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The increasing problem of waste from alumina refineries endangers ecosystems and local communities. With over 4 billion tons of bauxite residue stored globally, more than 140 million tons generated annually, and less than 3% currently reused, the situation is unsustainable. However, bauxite residue also contains critical metals essential for advancing sustainable technologies, aligning with the United Nations’ 7th Sustainable Development Goal (SDG). Fully recovering these valuable elements and reusing the waste not only addresses environmental concerns but also supports a resilient and sustainable supply of materials needed for the green energy transition. Given the environmental drawbacks of traditional extraction methods, biotechnological approaches show promise as an environmentally responsible and cost-effective alternative, reinforcing circular economy principles and supporting the 12th SDG, which promotes responsible resource use and the reduction of hazardous waste. This review offers a novel, integrated evaluation of bauxite residue valorization, combining an overview of its composition and characteristics with a detailed examination of bioleaching-based recovery of rare earth elements, gallium, vanadium, and titanium. Special emphasis is placed on selecting optimal microorganisms, understanding the metabolic pathways behind bioleaching agent production, and refining strategies to enhance process efficiency and microbial performance. Additionally, it highlights how circular economy approaches can drive resource-efficient and sustainable utilization of alkaline residues, providing a perspective not covered in previous studies.
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1 INTRODUCTION
Bauxite residue is one of the most abundant industrial by-products generated globally. It is produced from the alumina (Al2O3) extraction from bauxite ore (Kvande, 2015; Healy, 2022). For every ton of alumina extracted, between one and two tons of this highly alkaline residue are generated, resulting in a staggering global inventory of approximately 4 billion tons, with an additional 140 to 150 million tons accumulating each year (Kumar et al., 2006; Cablik, 2007). Projections suggest that, unless transformative recovery and utilization practices are implemented, global bauxite residue stockpiles are projected to increase by more than twofold to 9–10 billion tons by 2050, driven by continued growth in aluminum demand (Aung et al., 2021; Healy, 2022; Yi et al., 2024).
Despite the scale of production, less than 3% of bauxite residue is currently reused (U. S. Environmental Protection Agency, 2024), leaving the vast majority stored in tailings facilities, which pose long-term environmental hazards, including soil and groundwater contamination, air pollution, and substantial land occupation. This status quo is increasingly at odds with the United Nations Sustainable Development Goals (SDGs), particularly the 12th SDG, which calls for responsible consumption, improved resource efficiency, and minimization of waste generation (United Nations General Assembly, 2015).
At the same time, bauxite residue presents a valuable, yet underutilized, opportunity for resource recovery. It contains considerable concentrations of critical metals, including scandium (Sc), rare earth elements (REEs), gallium (Ga), vanadium (V), and titanium (Ti), which are essential for a wide range of modern technologies, especially those tied to clean energy, digitalization, and defense applications (Figure 1). These metals are defined as “critical” due to their strategic importance and the risk of supply disruption from geopolitical tensions, limited reserves, or trade constraints (European Commission Directorate-General for Internal Market, Industry, Entrepreneurship SMEs, 2023; Geoscience Australia, 2024b; Survey, 2024). Recovering these elements from the alumina refinery residue not only represents a way to mitigate environmental hazards but also constitutes a strategic opportunity to strengthen supply chain resilience and support global green transition goals, particularly those aligned with the 7th SDG on clean energy (United Nations General Assembly, 2015).
[image: Pie chart illustrating the applications of various elements. Sections include Catalyst (catalytic converters, petroleum refining), Metallurgy (electric vehicles, steel additives), Phosphors (light bulbs, display screens), Magnets (clean energy, satellite electronics), Glass polishing and ceramics (optical glass, protective eyewear), and Others (wastewater treatment, radiation). Elements are listed in boxes outside the chart, corresponding to each section.]FIGURE 1 | Principal applications of REEs, Ga (Butcher and Brown, 2014; Foley et al., 2017), V and Ti (Suresh et al., 2023). REEs include lanthanum (La) (Aaseth and Berlinger, 2022), cerium (Ce) (Gad, 2024), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), Sc and yttrium (Y) (Šulc and Jelínková, 2013; Smith Stegen, 2015; Chernoburova and Chagnes, 2023; Dürig et al., 2023; U.S. Geological Survey, 2025).In recent years, the circular economy framework has gained prominence as a guiding principle in sustainable materials management, emphasizing the continuous reuse and recovery of resources across product life cycles (De Jesus and Mendonça, 2018; Kalmykova et al., 2018). Such approaches have been explored across both organic and inorganic material flows with examples including the wastewater biorefinery approach (Pott et al., 2018) and the valorization of mining wastes (Harrison et al., 2020; Villa Gomez et al., 2024). Within this framework, bauxite residue valorization has focused on two main pathways: 1) value-added utilization, which includes incorporation into construction materials, use in environmental remediation, catalytic applications, and its transformation to technosol; and 2) resource recovery, aimed at extracting critical metals. While considerable progress has been made in value added utilization pathways, some of which are already in commercial or near-commercial use, the potential for environmentally sustainable recovery of critical metals from bauxite residue remains largely underexplored (Kehagia, 2014; Santini and Fey, 2016; Kriskova et al., 2025). Currently, there are no technically and economically feasible processing routes, and the technology readiness levels remain low, particularly for elements beyond the conventional extraction of iron (Fe), aluminum (Al), and Ti, which dominate existing industrial-scale recovery efforts (Balomnenos et al., 2016; Vielma et al., 2025).
Conventional extraction methods are often hindered by severe economic and environmental constraints. They typically rely on high energy inputs, elevated temperatures and pressures, and aggressive chemical reagents, resulting in high costs, complex infrastructure, and secondary environmental impacts such as acid waste streams or alkaline effluents (Gao et al., 2020; Zapp et al., 2022; Yıldız et al., 2024). These limitations have sparked interest in alternative, low-impact technologies that can extract critical metals more sustainably. Among them, bioleaching, the microbiologically driven solubilization/complexation of metals, has emerged as a promising avenue. Bioleaching offers the potential for lower energy use, milder operational conditions, and substantially reduced reliance on harsh chemicals. Despite its proven success in recovering metals from other industrial waste streams and ores, bioleaching remains in the early stages of development for bauxite residue. Several fundamental challenges remain unresolved, including slow kinetics, low metal selectivity, limited microorganism compatibility with the highly alkaline matrix, and a need for process optimization at larger scales.
Understanding bioleaching mechanisms is fundamental to advancing the sustainable recovery of critical metals from bauxite residue. While previous reviews have explored the potential of bauxite residue as a secondary source of valuable metals and discussed strategies for their recovery and process optimization (Swain et al., 2022; Harmaji et al., 2024; Fang et al., 2025; Padhan and Paul, 2025), a comprehensive synthesis that integrates bioleaching techniques, microbial selection criteria, and the underlying mechanisms of metal complexation, alongside an evaluation of the metabolic pathways of bioleaching organisms, remains limited. This review seeks to address these gaps by integrating current knowledge on bioleaching methods and microbial metabolism, emphasizing approaches to enhance extraction efficiency through strategies such as optimizing leaching parameters, improving microbial tolerance, and increasing organic acid production, all of which considerably influence process performance. We critically assess the current state of research on the bioleaching of bauxite residue, focusing on its applicability for the recovery of critical metals. The review provides an overview of residue composition and its relevance to circular economy frameworks, summarizes recent advances in bioleaching mechanisms and microbial processes, and identifies key technological developments and existing knowledge gaps that must be addressed to establish bioleaching as a viable industrial solution. Through this lens, we aim to pave the way for future research and development in transforming bauxite residue from an environmental liability into a valuable resource stream that fits within a sustainable and circular materials economy.
2 BAUXITE RESIDUE CHARACTERISTICS AND CRITICAL METALS RECOVERY POTENTIAL
Bauxite residue is a highly alkaline by-product generated predominantly during the Bayer process, which accounts for over 95% of global alumina production (Agrawal and Dhawan, 2021). Its chemical composition varies depending on the processing method and ore type, but typically includes oxides of Fe, Al, Ti, calcium (Ca), and sodium (Na) (Gräfe et al., 2011b). In Bayer-derived bauxite residue, Fe2O3 and Al2O3 often dominates, while sintering-derived residues, more common in China, are richer in silica and lime (Table 1) (Sun et al., 2019).
