However, when subjected to alkaline fusion at 300 °C, the surface area can double in size [91]. The chemical characteristics, particle size distribution, and behaviour of the residue are affected by the original bauxite. In general, the coarse fraction (greater than 100 μm) is rich in quartz and can be separated from the finer silty muds (typically 80% less than 10 μm). These coarse fractions are known as “red oxide sand” or “sand residue”, and only the fine portions are named “red mud”. Usually, the first fraction is destined for road construction around the residue deposition locations as a drainage layer under the mud or as a topping material, as it has superior draining behaviour and inferior caustic behaviour [78].



The red mud generated in Brazil has an average of 34% iron oxide and 5.5% titanium oxide, making it a potential source for these metals recovering. There is also the presence in low concentrations of rare earth elements, but its mineral phases are complicated to identify because they are associated with other oxides [88]. According to Shinomiya, after the extraction, Fe2O3 can be used in steel metallurgy and TiO2 for paints and cosmetics production, and it also has potential for application in special alloys, suitable for prosthesis manufacturing and aerospace industry [73]. Table 2 summarises some chemical compositions specific to Brazilian studies.



Ribeiro studied Brazilian red mud and found a specific surface area of 20.27 m2.g−1, density of 2.90 g.cm−3, and a pH of 12.95. As expected, they also described alumina and iron oxide as the predominant red mud constituents, followed by smaller amounts of SiO2 and Na2O (or NaOH). As a result, the authors suggested that non-calcined red mud has the potential to be applied on mortars and concretes for non-structural applications, partially replacing the cement in the mixture [92].



Mercury and other authors estimated red mud specific surface area as 12.96 m2.g−1 and density of 2.65 g.cm−3. X-ray diffraction analysis in this paper detected hematite, goethite, gibbsite, sodalite, anatase, calcite, nepheline, perovskite, pseudo brookite, and quartz [93].



Romano et al. observed on their mineral characterisation sodalite because of bauxite digestion by caustic soda and the original ore minerals, hematite, quartz, goethite, calcite, anatase, and dicalcium silicate. They also found gibbsite from incomplete digestion [94]. Alekseev and his team also described the mineral composition for red mud as hematite and quartz in the majority. However, they detected magnetite in their sample. The density of red mud was also different from the other studies mentioned. They found a much smaller value: 0.86 g.cm−3 [95].



Manfroi and her team detected chantalite, cancrinite, gibbsite, hematite, quartz, and calcite in the red mud. The particle size distribution showed that 100% of the particles were smaller than 18 µm [96].



In conclusion, red muds are a highly complex and diverse material. Therefore, the scientific community faces enormous challenges in standardising processes to develop a red mud recycle route.




2.3. Research


2.3.1. Possible Applications


Red mud had been considered an unusable waste for the aluminium industry for an extended period. However, the economic costs and environmental risks associated with its disposal have motivated companies and researchers to look for eco-friendly alternatives to reduce the waste volume. Nevertheless, only a small percentage (<5 wt%) is reused in specific countries in industrial processes, for example, on cement production. Then, all the remaining material is being stored [53,97,98].



A considerable number of potential uses have been reported in the literature or already patented. According to the data evaluated by Shinomiya, only between 1964 and 2008, 734 patents were registered using red mud in their processes [69]. The most significant difficulty to be faced is the variation in its chemical composition as a function of the ore location, as well as the process employed [75].



The several kinds of research include metallurgical processes because iron oxide is present in a substantial amount (35–60%) together with TiO2 (5–15%), making the red mud suitable for these materials’ recovery. However, a sintering process is required to neutralise the effect of high Na2O and aluminium content. Secondary constituents, such as rare earth elements also have been recovered, for example, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, etc. [76]. Geng and his group developed a method to prepare a crude alloy and a cleaned slag from co-reduction of a mixture of municipal solid waste incineration fly ash and red mud, followed by magnetic separation. According to them, the ash acted as a reductant due to its calcium content, improving the reduction of metal minerals and changing the melting temperature of the CaO-SiO2-Al2O3 system. Cd, Pb, and Zn were removed via volatilisation. The cleaned slag produced showed inferior leaching ability than the standard and was comparable to those of ground granulated blast furnace slag, making the studied material suitable for cement production [99].