TABLE 1 | Chemical composition of bauxite residue samples worldwide. Values expressed as weight percentage (by oxides), obtained via XRF analysis.	Country	Refinery	Processing	Fe2O3	Al2O3	TiO2	SiO2	Na2O	CaO	References
	Australia	Kwinana	Bayer	28.5	24.0	3.1	18.8	3.4	5.3	Snars and Gilkes (2009)
	Australia	Wagerup	Bayer	29.6	17.3	2.7	30.0	3.2	3.6	Snars and Gilkes (2009)
	Australia	Worsley	Bayer	56.9	15.6	4.5	3.0	2.2	2.4	Snars and Gilkes (2009)
	Australia	Queensland Alumina Limited	Bayer	30.7	18.6	7.0	16.0	8.6	2.5	Snars and Gilkes (2009)
	Australia	Yarwun	Bayer	34.5	22.5	6.8	13.9	9.4	1.8	Liu et al. (2016)
	China	Henan	Bayer	16.7	23.3	5.2	20.4	7.4	11.4	Liu et al. (2017)
	China	Guizhou	Bayer	26.4	18.9	7.4	8.5	4.8	21.8	Wang and Liu (2012)
	China	Guizhou	Sintering	8.0	10.4	7.1	17.3	3.5	40.2	Wang and Liu (2012)
	China	Shandong	Sintering	5.7	8.3	-	32.5	2.3	41.6	Liu et al. (2014)
	China	Shanxi	Sintering	6.8	10.5	2.6	22.2	3.0	42.3	Liu et al. (2014)
	Greece	Alumine de Greece	Bayer	42.5	15.6	5.9	9.2	2.4	19.7	Ochsenkühn-Petropulu et al. (1996)
	Hungary	Ajka	Bayer	42.1	14.8	5.2	13.5	8.9	6.1	Prasad and Singh (1997)
	India	Damanjodi	Bayer	53.0	15.5	5.0	7.1	4.4	2.1	Hena et al. (2022)
	India	Hindalco	Bayer	35.5	16.8	7.7	15.6	13.6	1.2	Alam et al. (2018)
	Brazil	Maranhão	Bayer	38.3	22.1	3.5	12.2	5.8	2.6	Silveira et al. (2025)
	Brazil	São Paulo	Bayer	31.8	21.7	3.6	16.5	7.1	4.3	Silveira et al. (2025)


The mineral composition of bauxite residue varies considerably depending on the processing method and the specific parameters used. The major mineral phases in Bayer-derived bauxite residue include hematite, goethite, quartz, gibbsite, boehmite, anatase, sodium aluminosilicates (e.g., sodalite and cancrinite), and calcite, with minor occurrences of muscovite, feldspar, rutile, gypsum, tricalcium aluminate, and halite (Snars and Gilkes, 2009). In contrast, in sintering-derived residue, the dominant phases are wollastonite, limonite, calcite, anorthite, sodium aluminosilicate, brownmillerite, and perovskite (Liu et al., 2009b). Wang and Liu (2012) reported that, in samples from the same alumina refinery, the main phases in Bayer-derived residue are perovskite, hematite, sodium aluminate, calcite, and aragonite, whereas in sintering-derived residue, they include dicalcium silicate, calcite, perovskite, and magnetite. However, the specific phase abundances were not provided.
The strong alkalinity (pH 10.5–12.8) and elevated salinity (ESP 53%–91%) (Jiang et al., 2023), combined with the presence of toxic metals (e.g., arsenic, cadmium, chromium, nickel, lead) (Burke et al., 2012; Higgins et al., 2016; Zhang et al., 2022) and naturally occurring radionuclides (e.g., radium-226, thorium-232), pose considerable challenges for long-term storage and environmental safety (Goronovski et al., 2021). Most bauxite residue is currently managed through dry stacking systems, which helps to reduce the land use and remove the highly alkaline liquid attached to the residue in the form of OH−, CO32- and Al(OH)4-. However, more than 75% of the waste’s alkalinity is present in the form of insoluble compounds such as sodalite, cancrinite, hydrogarnet, calcite, tricalcium aluminate, sodium carbonate, sodium aluminate, sodium bicarbonate, and sodium silicate (Xue et al., 2016; Lyu et al., 2021).
Alternative treatment strategies such as seawater neutralization and CO2 carbonation are applied to dissolve the mineral phases and react with the alkaline products to reduce the alkalinity (Rai et al., 2017; Kannan et al., 2021). Though, these approaches have limitations, including high water requirements (Yang J. et al., 2025) and risks of pH rebound due to residual alkaline minerals (Rivera et al., 2017; Harmaji et al., 2024). This complex environmental context necessitates the development of integrated strategies that not only mitigate risks but also valorize the residue as a resource.
Importantly, bauxite residue is enriched with a range of critical metals whose concentrations often exceed their natural crustal abundance by multiple folds. For instance, bauxite residue from a Greek refinery contains these metals at concentrations ranging from 3 to 16.3 times higher than crustal averages (Figure 2). In Hungarian bauxite residue, concentrations range from 1.6 to 8.8 times higher, with a higher proportion of light rare earth elements (LREEs) compared to heavy rare earth elements (HREEs). In contrast, Jamaican bauxite residue displays the opposite trend, with HREEs enriched by a factor of over 11.3 and LREEs by 8.5. Greek bauxite residue contains a high concentration of Ga, V, and Ti, with enrichment factors exceeding 10. Chinese bauxite residue shows a similar trend to Hungarian bauxite residue, with higher concentrations of LREEs compared to HREEs. This residue also exhibits a considerable enrichment factor for Ga and V (Figure 2). These enrichment patterns underscore the substantial, yet underutilized, resource potential of bauxite residue for multiple critical metals.
[image: Bar chart comparing the concentration ratios (bauxite residue to Earth's crust) of elements from four refineries: Greek, Hungarian, Jamaican, and Chinese. Each refinery is represented by a different color. Elements shown include LREEs, HREEs, Sc, Ga, V, and Ti. The Chinese refinery has the highest ratios across most elements, especially for LREEs and V. Error bars indicate variability. A red dashed line serves as a baseline across the chart.]FIGURE 2 | Average concentration ratios of LREEs, HREEs, Sc, Ga, V, and Ti in Greek refinery (Borra et al., 2015; Toli et al., 2023), Hungarian refinery (Ujaczki et al., 2017), Jamaican refinery (Patterson et al., 1986; Narayanan et al., 2019), and Chinese refinery (Qu and Lian, 2013) produced bauxite residues, and in the Earth’s crust (Thomas, 2018; Geoscience Australia, 2024a), with standard deviations shown in the graph (see Supplementary Material). The dashed line represents the point at which the critical metal concentration in bauxite residue (BR) equals that in the Earth’s crust (a ratio of 1).REEs are a group of 17 chemically similar elements, including the 15 lanthanides, plus Sc and Y, due to their similar properties and co-occurrence in ores. They are typically categorized into light REEs (LREEs: La to Gd) and heavy REEs (HREEs: Tb to Lu, including Y), while Sc is often treated separately due to its distinct characteristics (Balaram, 2019).
In bauxite residue, REEs largely mirror their mineral associations of the original bauxite ore, occurring within mineral phases such as cerianite (CeO2), fluorocarbonates such as synchysite [Ca(REE)(CO3)2F] and bastnäsite [Ce(CO3)F], hydroxylbastnäsite [REE(CO3)(OH)], xenotime (YPO4), monazite [(REE)PO4], or adsorbed onto the surfaces of clays and diaspore (Li et al., 2013; Vind et al., 2018b; Luo et al., 2023). They might also be adsorbed onto mineral surfaces in perovskite form or substitute for chemically similar ions within the mineral matrix (Borra et al., 2015; Gamaletsos et al., 2016; Vind et al., 2018b), for example, Sc which is commonly hosted in hematite and goethite (Vind et al., 2018c). In general, Sc accounts for more than 90% of the total REEs content in bauxite residue, and approximately 95% of the overall economic value of the REEs present (Binnemans et al., 2015; Rivera et al., 2017; Rivera et al., 2019). Nearly all REEs present in bauxite ore are transferred to the bauxite residue during alumina extraction, resulting in an enrichment factor of at least two (Figure 2) (Vind et al., 2018a). Ga is another critical metal of strategic importance associated with bauxite processing (Foley et al., 2017). Approximately 90% of the global Ga annual production is obtained as by-product of the alumina production (Yuxin et al., 2025). Due to its geochemical similarity to Al, approximately 70% of the Ga in bauxite is leached and retained in the Bayer liquor, while the remaining 30% is lost to bauxite residue in the form of Ga oxyhydroxide (α-GaOOH) and Ga hydroxide (Ga(OH)3) (Lu et al., 2017; Vind et al., 2018a).
V is also enriched in bauxite residue through its incorporation into mineral phases formed during the Bayer process. It is known that V in bauxite residue can replace hydroxyl groups in the tricalcium aluminate hydrates and calcium aluminum silicates (Burke et al., 2012; Smith, 2017; Vind et al., 2018a), and can also associate with Fe oxides and Ti-Fe minerals (Gräfe et al., 2011a). Similarly, Ti, another abundant constituent of bauxite residue, is typically present as rutile (TiO2), anatase (TiO2), perovskite (CaTiO3), or ilmenite (FeTiO3). The relative abundance of these phases depends on the original bauxite ore composition and the specific processing conditions used (Murty et al., 2023; Stopić et al., 2023).
3 BIOLEACHING OF BAUXITE RESIDUE FOR CRITICAL METAL RECOVERY
Conventional recovery of critical metals from bauxite residue is characterized by the need for elevated temperatures and pressures, substantial initial capital investment, and/or the use of concentrated mineral acids or highly alkaline conditions, which can lead to excessive water consumption and environmental pollution (Fang et al., 2025; Tanvar and Mishra, 2025). These limitations have reinforced the need to develop more economically viable, sustainable, and environmentally responsible technologies. Bioleaching has emerged as a promising solution, employing microorganisms to convert target metals from their insoluble form in the bauxite residue matrix into a soluble form that can be easily separated.