Portland cement production is among the main anthropological activities contributing to CO2 emissions [100]. Bearing in mind that the demand for housing, infrastructure, and sanitation is increasing, the main possibility of reductions in the civil construction sector is the partial replacement [101] or total replacement of Portland cement clinker [102]. Several studies with residues have been developed with a focus on application in binders[103]. The study of red mud in construction materials, in addition to giving a destination to a waste, contributes to the reduction of cement emissions.



Considering construction material based on red mud, this material has been investigated on special cement production [104,105,106,107,108]. Using wastes or secondary raw materials in construction is essential to face the diminution of primary raw materials and promote the circular economy [109]. This application is fundamental since it desires huge material volume. Studies suggest using calcined red mud as a pozzolanic material to produce mortars and concretes. Manfroi et al. tried to induce red mud pozzolanic properties by drying and calcining at various temperatures during calcium hydroxide consumption activity. They concluded that the calcination temperature affects pozzolanic activity. When calcined at 600 °C, the pozzolanic activity was higher than when it was conducted at 900 °C; however, the second specimens showed filler effect. In addition, they substituted ordinary Portland cement for up to 15% of red mud and evaluated its impact on the compressive strength, water absorption, and heavy metals leaching of mortars. Based on their results, they suggested the most suitable replacement is of up to 5% of the calcined waste at 600 °C [96].



Red mud has 10–20% of alumina and 6–7% of silica, which indicates its potential for utilisation in building materials production as bricks, aggregates, roofs, cement, and concretes. Nikbin et al. (2018) and Yao et al. (2013) studied a partial replacement cement by a mixture of red mud and coal industries’ residue to produce concrete. Kumar and Kumar tested cement-free paving blocks and achieved a flexural strength of 3.2 to 4.5 MPa and water absorption of 6% to 7% from 10% to 20% of red mud and 80% to 90% of fly ash mixtures [110,111,112].



According to Shinomiya, geopolymers are alternative cementitious materials, able to replace ordinary Portland cement, since their production reduces carbon dioxide emission, a critical point in cement manufacture. The chemical process is called geopolymerisation, and it takes place by alkaline activation from aluminosilicate compounds in a basic solution [73,113]. The geopolymerisation of red mud as a single precursor has limited performance, mainly due to aluminium’s low availability. However, the use of aluminium-rich red mud or the incorporation of supplemental sources with metakaolin or fly ash have been studied to improve the strength. The addition of calcium-rich materials such as slag also has a positive impact on the strength of these materials [114,115,116]. Recent studies show that heat treatment effectively enhances red mud reactivity for geopolymer production, although liquid alkaline silicate solutions are still needed [117]. In work developed by Zhang and other researchers, red mud, reactive silica, fly ash, and sodium silicate were blended to provide additional silicon and sodium for the geopolymerisation process. In the range of compositions studied, red mud had a strength of 7 to 13 MPa, as did certain Portland cement types. Finally, the authors concluded that the material obtained has the potential for road [118].



Red mud has potential in chemicals as an absorbent to eliminate contaminants such as metal ions, dyes, phenols and their derivatives, inorganic anions, bacteria, and viruses from waste effluents. However, the small adsorption capacity and catalyst sintering of raw red mud remain an adverse effect. It also has been studied as a cheaper catalyst for chemical reactions such as hydrogenation, hydride chlorination, and hydrocarbon oxidation. Red mud has catalyst properties due to its more significant content of Fe2O3 and TiO2 and an inferior fraction of sintering agents like Na2O and CaO. Its characteristics make it suitable for ceramics manufacture (tiles and pigments) and impermeable material to cover landfills or highways. Most patents consist of red mud in construction, metallurgical, pollution control industries, and catalyst and catalyst support [49,70,73,95].



Li and others evaluated a residue mixture as solid grouting material. They used gypsum dihydrate (CaSO4·2H2O), flue gas desulfurisation gypsum, and phosphogypsum (the chemical gypsum generated during fertiliser production rich in phosphor) to produce a red mud-slag grouting material with different gypsum contents. They observed that as gypsums were added, the fluidity and the setting time of red mud-slag grouting materials decreased. In addition, different gypsums considerably enhanced compressive strength. They concluded that this would represent high-performance and low-cost grouting materials, which could be a more eco-friendly way to use those materials [116].



Another example of the application of red mud in large quantities is road construction. Mukiza and her team constructed and studied an eco-friendly road base material to be applied at heavy traffic road base and with tolerable leaching properties by switching natural materials by red mud and fly ash. The mechanical properties, hydration characteristics, and environmental friendliness performance of the produced material were analysed. Based on the test results, the samples which had the most considerable amount of red mud and fly ash presented the best results under mechanical tests, durability in water, and leaching examination. This group was also proven economically feasible for the reason it consumes a large portion of those wastes and reduces its disposal costs but also because it substitutes a considerable quantity of expensive natural materials.



In summary, they approved red mud and fly ash uses in road base construction [55]. Based on orthogonal experiments by Zhao and his team, red mud-based mixtures were analysed as unburned road brick. They found an optimal proportion of 35% red mud, 14% fly ash, 8% lime, 15% cement, and 28% sand. After 28-day standard curing, the compressive strength was higher than 19 MPa [119].



Shinomiya evaluates on his studies the most viable scenarios for red mud in Brazil, considering as relevant criteria the industries for waste processing availability, use in large quantities, and pre-treatment needs. In this paper, the author concluded that the most suitable applications for the Brazilian market are road construction, cement, and ceramic materials production [73]. Various applications described in this paper can be technically impressive but unable to utilise significant amounts of red mud. Applications such as rare earth metals recovery may be theoretically attractive but have no impact on reducing the large volumes of red mud created by alumina manufacturing unless iron, titanium, and silicon dioxide recovery were performed together to the aluminium production. Frequently, a reasonably elevated temperature is essential in applications for building materials, pollution control, and metal recovery [11]. The volume of red mud consumed by some potential applications is tiny due to high cost, complicated process, and inherent risk. As a result, this material remains in storage, and the problem is still unsolved [120]. Currently, only 3–8% of the red mud produced is consumed by all these applications mentioned [121].




2.3.2. Red Mud Alkalinity as Construction Material


As can be seen, all these possible applications are considered technically successful by the literature, but there are some barriers that inhibit the massive application of the red mud by the industries. The biggest of them is the fact that in almost all situations in which red mud presents itself as a substitute, the original material is very available and cheap, and thus any negative characteristics become an obstacle [122].



Analysing the characterisation section, it can be noted that red mud is a complex material, which has priceless components and problematic utilisation. Iron, aluminium, and sodium are the principal components, which makes them easier to be recovered. However, almost 20% of SiO2 is also found, making it harder to extract those elements from the red mud. Red mud is also critical by its strong alkalinity, large specific surface area, and the ability to wrap various components [123].



The major adverse red mud characteristic is its high alkalinity. According to Evans, it represents a risk considering the health and safety aspect, and it is potentially adverse in the specific application. For example, a reduced weathering resistance in construction materials can be achieved or a great sodium content when used in soil amelioration. A pre-treatment of accelerating carbonation or acid neutralisation can reduce the pH [122]. However, the best option is converting the critical alkalinity as a favourable aspect, eliminating any additional treatment. Red mud alkalinity has been investigated in cement clinkers, production of composite cement, and alkali-activated materials as discussed below. Nevertheless, its water content remains challenging for the cement manufacturing process [124].