3.1 Bioleaching configuration
Bioleaching is typically implemented using one of three main configurations: one-step, two-step, or spent-medium systems (Figure 3), with the first two considered contact leaching because the microorganisms physically interact with the mineral surface, and the latter classified as contactless (Crundwell, 2003). In the one-step process, the microorganisms are directly inoculated into the medium containing the bauxite residue, allowing for simultaneous microbial growth and bioleaching. It has been reported that, although this approach often results in longer lag phases due to metal toxicity or pH stress, it can achieve high overall recoveries (Biswal and Balasubramanian, 2023).
[image: Diagram illustrating three methods: one-step, two-step, and spent medium. One-step involves mixing bacteria with bauxite residue in a vessel. Two-step includes a pre-culture phase before mixing. Spent medium depicts culturing followed by separation of bacteria and residue. Bacteria, fungi or archaea, and bauxite residue are labeled with corresponding icons.]FIGURE 3 | Bioleaching configurations when applied to bauxite residue. Adapted from (Yang et al., 2008a; Ren et al., 2009).Alternatively, the two-step method involves allowing the microbes to grow separately in a nutrient medium until they reach optimal density before introducing the bauxite residue. This configuration helps reduce microbial stress and minimizes lag phases, leading to more efficient metal solubilization under controlled conditions. The spent medium approach bypasses direct microbial exposure to bauxite residue altogether by using only the leachate (metabolite-rich medium) produced by the microorganisms. This strategy is particularly useful when dealing with toxic substrates or when employing genetically modified strains that require biocontainment.
3.2 Bioleaching mechanisms
The bioleaching mechanisms refer to how the solubilization of metals by microorganisms, can occur via acidolysis, complexolysis, and redoxolysis. These mechanisms can act individually or in combination during bioleaching of bauxite residue (Figure 4). In acidolysis, microorganisms secrete organic or inorganic acids that lower the pH and mobilize metal ions through proton displacement from mineral structures. Studies have shown that the bioleaching rate of metals increases with the proton donor capacity of the acid. Similarly, higher acid concentrations positively impact the leaching rate and extent (Ilyas et al., 2021).
[image: Diagram illustrating microbial chemical attack on bauxite residue. Bacteria, fungi, or archaea produce organic acids, leading to complexolysis and acidolysis. Processes involve ions like Fe²⁺, Fe³⁺, H⁺, SO₄²⁻, and Mn⁺.]FIGURE 4 | Bioleaching mechanisms in fungi, bacteria and other organisms. Iron reduction and sulfur oxidation were employed to elucidate the coupled redoxolysis and acidolysis mechanisms. An organic acid was used as a bioleaching agent to describe the acidolysis and complexolysis mechanisms. Adapted from (Zhang et al., 2020; Ilyas et al., 2021; Dong et al., 2023).Complexolysis involves metal complexation with the organic acid through chelation, displacing the equilibrium, and enhancing the continuous dissolution of the metal ions. Even though complexolysis is slower than acidolysis, under less acidic conditions this mechanism controls the leaching rate (Dong et al., 2023). It has also been previously indicated that the concentration of the conjugate base, rather than hydronium ion availability, plays a critical role in determining the leaching efficiency of bauxite residue (Van Wyk et al., 2024).
In redoxolysis, the organisms enhance metal solubilization through electron transfer between the metal source and the microbes. This mechanism can be employed to recover metals from low-grade ores or secondary sources, such as electronic waste, or to decrease the toxicity of metal ions by reducing or oxidizing them into non-toxic or less toxic forms (Pathak et al., 2021). In bauxite residue, Acidianus manzaensis has been reported to release REEs from the solid matrix through redoxolysis and acidolysis in a two-stage bioleaching process. First, pyrite is oxidized under aerobic conditions to generate ferric iron and H2SO4. Subsequently, ferric iron is reduced to ferrous iron under anaerobic conditions when electron donors, such as elemental sulfur, are supplied, promoting metal solubilization by destabilizing ferric phases through redoxolysis (Zhang et al., 2020).
3.3 Bioleaching agents
The biological metal recovery from bauxite residue occurs through the secretion of metabolites to the extracellular media which interact closely with mineral surfaces to disrupt bonds and mobilize metal ions. Among these metabolites, low-molecular-weight organic acids are considered the main leaching agents. These organic acids, including citric, oxalic, tartaric, malic, gluconic, and acetic acid, are secreted by various bacterial and fungal species and play a pivotal role in acidolysis and complexolysis (Gadd, 1994).
Citric acid contains three carboxylic functional groups and is a widely used organic acid in industry. Its commercial production is primarily limited to fungal species such as Aspergillus niger and certain yeast species. Citric acid has three acidic protons, which enables it to form complexes with metals of different valence states present in or derived from the bauxite residue, including Al, Fe, Ti, REEs, Ga, and V (Matzapetakis et al., 2001; Tsaramyrsi et al., 2001; Vukosav et al., 2012; Janusz et al., 2020; Meng et al., 2023). The species present depend on the environmental pH, with LREE-citrate complexes predominant at alkaline conditions whilst the concentration of Al-citrate species increases in acidic conditions (Figure 5A). The solubility of citrate-REE complexes depends on the metal-to-ligand ratio, and the specific characteristics of each REE, with HREEs exhibiting greater dissolution than LREEs due to the formation of more stable complexes, thereby favoring the selective extraction of HREEs (Meng et al., 2023; Wen et al., 2024).
[image: Six graphs labeled A to F show the concentration of various chemical species as a function of pH. A: Citrate species with distinct peaks; Al around pH 4, AlH near pH 3, Ga around pH 5, La rising above pH 6, and Yb peaking at pH 8.B: Oxalate species displaying multiple peaks; Al and La around pH 4, Fe peaks at pH 5, Sc and Yb around pH 8.C: Tartrate species with La constant across pH and Sc rising near pH 9.D: Malate species showing peaks; La at pH 5, Sc at pH 7, and Yb near pH 8.E: Acetate species with peaks; Al and AlOH around pH 3, La and VO rise around pH 5.F: Lactate species, La peaks around pH 3, Sc and Yb rise near pH 4.Each graph includes a legend to differentiate species by color.]FIGURE 5 | Speciation curves in the liquid phase for organic acid-metal complexes as a function of pH at 25 °C and 1 atm for: (A) citric acid, (B) oxalic acid, (C) tartaric acid, (D) malic acid, (E) acetic acid, and (F) lactic acid. La and Yb are used as representative examples of LREEs and HREEs, respectively. The solubility of organic acid-REEs complexes varies among the individual rare earth elements. Species and concentrations were simulated for each organic acid (0.1 mM) in the presence of Al (0.1 mM), Fe (0.1 mM), La (0.1 mM), Ga (0.1 mM), Yb (0.1 mM), Sc (0.1 mM), Ti (0.1 mM), and V (0.1 mM) in 0.1 M NaCl, using speciation data obtained from Visual MINTEQ (Findlow et al., 1990; Pozdnyakov et al., 2013; Visual MINTEQ, 2021).Oxalic acid plays a crucial role in the organisms’ tolerance to metals, nutrient acquisition, mineral weathering, Ca regulation, homeostasis, and defense mechanisms (Amenaghawon et al., 2024; Grąz, 2024). While bacteria can produce oxalic acid, fungi are preferred due to their higher productivity (Hamel et al., 1999). Fungal species from the genera Aspergillus and Penicillium, including Aspergillus flavus, A. niger, and Penicillium oxalicum, are the most commonly used for microbial production of oxalic acid (Amenaghawon et al., 2024). This diprotic acid is used across a wide range of industries, including the mining sector for metal recovery (Xia and Griffith, 2018). Metal oxalates tend to be sparingly soluble; however, Al, Sc, and Fe oxalate complexes are observed in the liquid phase under strongly acidic conditions (Figure 5B). This makes oxalic acid an effective precipitating agent for recovering critical metals from the pregnant leach solution following the bioleaching of bauxite residue (Gadd, 1999; Nawab et al., 2022). The differential solubility of LREE- and HREE-oxalate complexes can be exploited to optimize the selective separation of HREEs, with preferential dissolution and mobilization into the aqueous phase occurring during the redissolution step after oxalate precipitation (Prodius et al., 2020).
Tartaric acid is industrially produced through three principal approaches: extraction of winemaking by-products using dilute hydrochloric acid or hot water; chemical catalysis; and hybrid chemical-enzyme catalysis utilizing petroleum-derived compounds and maleic acid, respectively (Li X. et al., 2024; Li et al., 2025). Despite its natural abundance and industrial importance, large-scale biosynthesis of this organic acid remains challenging. The development of a fully biological route for tartaric acid production is constrained by incomplete pathways in native microorganisms and by insufficient understanding of fungal biosynthetic mechanisms. Depending on the pH, tartaric acid can exist in three different species. It has been reported that under strongly acidic conditions, soluble complexes are formed with Al, and its concentration decreases as the pH increases, allowing the formation of soluble complexes with HREEs and LREEs, with LREEs reportedly exhibiting greater dissolution than HREEs in acidic conditions (pH = 2.6) (Desroches et al., 2000; Nayl et al., 2020; Lallemand et al., 2022). During the simulation, no Al- or Fe-tartrate complexes were observed; instead, mainly Sc-tartrate complexes were detected, owing to the higher stability of the complexes they form (Smith et al., 2004) (Figure 5C). This characteristic renders tartaric acid an effective agent for the efficient recovery of REEs from bauxite residue, while minimizing interference from contaminants.