According to Liu and Zhang, as red mud is predominantly composed of Fe2O3 and Al2O3—also silica—it is appropriate as a raw material for the preparation of cement clinkers [125]. Singh and his group were pioneers in this approach. They evaluated the probability of manufacturing calcium sulfoaluminoferrite (C4(A,F)3S) and calcium aluminoferrite (C4AF) combining lime, red mud, bauxite, and gypsum. They observed that composition and firing temperature affect strongly cement properties. However, the firing time did not influence the same intensity. They concluded that it is feasible to produce cement with sufficient strength using the materials tested [126]. Tsakiridis and his team evaluated this probability of adding red mud as a raw meal for the Portland cement clinker production. They concluded that red mud did not change the mineralogical characteristics and did not influence the final quality, suggesting that their dosages are suitable for Portland cement clinker [127]. Wang and his team investigated desulfurised gypsum and red mud mixtures to produce sulfoaluminate cement. They found as major mineral phases 3CaO·3Al2O3, CaSO4, β-2CaO·SiO2, and 2CaO·Fe2O3, typical to Portland cement. The clinkers tested exhibited exceptional strength performances. Then, they concluded that it was a suitable way to consume those industrial solid wastes, as the sulfoaluminate cement products are cheaper than Portland cement due to their low material costs, smaller pre-treatment costs, and reduced calcination temperature [128]. Likewise, Cambek and other authors concluded in their study that a mixture of red mud, a sulfate-rich/high-lime fly ash, and desulfogypsum is possible as raw materials in clinkers because the cement produced showed better mechanical performances than the reference sample [129]. Wang and his team highlighted that sometimes alkalinity avoids the large-scale utilisation of red mud in cement production. However, calcification-carbonisation red mud is efficient to produce a suitable cement clinker, as their chemical composition is similar [130,131].



Some papers found that the Portland cement hydration is encouraged by a highly alkaline environment in which red mud is distinguished for [132]. Dow and Glasser demonstrated that the SiO2 and Al2O3 red mud contents are essential to enhance its cementitious activity [133]. Romano and this group tested partial substitution of Portland cement for different red mud contents, monitoring the hydration reaction. After their analysis, they observed that red mud changed cement hydration due to nucleation effects, packing, and dilution. The higher amount of sodium and soluble aluminates promoted sodium silicoaluminate hydrate (NASH) formation and a more significant amount of hydrated calcium aluminate, without affecting the setting time [134].



Similarly, Dodoo-Arhin and other authors replaced Portland cement with red mud up to 25% for pavement construction applications. They observed that as red mud content increases, the compressive and flexural strength decreases, but 5% of red mud addition tend to have better performance. Workability tends to decrease, and the initial and final setting reduces as aluminium and sodium hydroxides act as curing substances [124,135]. Wang and his team used red mud, limestone, and sandstone to prepare a Portland cement for road. They found the following mineral phases of the clinker produced: C3S, C2S, and C4AF. When compared to ordinary Portland cement, the new materials showed smaller early compressive strength. In this study, the red mud was previously de-alkalised. They observed that an amount of over 26% harmed Portland cement minerals formation [136].



According to Tang and other authors, red mud can be a suitable binder material in cement matrices due to its amorphous aluminosilicate content, promoting pozzolanic reaction during the cement hydration process [137]. Liu and his group studied the impacts of red mud on magnesium phosphate cement properties (MPC). Their results revealed an increase in fluidity by adding up to 20% red mud. They also observed a decline in reaction intensity of the fresh mortar as the setting time became longer. The best mixture under the compression test was the 20% red mud, with 90.2 MPa at 28 days. This behaviour could be explained as red mud additions reduced the final porosity. Based on these results, the authors concluded that red mud is efficient as a modifier for this specific cement [138]. Bayat and his team evaluated red mud and slag as alkali-activated slag for jointed plain concrete pavement (JPCP) production, replacing slag for red mud at levels of 10%, 20%, 30%, and 40% by weight. They noted a decrease in mechanical strength as red mud content increased. Samples with 30% of red mud showed the best thermal properties but smaller dimensional stability [139]. Li and his team prepared red mud-yellow phosphorous slag-cement concrete mixtures with 25% yellow phosphorus slag content (YPSC) and 10% red mud content (RMC) as a replacement to the cement. They concluded that this amount achieves mechanical property requirements [140]. Raj and other authors investigated an ordinary Portland cement-metakaolin-red mud blended cement, replacing from 0% to 14% of the cement mass by metakaolin and red mud in different ratios. According to them, the mixtures’ consistency was proportional to the quantity of replaced due to smaller particles in red mud. They found the greatest strength in the mixture containing the ratio of 80:20 metakaolin:red mud because the first material performed as pozzolanic and the second as a filler [141]. Ghalehnov and his team analysed a mixture of red mud (RM), granite (GP), and marble (MP) as self-compacting concrete, using red mud percentages of 2.5%, 5%, 7.5%, and 10% as partial replacement of cement. They observed a negative effect on the fresh properties, but a small amount of red mud together with granite and marble improved the mechanical properties. The samples with 2.5% of RM and 100% of GP showed 19% strength increases compared to the control mix [142]. Ghalenhnov, in another study, used red mud to produce a coloured concrete production. For that purpose, seven concrete mixes were tested. As a significant conclusion, they observed an improvement in resistance to sulphate attack [143].