Although considerable progress has been made in the biosynthesis of malic acid through fermentation, it has not yet been adopted on an industrial scale. Like tartaric acid, malic acid is a diprotic acid, and forms soluble complexes with metals such as Al, Fe, Ti, and REEs (Venturini-Soriano and Berthon, 2001; Vukosav et al., 2010; Katsumata et al., 2011; Zabiszak et al., 2024). It has been reported that under strongly acidic conditions (pH <3), malic acid forms soluble Al complexes that can contaminate the leachate (Drábek et al., 2015). During the simulation, at higher pH values (2.3–8.8), complexes with HREEs and LREEs become more stable and abundant, with HREEs predominating under acidic to near-neutral conditions, while LREEs are more abundant at neutral to mildly alkaline pH (Smith et al., 2004). This behavior enhances the selective recovery of critical metals from bauxite residue (Figure 5D).
Gluconic acid is a monoprotic acid capable of forming water-soluble complexes with metal ions, exhibiting excellent chelating properties at alkaline pH (Yadav et al., 2022). It is currently produced commercially using filamentous fungal species such as A. niger and Penicillium spp., which oxidize glucose. However, current databases used in speciation models of organic acids do not include gluconic acid, making it difficult to represent its metal speciation.
Acetic acid is a monoprotic acid that is primarily produced by chemical methods, although it can also be generated biologically through acetogenesis (anaerobic bacteria converting CO2 and H2 to acetate via the Wood-Ljungdahl pathway), acetic fermentation (oxidation of ethanol by acetic acid bacteria), or yeast fermentation (where acetic acid can be a by-product of sugar metabolism) (Merli et al., 2021). While Fe-acetate complexes tend to be insoluble, Al complexes are soluble under acidic conditions. Complexes of REEs, V, and Sc with acetate are generally stable under neutral to mildly alkaline conditions (Figure 5E).
Lactic acid is a monoprotic acid, that can be produced through two main pathways: chemical synthesis or fermentation of various carbon sources by different organisms, primarily lactic acid bacteria. This organic acid can form soluble complexes with critical metals under neutral and slightly alkaline conditions. Al-lactate complexes are water-soluble and primarily form under extremely acidic conditions; however, under the simulation conditions, mainly Sc-lactate complexes were observed (Figure 5F). Lactate tends to form soluble complexes with REEs in the form of mono-, bi-, or tri-lactate complexes at pH above 3, in a selective manner, avoiding complexation with Al and Fe. This makes it a potential bioleaching agent for the selective recovery of critical metals from bauxite residue (Couturier et al., 2025).
3.4 Microorganisms implicated in bioleaching of bauxite residue
A range of chemoautotrophic and chemoheterotrophic microorganisms has been studied for their potential to bioleach critical metals from bauxite residue. Because of the highly alkaline nature of bauxite residue and the absence of suitable energy sources, chemoautotrophs commonly used in sulfide ore bioleaching through reduction-oxidation reactions are largely ineffective under bauxite residue leaching conditions due to their acidophilic nature (Burgstaller and Schinner, 1993). In contrast, chemoheterotrophs are better suited, as they can thrive in nutrient-supplemented media and produce key metabolites such as organic acids, amino acids, and proteins that promote metal solubilization via acidolysis and complexolysis. These compounds can form complexes with toxic elements present in the bauxite residue, thereby reducing metabolic stress and promoting microbial survival and activity (Valix and Loon, 2003; Santini et al., 2015).
Microorganisms selected for the bioleaching of bauxite residue face considerable challenges; for instance, they must tolerate high metal concentrations and maintain an internal pH lower than that of their environment. This requires physiological adaptations, such as enhanced proton uptake mechanisms and cell membrane modifications to resist osmotic stress and continue producing useful metabolites (Naykodi et al., 2022; Sarma et al., 2023). Despite these challenges, several microbial species have been identified as candidates for the effective leaching of bauxite residue, including acetic acid bacteria (Acetobacter tropicalis, Gluconobacter oxydans), lactic acid bacteria (Lactobacillus pentosus), and filamentous fungi such as A. niger, and P. oxalicum. The metabolic pathways and leaching efficiencies of these organisms will be discussed in the following sections.
3.5 Metabolic pathways for organic acid synthesis
Various acetic acid bacteria (AAB) and lactic acid bacteria (LAB) have been employed for the extraction of critical metals from bauxite residue. In acetic acid bacteria, the production of acids involves the Embden-Meyerhof-Parnas pathway (EMP pathway, also known as glycolysis), the tricarboxylic acid (TCA) cycle, pentose phosphate pathway (PPP) and the glyoxylate cycle (GLOX). Acetic acid can be produced via two main routes. When ethanol is used as the substrate, it is first oxidized to acetaldehyde by alcohol dehydrogenase (ADH), and then to acetic acid by acetaldehyde dehydrogenase (ALDH). When glucose is the carbon source, acetic acid is produced via pyruvate decarboxylation to acetaldehyde, followed by oxidation to acetate by ALDH. Organic acids such as citrate, malate, and fumarate are produced as intermediates of the TCA cycle (Figure 6) (Mamlouk and Gullo, 2013; De Vuyst et al., 2017). However, not all acetic acid bacteria possess a fully functional TCA cycle. For example, Gluconobacter species lack key enzymes, α-ketoglutarate dehydrogenase and succinate dehydrogenase, resulting in an incomplete TCA cycle. Therefore, they rely on periplasmic membrane-bound dehydrogenases for oxidative reactions, the PPP for the catabolism of sugars and their derivatives, and a partial TCA cycle for the biosynthesis of metabolic intermediates (Hanke et al., 2013; Bringer and Bott, 2016).
[image: Diagram of bacterial ethanol fermentation and associated metabolic pathways, including PPP and TCA cycle. Key reactions and intermediates such as glucose to gluconate and ethanol to acetate are illustrated. Enzymes are indicated by abbreviations like ADH for alcohol dehydrogenase. The pathways highlight glycolysis, pentose phosphate pathway (PPP), and tricarboxylic acid (TCA) cycle, with intermediates moving between periplasm and cytoplasm. Gluconate conversions and transporters across the membrane are shown.]FIGURE 6 | Metabolic pathways for organic acid production in acetic acid bacteria, showing the tricarboxylic acid (TCA) cycle and pentose phosphate pathway (PPP). Multiple arrows indicate that various metabolic reactions are involved. Adapted from (Mamlouk and Gullo, 2013; Matsushita et al., 2016; De Vuyst et al., 2017).Lactic acid bacteria rely on fermentation pathways for energy, and their production of organic acids depends on whether the organism follows a homofermentative or heterofermentative metabolic pathway. Hexoses, such as glucose, are typically metabolized via the homofermentative pathway primarily through the EMP pathway, although some species can also utilize the PPP for lactate production. In contrast, glucose can be converted into lactate along with acetate and/or ethanol through the heterofermentative pathway, which involves the pentose phosphoketolase (PPK) pathway. In this pathway, glyceraldehyde-3-phosphate is subsequently metabolized to pyruvate via the EMP pathway (Zotta et al., 2017; Abedi et al., 2020) (Figure 7). Species from Lactobacillus and Bacillus are examples of heterofermentative lactic acid-producing bacteria.
[image: Presents the metabolic pathways involved in organic acid production in lactic acid bacteria (LAB) in general, such as acetate kinase, citrate synthase, and lactate dehydrogenase. Glucose is transported into the cell, converted into various intermediates, and finishes as lactate, acetate, or other compounds. Enzyme abbreviations and reactions are depicted, with specific roles indicated for each enzyme in text boxes.]FIGURE 7 | Metabolic pathways involved in organic acid production in lactic acid bacteria (LAB), highlighting the incomplete tricarboxylic acid (TCA) cycle, pentose phosphate pathway (PPP), and pentose phosphoketolase (PPK) pathway. Orange arrows indicate enzymes commonly absent in LAB, while multiple arrows denote the involvement of multiple metabolic reactions. Adapted from (Zotta et al., 2017; Abedi et al., 2020).LAB lack a complete TCA cycle due to the absence of isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, succinyl-CoA synthetase, and succinate dehydrogenase. However, some LAB species can convert pyruvate into oxaloacetate or malate, allowing entry into the incomplete TCA cycle and enabling the production of fumaric acid and citric acid at low extracellular levels (Morishita and Yajima, 1995).