According to Dodoo-Arhin and his team, the red mud alkalinity can be an advantage in inhibiting corrosion in reinforced concrete and reducing sulphur accumulation inside the cement kiln system [135]. When used in mortars and concrete, red mud chemical constituents promote a steel passivity film on the reinforcement bar, avoiding the corrosion process [144,145]. Ribeiro and his team studied the effects of red mud additions on the reinforced concrete corrosion process. They produced concrete containing different red mud levels (10%, 20%, and 30% to the cement mass). Electrochemical measurements monitored the corrosion potential. In summary, they observed that the high pH of the red mud provides greater protection to the concrete, due to its ability to enhance electrical resistivity. According to their results, red mud is a favourable addition to reinforced concrete, in order to inhibit the corrosive process [54].



Yuan and his team evaluated the red mud possibility as an alkali source in alkali-activated fly ash and Portland cement (PC) to produce controlled low-strength material (CLSM). They noticed that as the red mud amount increases, NaOH from this waste dissolves the pores, and the Na2CO3 reacts with portlandite from cement hydration. As a result, they observed a micro-filler property because red mud content reduced the pore structure, which enhanced the strength development of CLSM [146]. Similarly, Do and Kim analysed red mud as a partial replacement for Portland cement in CLSM production. Their mixtures had ponded ash, Portland cement, Class F fly ash, water, and in some samples, Portland cement was replaced by red mud in 5%, 10%, 15%, 20%, 25%, and 30% by weight. They noticed that flowability decreased as red mud content raised due to a much bigger specific surface area of red mud compared to Portland cement. In addition, the replacement of red mud accelerated the setting process of CLSM because Al2O3 and Na2O performed as a highly alkaline solution improving hydration. Then, these authors suggested that partial replacement from Portland cement to red mud in CLSM production is practical [147].



According to Ke and his team, the main technical barrier in the alkali activation process is to achieve the initial dissolution of aluminosilicate precursors. The use of precursors that already contain alkalis, which is leached out when adding water, is one solution. In this context, red mud is pointed out, bringing alkalinity suitable for geopolymerisation [148]. Li and his research group used municipal solid waste incineration ash and red mud to prepare geopolymeric materials. The ideal amount of ash found was 30%, resulting in 12.75 MPa at 28 days of curing at room temperature [149]. The red mud geopolymerisation as a unique precursor has limited performance due to its low availability of aluminium. However, it is possible to incorporate additional aluminium sources, like metakaolin or fly ash. The inclusion of calcium-rich materials such as slag also positively impacts the compressive strength of the red mud-based geopolymers. Recent studies showed that heat treatment of red mud and NaOH pellets at 800 °C is an effective way to enhance reactiveness [117]. Yang and his team evaluated a geopolymer synthesis method from red mud in its slurry state and fly ash powder. The samples were cured at 50 °C for seven days and exhibited compressive strengths over 17 MPa after 14 days [150]. Kumar and Kumar developed paving blocks using red mud and fly ash via geopolymerisation. To do so, they produced a fly ash geopolymer with 0% to 40% of red mud. They observed an increase of reaction intensity for all additions, but only the samples containing 5% to 20% red mud had better setting time and strength. According to them, the NaOH concentration, solubility of silicates, and the presence of iron oxides produced a compact microstructure, resulting in better properties [112]. Jung-Hyeok produced pavement using alkali-activated cement from red mud. They found compressive strengths higher than 15 MPa for all samples, suggesting their application on walking and bike lanes [151]. Zhang and his team found that the best molar ratios of Na/Al and Si/Al are between 0.6–0.8 and 2.0, respectively, for geopolymerisation reactions between red mud activated and fly ash [152].



Red mud has been a source of alkali in geopolymer systems combined with fly ash. Zhang et al. produced red mud and fly ash-based geopolymers at room temperature with good mechanical properties [153]. Choo and his team verified that it is possible to replace NaOH with red mud as an activator, but the compressive strengths obtained for those samples were considered low (<4 MPa, 28 days). According to them, this occurred due to the high unburned carbon content on the fly ash used (ignition loss > 6%) [154]. A geopolymer was synthesised from red mud combined with granulated blast furnace slag by Ye and others. Heat treatment was applied to improve geopolymerisation reactions. They found the best treatment condition was approximately 800 °C for 3 h, as under this situation, the material reached the highest value of 49.2 MPa [155]. Bădănoiu and other authors tested the possibility of an alkaline activation process using waste glass (bottle glass cullet) and red mud with NaOH solution and thermal treatment at 60 °C. They observed a negative influence of red mud addition. According to them, an insufficient amount of supplementary aluminium and a high amount of iron phases from red mud disrupted the chemical reactions, even if the alkalinity was reached [82]. Kaya and Soyer-Uzun produced red mud-metakaolin-based geopolymers with different red mud contents, evaluating their performance as the alkali activator. The more significant compressive strength was 51.5 MPa, and they concluded that red mud incorporation tends to harm mechanical properties. According to them, iron species from red mud are the principal factors controlling mechanical performance [156].



In summary, many of the applications described here, while technically interesting and clearly viable, are unable to use significant amounts of red mud. The current need is safe disposal and its massive use. Applications such as the recovery of the minor elements in the mud can be economically attractive but have no impact on reducing large volumes discarded [11]. Besides that, in almost all of the aforementioned applications of red mud in building materials, pollution control, and metal recovery, a reasonably high temperature is required [77].



The Brazilian study carried out by Shinomiya assessed the most viable scenarios for red mud, considering as relevant criteria the availability of industries for processing tailings, use in large quantities, and the need for pre-treatment of the waste. Red mud production only in Brazil is estimated to be between 7 to 10 million tonnes/year [93]. In this work, the author concluded that the most suitable applications for the Brazilian market involve the red mud use on the construction of roads, cement, and ceramic materials [73].



Reviewing the literature reveals that red mud applications are still not fully comprehended. There are many combinations between red mud and other wastes to produce a potential industrial application, which could be evaluated. Parameters like pre-treatment, amount of red mud used, and the routeing process need to be intensively studied to achieve a circular economy.






3. Conclusions


Despite the technological advances in recent years, the disposal of red mud is still a big problem for the aluminium industry as critical issues affect its recycling feasibility and economics. In addition, the sodium species remaining, the particle size, and the moisture content are characteristics hard to handle. Disposal and management of rejects still represent a large portion of the alumina production costs.



As mentioned, Brazil is a more significant contributor to red mud generation. Considering the volume generated, more than one application would have to be implemented to avoid its accumulation. Then, products for civil construction, in general, are great alternatives. In this paper, some possibilities were presented, including blocks for paving, material for roads and concrete, and supplementary additive for Portland cement. This concept in the valorisation of industrial waste, where waste constitutes a significant fraction, means that the processing parameters must be helped so that the final products meet the usage requirements. It is fundamental for Brazil, one of the largest red mud generators in the world, to enhance its practices.



The performance of red mud in any application must be competitive with alternatives about quality, cost, and risk. The aluminium industry should join their effort with other companies or research institutes to extend its already widespread implementation of the circular economy to the red mud critical problem.
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Figure 1. Worldwide aluminum production for the past thirty years [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. 
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Figure 2. Bauxite mine production in 2018 and 2019 [46]. 
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Figure 3. World smelter production: (a) alumina, (b) aluminium [45,46]. 
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Table 1. Chemical composition for red mud described in international papers.
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Composition (% wt.)

	
Papers




	
Krivenko et al., 2017. [81] (Ukraine)

	
Do et al., 2019.

[84] (South Korea)

	
Hairi et al., 2015.

[79]

(Canada)

	
Hu et al., 2019. [80] (China)

	
Cardenia et al., 2018. [85] (Greece)

	
Koshy et al., 2019. [86] (China)

	
Lemougna et al., 2017.

[53]

(China)

	
Pérez-Villarejo et al., 2012.

[87]

(Spain)

	
Borra et al., 2015.