Organic acid production in filamentous fungi involves multiple metabolic pathways and cellular compartments. These include glycolysis (cytosol), the TCA cycle (mitochondria), the pentose phosphate pathway (cytosol), and GLOX, which occurs in the peroxisomes (Figure 8). Citric acid production primarily involves the TCA cycle, GLOX cycle, and PPP. Oxalic acid is synthesised via three mechanisms: oxidation of glyoxylic acid by glyoxylate dehydrogenase (GDH), pyruvate carboxylation in the cytoplasm and the hydrolysis of intermediates from the TCA cycle. In A. niger, only the TCA and pyruvate pathways are active, as no GDH activity has been observed. Tartaric acid production has previously been demonstrated in filamentous fungal strains (Izcapa-Treviño et al., 2009; Li et al., 2016), however, to the best of the authors’ knowledge, the corresponding metabolic pathway has not yet been experimentally validated. Malic acid biosynthesis in fungi is produced via three pathways: cytoplasmic pyruvate carboxylation, TCA cycle intermediates, and the GLOX cycle. Gluconic acid is produced via glucose oxidation by glucose oxidase (GOX), primarily found in the cell wall and extracellular fluid of Aspergillus and Penicillium. Gluconolactone hydrolysis occurs spontaneously at neutral/alkaline pH or via lactonase (LCT) in acidic conditions.
[image: Diagram illustrating metabolic pathways involving glucose metabolism, the tricarboxylic acid (TCA) cycle, and the glyoxylate cycle. Key components are labeled, including glucose transport, enzymatic reactions, and the locations of mitochondria and cytoplasm. Highlighted metabolites include oxalate, acetate, and citrate. Different enzymes, such as ATP-citrate lyase, aconitase, and others involved in these pathways, are annotated with abbreviations. Pathways show the conversion of glucose to various metabolic intermediates, emphasizing the role of mitochondrial carriers in transporting substances.]FIGURE 8 | Metabolic pathways for organic acid production in filamentous fungal species, showing the tricarboxylic acid (TCA) cycle, pentose phosphate pathway (PPP), and the glyoxylate cycle (GLOX). Multiple arrows indicate that various metabolic reactions are involved. Dotted lines indicate hypothetical metabolic pathways that have not yet been experimentally validated. Adapted from (Izcapa-Treviño et al., 2009; Kobayashi et al., 2014; Hronská et al., 2017; Ma et al., 2022; Yadav et al., 2022; Khandelwal et al., 2023; Wu et al., 2023; Książek, 2024; Li X. et al., 2024).3.6 Bioleaching of critical metals
Organic acids, whether chemically synthesized or produced biologically through one-step or two-step cultivation of acid-producing microorganisms, have been employed for the extraction of critical metals from bauxite residue (Borra et al., 2015; Gu et al., 2020). Notably, the use of biotically produced organic acids is a promising approach, as these acids have been reported to exhibit superior leaching capacity for critical minerals compared to chemically pure acids, even at lower molarities (Aung and Ting, 2005; Amiri et al., 2011; Van Wyk et al., 2024). Moreover, the biotic production of organic acids offers substantial advantages at an industrial scale, including lower production costs compared to purchasing commercial acids. In addition, several microorganisms capable of generating high concentrations of organic acids can utilize industrial waste as a nutrient source, thereby enhancing the circularity of the process and further reducing operational costs (Sawant et al., 2018; Egbe et al., 2022; Mahgoub et al., 2022).
The extraction of critical minerals from bauxite residue using naturally enriched autochthonous fungi and bacteria, without external microbial inoculation, was demonstrated in a sequencing batch reactor (Cozzolino et al., 2024). This process resulted in recoveries of 65.2% for Nd, 19.5% for Ce, 30.2% for Y, 34.4% for Sc, and 21.4% for La, with minimal Fe leaching (<0.1%) when processed at a 1.5% solid-to-liquid (S/L) ratio. A high concentration of acetic acid, along with an enrichment of acidophilic and neutrophilic bacterial populations, was detected during the fermentation process. These findings support the application of indigenous fungal-bacterial consortia as a promising alternative, highlighting the relevance species such as P. oxalicum, previously isolated from bauxite residue and known for their high organic acid production (Liao et al., 2018).
Notably, fungal species employ diverse strategies to survive in extreme environments such as bauxite residue, including the secretion of organic acids that both chelate metal ions and lower waste alkalinity, thereby mitigating toxic effects and facilitating metal recovery (Ghorbani et al., 2008; Liao et al., 2018; Qu et al., 2019a; Feigl et al., 2024). As shown in Table 2, the bioleaching capabilities of A. niger have been evaluated using one-step, two-step, and spent medium approaches at various bauxite residue concentrations. In the one-step configuration with a 2% w/v bauxite residue concentration, a higher Ti recovery was observed compared to the two-step method, likely resulting from enhanced fungal growth, as indicated by increased biomass, and elevated excretion of leaching agents (mainly organic acids) driven by metal-induced stress. In contrast, the spent medium leaching configuration resulted in the lowest metal recovery among all tested approaches (Vakilchap et al., 2016).
TABLE 2 | Fungal and bacterial recovery of critical minerals from bauxite residue via acidolysis and complexolysis mechanisms. Bauxite residue (BR) concentrations are indicated as percentage w/v, unless otherwise specified.	Organism	Steps	BR	Conditions	Efficiency (%)	References
	A. niger	One-step	2	30 °C, 130 rpm, 30 days	Ti (60), Al (70), Fe (25)	Vakilchap et al. (2016)
	A. niger	Two-step	2	30 °C, 130 rpm, 30 days	Ti (22), Al (54), Fe (10)	Vakilchap et al. (2016)
	A. niger	Spent medium	2	30 °C, 130 rpm, 30 days	Ti (11), Al (46), Fe (4)	Vakilchap et al. (2016)
	A. nigera	Two-step	3	30 °C, 150 rpm, 20 days	Ti (67), Sc (<20), V (88), Al (92)	Pedram et al. (2020)
	A. nigerb	Two-step	3	30 °C, 150 rpm, 20 days	Ti (<60), Sc (∼30), V (31), Al (53)	Pedram et al. (2020)
	A. nigera	One-step	3	30 °C, 150 rpm, 20 days	V (91), Al (97)	Azimi et al. (2024)
	A. niger	One-step	1	30 °C, 100 rpm, 20 days	Sc (46)	Kiskira et al. (2023)
	A. niger	One-step	10	30 °C, 250 rpm, 15 days	Ga (31), Ge (33), V (19), Sc (30), La (16), Eu (23), Yb (44)	Qu et al. (2015)
	P. chrysogenum	One-step	3	30 °C, 120 rpm	Y (79), La (28), Ce (28)	Ilyas et al. (2021)
	P. tricolor	Two-step	8.3	30 °C, 120 rpm, 40 days	V (∼34)	Qu et al. (2019a)
	P. tricolor	Two-step	4	30 °C, 150 rpm, 30 days	Ti (64)	Qu et al. (2022)
	P. tricolor	One-step	2	30 °C, 120 rpm, 30 days	Y (>70)	Qu and Lian (2013)
	G. oxydansc	Two-step	10	37 °C, 120 rpm, 20 days	Sc (94), La (40), Ce (40), Nd (40), Y (81)	Abhilash et al. (2021)
	G. oxydans	Two-step	0.5	30 °C, 120 rpm, 3 days	Sc (13), Y (41), La (15), Ce (24), Nd (11), Ti (59), Ca (80), Al (68)	Van Wyk et al. (2024)
	Bacillus nitratireducens	Two-step	0.15	25 °C, 180 rpm, 3 days	Lu (92), Tb (81), Gd (67)	Rus et al. (2024)
	Acetobacter sp.	One-step	2	30 °C, 120 rpm	Sc (42)	Qu et al. (2019b)
	A. tropicalis	One-step	1d	30 °C, 120 rpm, 20 days	Ti (3), Sc (4), Al (28)	Kiskira et al. (2021)
	L. pentosus	Two-step	20	30 °C, 180 rpm, 8 days	Pr (35), Ce (6), La (1)	Han et al. (2024)
	B. foraminis	One-step	1	40 °C, 160 rpm, 8 days	Y (>70)	Ilkhani et al. (2024)


a Grape-skin extracted A. niger strain.
b Pistachio shell extracted A. niger strain.
c Bauxite residue tolerant strain (20% w/v) by adaptive laboratory evolution.
d S/L ratio.
Pedram et al. (2020) reported that the recovery efficiency of individual metals varied depending on the A. niger strain and the bioleaching configuration used. For V extraction, the one-step process proved to be the most effective, regardless of the strain used. In contrast, Ti recovery was enhanced in both fungal strains under the two-step bioleaching approach. Overall, the results indicated that adding bauxite residue at the time of spore inoculation led to higher metal extraction compared to its addition after 3 days of incubation, likely due to better fungal adaptation during the initial growth phase.
Although fungal species are generally preferred for industrial-scale applications, due to their typically higher organic acid yields, ability to grow on low-cost substrates, effectiveness across a wide pH range (2–9), and greater resilience in alkaline environments, the use of bacterial species for the bioleaching and neutralization of bauxite residue has also been widely reported (Dezam et al., 2017; Dusengemungu et al., 2021; Gnanasekaran et al., 2022; Mahgoub et al., 2022). As shown in Table 2, the bioleaching potential of L. pentosus was evaluated using pre-treated rice straw as a carbon source, achieving recovery efficiencies of 2.9% for Ti and 3.8% for Sc, although 28% of the contaminant Al was leached (Han et al., 2024).