[88]

(Greece)

	
Agrawal et al., 2021 [89]

(India)

	
Valeev et al., 2019

[90] (Russia)

	
Khairul et al., 2019 [51] (USA)






	
Fe2O3

	
48.6

	
22.21

	
38.92

	
33.88

	
42.34

	
41.0

	
33.99

	
39.23

	
44.60

	
36.8

	
36.90

	
35.50




	
Al2O3

	
12.9

	
19.87

	
22.12

	
17.89

	
16.25

	
21.8

	
18.47

	
19.80

	
23.60

	
22.07

	
11.8

	
18.40




	
SiO2

	
4.8

	
15.12

	
10.52

	
19.43

	
6.97

	
11.0

	
9.39

	
8.77

	
10.20

	
11.81

	
8.71

	
8.50




	
Na2O

	
-

	
14.92

	
6.82

	
12.18

	
3.83

	
8.0

	
5.11

	
5.02

	
2.50

	
10.21

	
0.27

	
6.10




	
CaO

	
10.1

	
7.1

	
1.36

	
2.66

	
11.64

	
1.6

	
14.19

	
4.54

	
11.20

	
1.62

	
23.80

	
7.70




	
TiO2

	
5.3

	
5.24

	
7.61

	
0.72

	
4.27

	
7.0

	
5.42

	
10.09

	
5.70

	
15.6

	
3.54

	
18.40




	
SO3

	
-

	
0.72

	
0.59

	
-

	
-

	
0.5

	
-

	
-

	
-

	
-

	
-

	
-




	
MgO

	
-

	
0.37

	
0.10

	
0.10

	
-

	
0.1

	
0.32

	
0.07

	
-

	
-

	
1.01

	
-




	
K2O

	
-

	
0.11

	
0.55

	
0.37

	
-

	
0.1

	
0.10

	
0.14

	
-

	
-

	
-

	
-




	
Cr2O3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
ZrO2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SO2

	
-

	
-

	
-

	
-

	
-

	
-

	
0.33

	
-

	
-

	
-

	
-

	
-




	
MnO

	
-

	
-

	
0.02

	
-

	
-

	
-

	
0.09

	
-

	
-

	
-

	
-

	
-




	
P2O5

	
-

	
-

	
0.21

	
-

	
-

	
0.2

	
-

	
-

	
-

	
-

	
0.95

	
-




	
Others

	
2.5

	
-

	
-

	
-

	
2.04

	
-

	
-

	
-

	
-

	
-

	
0.42

	
-




	
Loss of ignition

	
-

	
13.68

	
10.51

	
12.84

	
36.912.66

	
8.7

	
-

	
-

	
-

	
-

	
-

	
-
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Table 2. Chemical composition for red mud described in Brazilian papers.
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Composition (% wt.)

	
Papers




	
RIBEIRO et al., 2011.[92]

(Minas Gerais)

	
MERCURY et al., 2011. [93] (Maranhão)

	
ROMANO et al., 2019. [94]

(Minas Gerais)

	
ALEKSEEV et al., 2019. [95]

(São Paulo)

	
MANFROI et al., 2014. [96]

(Minas Gerais)






	
Fe2O3

	
19.85

	
31.22

	
22.6

	
29.9

	
27.50




	
Al2O3

	
19.87

	
20.77

	
25.0

	
21.2

	
30.35




	
SiO2

	
14.34

	
14.37

	
20.2

	
15.5

	
1.62




	
Na2O

	
7.35

	
9.87

	
8.78

	
10.3

	
10.80




	
CaO

	
4.61

	
2.49

	
3.83

	
4.2

	
4.12




	
TiO2

	
2.66

	
4.55

	
3.37

	
2.4

	
3.98




	
SO3

	
-

	
-

	
-

	
0.6

	
-




	
MgO

	
-

	
3.92

	
-

	
-

	
-




	
K2O

	
1.87

	
0.20

	
2.26

	
0.4

	
2.84




	
Cr2O3

	
-

	
-

	
-

	
-

	
-




	
ZrO2

	
-

	
-

	
-

	
-

	
1.60




	
MnO

	
0.21

	
-

	
0.42

	
0.2

	
-




	
P2O5

	
-

	
-

	
-

	
0.6

	
-




	
Loss of ignition

	
27.20

	
12.61

	
14.1

	
14.4

	
13.00
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