The performance of L. pentosus under liquid batch fermentation at high bauxite residue concentrations (20% w/v), using glucose as the carbon source, was compared to two previously reported highly efficient bioleaching species: A. niger and G. oxydans. Under these conditions, neither A. niger nor G. oxydans exhibited substantial growth or organic acid production, resulting in negligible leaching efficiencies (Han et al., 2024). These findings underscore the importance of optimizing strains with demonstrated high organic acid productivity and leaching efficiency to maintain robust performance under elevated bauxite residue concentrations. Achieving tolerance to such high concentrations is essential for processing larger waste volumes and maximizing the simultaneous recovery of critical metals.
Bioprocessing of bauxite residue can be integrated with hydrometallurgical pretreatment methods. For example, bioleaching of pretreated bauxite residue using Bacillus foraminis was evaluated after removing 98.4% of Fe and Al, and 80% of Ti. Leaching of the remaining fraction by this bacteria achieved significantly higher recoveries compared to direct leaching of untreated residue: 35% Pr, 6.3% Ce, and 1% La from treated bauxite residue, versus 0.6% Pr, 0.7% Ce, and 0.3% La from untreated residue (Ilkhani et al., 2024).
As shown in Table 2, several microbial species have been tested for the extraction of critical metals, achieving high recovery efficiencies. However, these microorganisms may also leach undesirable elements such as Fe and Al. These findings highlight that bioleaching is not inherently selective, and the performance of each bioleaching agent or microorganism must be evaluated based on the specific composition of the bauxite residue. At the industrial scale, bioleaching faces challenges such as increasing leaching rates, reducing extraction time, and increasing pulp density, which is considered a critical factor for economic viability (Pathak et al., 2017). Therefore, various strategies are employed to optimize bauxite residue bioleaching, aiming to increase metal recovery rates and extents through parameter optimization, and to improve microbial tolerance or enhance leaching agent production through organism optimization.
3.6.1 Parameters optimization
The solubilization efficiency of critical metals during bioleaching is governed by several factors, including the specific bioleaching steps, preculture time, inoculation size, solid-to-liquid ratio, duration of bioleaching and the composition of bauxite residue as well as ease of accessibility of metals (Table 2). Furthermore, the mobilization of critical metals from the solid phase is influenced by environmental parameters, including temperature and pH, as well as by the stability of metal-organic acid complexes (Kiskira et al., 2021). Determining optimal conditions is inherently a time-consuming and complex task, as it is typically conducted by varying a One Factor at a Time (OFAT) and evaluating the effect of individual factors separately, often overlooking interactions between them. To address these challenges and reduce the need for iterative, costly experimentation, computational and statistical modeling approaches, collectively referred to as Design of Experiments (DoE), can be employed to predict optimal parameters while requiring fewer experimental data points. Within this framework, Response Surface Methodology (RSM) is a widely used statistical and mathematical DoE technique, recognized as one of the most effective and standardized methods for the design, modeling, and optimization of multivariable processes, enabling the assessment of interaction effects among variables using data from strategically designed and fewer experiments (Kim et al., 2023). RSM can also be integrated with machine learning and artificial intelligence techniques to enhance optimization efforts and to develop predictive models of bioleaching behavior based on experimental data (Naseri et al., 2023; Saldaña et al., 2023; Trivedi and Hait, 2024).
RSM has been extensively employed to optimize bioleaching processes for low-grade ores, industrial wastes, and electronic wastes. The recovery of copper (Cu) from low-grade sulfide ores was optimized using Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans by adjusting key operational parameters, including pH, S/L ratio, and agitation rate, achieving a Cu recovery of 69.9% (Naderi et al., 2017). Similarly, RSM-based optimization of Cu extraction from sewage sludge using A. thiooxidans was conducted by evaluating the effects of, and optimizing, process variables such as initial sulfur concentration, S/L ratio, and initial pH. Under the optimal conditions suggested by the model, a maximum experimental Cu recovery of 85.3% was achieved, which exceeded the maximum predicted value of 80.9% (Rastegar et al., 2024).
Fungal bioleaching using A. niger for the simultaneous recovery of Cu and nickel (Ni) from printed circuit boards has been optimized using RSM (Arshadi et al., 2020). The parameters evaluated included the S/L ratio, inoculum size, bioleaching pH, and the number of bioleaching steps. Experimental recoveries reached approximately 97% for Cu and 74% for Ni, while the model predicted recoveries of 100% and 80%, respectively, with the experimental values falling within the 90% confidence intervals of the predictions. This strong agreement underscores the potential of statistical and mathematical approaches for the optimization of bioprocesses.
To date, most studies employing these approaches for bauxite residue have focused on predicting the properties of the alumina refinery residue (Yang F. et al., 2025), evaluating the properties of construction materials derived from it (Promentilla et al., 2016; Pratap, 2024), assessing its environmental remediation capabilities (Martins et al., 2020; Rushendra Revathy et al., 2021) and determining optimal conditions for non-biological metal extraction from the residue (Shoppert et al., 2022; Pilla et al., 2025). However, the optimization of bioleaching conditions for bauxite residue has been largely overlooked. Qu et al. (2019a) used RSM to determine the optimal sucrose concentration, inoculum size, bauxite residue concentration, and pre-culture duration required to maximize biomass accumulation, organic acid production, and V extraction using A. niger and P. tricolor. The analysis revealed that the optimal conditions varied depending on the specific target. Under the optimized conditions, V bioleaching achieved recoveries of 32.4% and 34% for A. niger and P. tricolor, respectively. Similarly, Azimi et al. (2024) employed an artificial neural network optimization approach to enhance the recovery of Al and V by adjusting key process variables, including the A. niger strain (isolated from pistachio shells or grape skins), bioleaching steps, grinding time of the sample, S/L ratio, and leaching time. The method predicted optimal recoveries of 97.5% for Al and 88.7% for V, which were experimentally validated through bioleaching tests, with actual recoveries of 97.1% and 90.3%, respectively, and showing a relative error of less than 1.8%. This highlights an underexplored opportunity to investigate the potential of machine learning-based techniques for optimizing the recovery of critical metals from alumina refinery residue.
3.6.2 Organism optimization
3.6.2.1 Adaptive laboratory evolution
Bioleaching of bauxite residue has been evaluated in different configurations and at various pulp densities, generally showing better recoveries in direct leaching than in spent-medium use (Qu and Lian, 2013). However, decreased leaching performance is observed when the pulp density reaches 10%, as high solid loads inhibit microbial growth and lead to low leaching efficiencies in both one-step and two-step configurations. This effect is attributed to the high salinity, heavy metals, and alkalinity of the bauxite residue (Qu and Lian, 2013; Qu et al., 2013; Han et al., 2024; Van Wyk et al., 2024). To enhance robustness against bauxite residue toxicity, a new generation of organisms has been developed using phenotype-driven experimental methodologies, such as Adaptive Laboratory Evolution (ALE).
ALE is an effective method that harnesses the natural adaptability of microorganisms to specific environmental conditions. Under defined cultivation conditions, cells exhibiting a desired phenotype gain a selective advantage, leading to the development of optimized strains that can subsequently be isolated through targeted screening (Dragosits and Mattanovich, 2013) (Figure 9). Over successive generations, beneficial mutations accumulate across genes and regulatory regions, enhancing overall cellular functions and resulting in optimized strains (Portnoy et al., 2011). ALE also reveals the genetic and metabolic pathways underlying microbial adaptation, as evolved strains are analyzed using genome sequencing, transcriptomics, proteomics, and metabolomics, thereby guiding the development of more robust bioleaching strains. Moreover, ALE is often preferred because it faces fewer regulatory restrictions than genetically engineered strains.
[image: Flowchart illustrating methods for strain improvement through physical and chemical mutagenesis. Starting with a desirable feature strain, processes include stress application via serial and colony transfer, and continuous cultivation with controlled conditions. The endpoint is a desirable feature strain screened through sequencing and multi-omics analysis for adapted strains.]FIGURE 9 | Strain optimization via adaptive laboratory evolution (ALE). The optional use of mutagenic agents to increase genetic diversification in bacterial and fungal species during ALE is indicated by dotted arrows. Commonly used physical, inorganic, and chemical mutagens, such as ethyl methanesulfonate (EMS), 5-bromouracil (5-BU), 1-methyl-3-nitro-1-nitrosoguanidine (MNNG), and N-methyl-N′-nitro-N-nitrosoguanidine (NTG), are shown. Adapted from (Lotfy et al., 2007; Karanam and Medicherla, 2008; Vu et al., 2009; Irfan et al., 2011; Barreiro et al., 2012; Qi et al., 2014; Patyshakuliyeva et al., 2016; Burlacu et al., 2017; Hirasawa and Maeda, 2022; Mavrommati et al., 2022; Oshoma et al., 2022; Zhao et al., 2022; Yang et al., 2024).ALE can be conducted via serial transfer, colony transfer, or continuous cultivation, chosen based on the microorganism’s growth characteristics and adaptation goals (Figure 9). Serial transfer (or serial batch cultivation through sub-culturing) is widely used for bacteria due to its ease of automation and scalability, allowing selection of cells that tolerate progressively higher stress levels. Colony transfer is more suitable for fungi, which tend to grow as pellets or biofilms, where spores are harvested from solid media and exposed to selective pressures. Continuous cultivation in bioreactors offers precise control over environmental parameters (e.g., pH, oxygen, nutrient supply, cell density) but is less common for filamentous species due to reproducibility challenges and likelihood of biomass retention (Hirasawa and Maeda, 2022; Mavrommati et al., 2022).
In metal recovery contexts, ALE has been successfully applied to acidophilic archaea and bacteria, improving acid tolerance and bioleaching efficiency. For instance, Metallosphaera sedula and Acidithiobacillus spp. strains adapted via ALE exhibited increases of 23.8% and 35.1%, respectively, in bioleaching efficiency relative to the parental strains (Feng et al., 2015; Ai et al., 2016). Acid-tolerant consortia comprising Leptospirillum ferriphilum, Sulfobacillus thermosulfidooxidans, and Ferroplasma thermophilum have also been adapted for acid resistance and enhanced Fe oxidation, resulting in an increase in iron extraction from 26% to 55%, depending on pH (Liu et al., 2019). Directed evolution of L. ferriphilum for adaptation to extreme acidity enabled survival at pH 0.7 and showed a 2-fold increase in leaching efficiency at pH 1.0 (79.5%) compared to the wild type (39.5%) (Liu and Zhou, 2022). Similarly, directed evolution of L. ferriphilum to withstand inhibitory substances such as thiocyanate has been demonstrated while maintaining or improving ferrous iron oxidation efficiency and associated pyrite leaching in the gold biooxidation circuit (Edward et al., 2018). Directed evolution of L. ferriphilum, Acidithiobacillus caldus, and Acidiplasma cupricumulans to tolerate Cu for leaching of elemental forms of base metals from e-waste has also been demonstrated (Maluleke et al., 2024).
For fungal bioleaching, A. niger adapted to increasing concentrations of lithium-ion battery powder (up to 1% w/v) produced higher levels and altered profiles of organic acids, enhancing metal recovery of Al, Ni, Cu, manganese and cobalt by 4%–83% compared to the non-adapted strain (Bahaloo-Horeh et al., 2018). Similarly, A. niger and Penicillium simplicissimum adapted to 5% w/v bauxite residue through serial subculturing achieved Al recovery of 97%–98% (Shah et al., 2020). An adapted G. oxydans strain exposed to 20% w/v bauxite residue showed Sc leaching efficiencies between 70% and 80%, surpassing the 58%–70% range of the non-adapted strain (Abhilash et al., 2021).
Despite showing promising results, ALE remains underutilized for developing bacterial and fungal strains with enhanced tolerance to bauxite residue, as the concentrations achieved thus far are insufficient to ensure economic feasibility of the process. Moreover, its potential to improve bioleaching efficiency for critical metals in this material is not yet fully explored. Existing research suggests that higher pulp densities of bauxite residue reduce bioleaching efficiency for Ti, Ga, Va, and REEs in non-adapted strains compared to adapted ones (Abhilash et al., 2021), highlighting ALE as a promising strategy to overcome this limitation by generating more robust and efficient strains, as demonstrated for acidophilic metal leaching (Maluleke et al., 2024).
3.6.2.2 Genetic engineering techniques
In contrast to ALE, genetic engineering tools provide rational design through genetic modifications, enabling the optimization of resource usage, reduction of metabolic impact, and enhancement of productivity. Tools such as gene knock-out and knock-in, heterologous gene expression, and the overexpression of target genes via recombinant DNA technology enable the targeted enhancement of pathways involved in stress responses, the microbe-metal interaction, and the biosynthesis of bioleaching agents. For example, transcriptomic analysis provides insights into changes in gene expression and metabolic activity under stress conditions, enabling the identification of genomic targets that could be engineered to improve stress tolerance to bauxite residue (Huang et al., 2022; Jahan et al., 2024).
Different techniques can be utilized for inducing genetic modifications in bioleaching organisms. Plasmid-based methods remain the standard technique for delivering DNA into target organisms, relying on the incorporation of circular DNA sequences to induce production of target proteins (Nishikawa et al., 2016). These systems enable both endogenous and foreign gene expression and can be used to deliver genome editing components such as CRISPR-Cas or tools for site-specific recombination and conditional gene modification (e.g., Cre-loxP) (Figure 10). For readers interested in detailed background on genetic modification techniques in bioleaching bacteria, we refer to comprehensive reviews by Chen et al. (2022) and Jung et al. (2022), which cover the fundamentals and recent advances in this field.
[image: Diagram depicting genetic engineering involving Cre-loxP and CRISPR-Cas systems. The Cre-loxP system shows gene excision, while the CRISPR-Cas system illustrates gene targeting with sgRNA. Both systems produce genetic modifications that affect organic acid metabolism, leading to enhanced organic acid production.]FIGURE 10 | Genetic engineering strategies for enhancing organic acid production in bacteria and fungi. CRISPR-Cas uses RNA-guided Cas nucleases to induce precise DNA double-strand breaks, which are repaired by cellular DNA repair pathways. The Cre-loxP system employs Cre recombinase and loxP sites, requiring prior genomic integration to enable targeted gene insertion, deletion, or modulation of expression. Adapted from (Mizutani et al., 2012; Zhang et al., 2013; Nishikawa et al., 2016; Wang et al., 2019; Shen et al., 2024).CRISPR interference (CRISPRi), which uses catalytically inactive Cas proteins (dCas9 or dCas12a), allows reversible repression of target genes without permanent DNA modifications. For instance, CRISPRi has been applied in A. ferrooxidans to suppress key sulfur oxidation genes, demonstrating control over metabolic pathways relevant to bioleaching efficiency (Jung et al., 2024). The Cas12a-based systems provide advantages including multiplex editing capability and lower toxicity, suitable for acidophilic bacteria with high GC content genomes. In addition, CRISPR-mediated genome editing in G. oxydans recently yielded strains with improved REEs bioleaching performance through targeted genetic modifications (Schmitz et al., 2025). These developments highlight the growing potential of CRISPR technologies to engineer bioleaching bacteria for enhanced metal recovery and process optimization.
Studies aiming to enhance organic acid production by genetic engineering techniques are shown in Table 3 (Mizutani et al., 2012; Zhang et al., 2013). Expression plasmids have been extensively used to metabolically engineer AAB, LAB, and A. niger to overexpress genes involved in organic acid synthesis. For example, overexpression of PQQ-ADH subunits I and II in Acetobacter pasteurianus increased acetic acid production from 52.2 g/L to 61.4 g/L (Wu et al., 2017). Expression of glycolytic pathway genes in Lactobacillus brevis improved lactic acid yield and glucose conversion efficiency from 0.74 to 1.16 mol/mol (Guo et al., 2014). In A. niger, one of the most important industrial organisms for organic acid production, the overexpression of genes encoding alternative oxidase and oxaloacetate hydrogenase boosted oxalic acid production from 21 g/L to 28 g/L and shortened the production time. Recent efforts using Cre-loxP and CRISPR-Cas9 systems have also shown promising results for further enhancing organic acid yields. Despite this, the use of genetic engineering tools specifically for enhancing the production of bioleaching agents and evaluating their effectiveness in extracting metals from bauxite residue has not yet been explored.
TABLE 3 | Examples of genetic modification approaches applied to enhance organic acid production in bacterial and fungal species.	Organism	Acid	System	Encoding Gene(s)	Optimization	References
	A. pasteurianus	Acetic	Expression plasmid	adhA, adhB	Production increased from 52.2 g/L to 61.4 g/L	Wu et al. (2017)
	Acetobacter aceti	Acetic	Expression plasmid	aatA	Production increased from 103.7 g/L to 111.7 g/L	Nakano et al. (2006)
	G. oxydans	Gluconic	Expression plasmid	gdh	11% increase in production	Merfort et al. (2006)
	L. brevis	Lactic	Expression plasmid	pfkA, fbaA	Yield increased from 0.74 mol/mol to 1.16 mol/mol a	Guo et al. (2014)
	A. niger	Oxalic	Cre-loxP system	oahA	3.1-fold increase in production	Xu et al. (2019)
	A. niger	Oxalic	Expression plasmid	AoxA, oahA	Production increased from 21 g/L to 28 g/L	Yoshioka et al. (2020)
	A. niger	Malic	Cre-loxP system	mstC, hxkA, pfkA, pkiA	23.6% increase in production	Xu et al. (2020)
	A. niger	Malic	CRISPR-Cas9 system	Promoter replacement: fumA → PmfsA	9.0% increase in production	Zhang et al. (2024)
	A. niger	Malic	Expression plasmid	dct1	22.8% increase in production	Cao et al. (2020)
	A. niger	Citric	Expression plasmid	hgt1	7.3% increase in production	Xue et al. (2021)
	A. niger	Citric	Expression plasmid	cexA	5-fold increase in production	Steiger et al. (2019)
	A. niger	Citric	Cre-loxP system	dct1b	36.4% increase in production	Cao et al. (2020)


a Yield increased to 1.16 ± 0.03 mol of lactic acid per mol of glucose.
b DCT1 knockout.
Genes/Enzymes: adhA, subunit I of PQQ-ADH; adhB, subunit II of PQQ-ADH; aatA, putative ATP-binding cassette (ABC) transporter; gdh, glucose dehydrogenase; pfkA, fructose-6-phosphate kinase; fbaA, fructose-1,6-biphosphate aldolase; oahA, oxaloacetate acetylhydrolase; aoxA, alternative oxidase; mstC, glucose transporter; hxkA, hexokinase; pfkA, 6-phosphofructo-2-kinase; pkiA, pyruvate kinase; fumA, fumarase; PmfsA, CaCO3-induced promoter; dct1, C4-dicarboxylate transport protein (DCT1); hgt1, high-affinity glucose transporter (HGT1); cexA, citrate exporter (CexA).
3.6.2.2.1. Legal framework of genetic engineering techniques
The legal framework behind genetic engineering techniques must be considered before evaluating their applicability and the requirements for implementation at an industrial scale. These frameworks must also be assessed according to the specific regulations of the country where the techniques will be applied. Gene editing techniques are internationally classified into three categories: site-directed nucleases-1 (SDN-1), site-directed nucleases-2 (SDN-2), and site-directed nucleases-3 (SDN-3), depending on the mechanism used for knockouts, insertions, or modifications of the genome (Box 1) (Thygesen, 2019; Shen et al., 2024; Thygesen, 2024).
BOX 1 
Gene editing categories.	Site-Directed Nucleases-1 (SDN-1): the position of the double-strand breaks (DSBs) in the genome is selected but its repair does not utilize a DNA template. DNA substitutions, insertions, and the deletions can be produced with this gene editing technique. The repair mechanism is non-homologous end joining (NHEJ).
	Site-Directed Nucleases-2 (SDN-2): a template is used to repair the DSBs by homology-directed repair (HDR). The template contains a small number of nucleotides different from the DNA sequence.
	Site-Directed Nucleases-3 (SDN-3): a DNA template is used for the repair by HDR or NHEJ. A large DNA sequence is inserted in a targeted genomic location.

According to Australia’s regulatory framework, the Gene Technology Act 2000 (Australian Government, 2024b) and the Gene Technology Regulations 2001 (Australian Government, 2024a), a genetically modified organism (GMO) is any organism, whether plant, animal, or microorganism, whose genetic material has been altered through genetic engineering techniques (Australian Government Department of Health, 2024). However, only certain gene technologies result in the development of GMOs. Under Australian federal legislation, organisms created using SDN-1 are not regulated as GMOs, as they are indistinguishable from those with naturally occurring genetic variations and present the same level of risk. However, organisms created using SDN-2 and SDN-3 are classified as GMOs. To utilize GMOs these organisms, a license must be obtained from the regulatory authority, and strict containment, monitoring, and control measures must be implemented to prevent any unintended release into the environment (Australian Government, 2024b).
In the United States, regulation of genetically modified organisms (GMOs) is shared among the Food and Drug Administration (FDA), the U.S. Department of Agriculture (USDA), and the Environmental Protection Agency (EPA) (Food and Drug Administration FDA U.S, 2024). For applications such as bioleaching, the EPA regulates GMOs under the Toxic Substances Control Act (TSCA). The EPA classifies GMOs based on their risk level, intended function, and the method used to create them. However, organisms developed using SDN-1 and SDN-2 techniques are typically considered non-GMOs. The risks and potential societal benefits of each genetically engineered microorganism must be individually assessed prior to industrial or commercial application under TSCA regulation (Wozniak et al., 2012).
In contrast to the U.S., the European Court of Justice considers all organisms obtained through new genomic techniques, including all types of site-directed nucleases, as GMOs under European Union (EU) law. The authorization and regulation of GMOs in the EU are shared between national authorities and the European Commission; however, the criteria for their evaluation are defined in the EU regulatory framework. The use of GMOs is governed by two key directives, depending on the context: Directive 2009/41/EC regulates the use of GMOs in contained environments such as laboratories, hospitals, or industrial facilities, while Directive 2001/18/EC and Directive (EU) 2018/350 govern their deliberate release into the environment and commercialization (Dederer and Hamburger, 2022; Broll et al., 2025).
4 OPPORTUNITIES FOR CIRCULAR ECONOMY IN BAUXITE RESIDUE VALORIZATION
The circular economy paradigm seeks to transform the traditional “take-make-waste” linear model into a regenerative system that decouples economic growth from resource consumption. In the alumina industry, particularly regarding legacy bauxite residue storage, this approach is embodied by three core principles: eliminating waste and pollution, circulating products and materials, and regenerating natural ecosystems (Ellen MacArthur Foundation, 2013). When applying these principles, bauxite residue can be valorized through integrated pathways that combine its value-added utilization with conventional extraction and innovative bioleaching, maximizing the recovery of valuable elements while enhancing sustainability and economic viability.
Given the broad spectrum of recoverable elements and challenges linked to the alkalinity and contaminant content of bauxite residue, strategies that simultaneously address environmental constraints, resource recovery, and post-extraction utilization are essential. Value-added applications, such as construction materials, environmental remediation agents, catalysts, and transformation into technosol (Figure 11), alongside metal recovery, constitute the two main pillars for sustainable reuse of alumina refinery residue. By coupling value-added applications of bauxite residue with sustainable processes for critical metal recovery, this integrated framework repositions bauxite residue from an environmental liability to a regenerative resource.
[image: Infographic showing main uses of bauxite residue in four sections: Environmental Remediation, Technosol, Material for Construction, and Catalyst. Each segment lists specific applications. A red mound labeled “<3% reuse” is at the center, symbolizing low current reuse.]FIGURE 11 | Examples of uses of bauxite residue as a construction materials (Yang et al., 2008b; Metilda et al., 2015; Atan et al., 2021; Viyasun et al., 2021; Salim et al., 2023; Raj et al., 2024; Kusumanjali et al., 2025), for environmental remediation (Bertocchi et al., 2006; Huang et al., 2008; Couperthwaite et al., 2012; Tao et al., 2019; Yang et al., 2020; Smičiklas et al., 2021; Kyrii et al., 2023; Liu et al., 2023; Gauthier et al., 2024; Liu et al., 2024), as a catalyst (Sushil and Batra, 2008; Sushil and Batra, 2012; Wang et al., 2018; Chen et al., 2023; Li Y. et al., 2024; Xu et al., 2024) and technosol formation (Bray et al., 2018; Hu et al., 2024; Lu et al., 2025).Furthermore, industrial symbiosis can be integrated into the bioprocessing system (Liu et al., 2009a) through the use of organic acid-producing microorganisms capable of converting agro-industrial residues into substrates for bioleaching agent synthesis. This approach reduces costs associated with critical mineral extraction and alumina refinery waste revalorization, as pure carbon sources like glucose can account for up to 44% of total bioleaching process costs (Thompson et al., 2017). Various fungal species extracellularly produce cellulolytic enzymes that degrade lignocellulosic biomass into simpler sugars. Agricultural by-products such as sugarcane bagasse, faba bean straw, and wheat straw, have been successfully employed for organic acid production (Egbe et al., 2022; Mahgoub et al., 2022). For instance, bioleaching of Al from bauxite residue using P. simplicissimum and low-cost molasses as the carbon source at 1% w/v pulp density achieved 86.6% metal recovery (Shah et al., 2022).
Most bacterial species require pretreatment of lignocellulosic biomass to convert polysaccharides into fermentable sugars, which are then converted into organic acids. In particular, G. oxydans, a widely studied bioleaching species, has been used to produce gluconic acid from various cellulosic hydrolysates (Zhou and Xu, 2019; Dai et al., 2022). This species has also been applied to leach REEs from industrial solid waste using hydrolyzed potato wastewater, achieving leaching recoveries comparable to those obtained with glucose as the carbon source (25.7% and 25.1%, respectively) (Jin et al., 2019). By incorporating agricultural waste into the bioprocessing chain, reliance on costly pure carbon sources such as glucose is reduced, lowering operational costs and embedding nutrient recycling within the system.
The integration of circular economy principles within the alumina refinery sector can be conceptualized through a butterfly diagram (Figure 12). Within the technical cycle illustrated in the diagram, the recycling loop represents the recovery of high-value products from bauxite residue. This process promotes material circularity and provides a secondary supply of critical raw materials essential for clean energy technologies. In contrast, waste minimization is exemplified by the remanufacturing of bauxite residue into construction materials, as well as by its application in environmental remediation, catalyst production, and technosol formation. These pathways collectively constitute the reuse loop within the technical cycle, wherein the inherent physicochemical properties and composition of the residue are utilized with minimal or no additional processing. Together, the recycling and reuse loops function as complementary components of the technical cycle, jointly enhancing resource efficiency and supporting material sustainability. The proposed industrial symbiosis, in which organic waste streams, particularly agro-industrial residues, are employed as substrates to generate high-value products, such as bioleaching agents, through microbial fermentation, is represented in the biological cycle. This approach exemplifies industrial symbiosis, whereby by-products from one sector (agriculture) serve as inputs for another (mining and metal recovery), thereby promoting the sustainable use of natural resources and enhancing both overall system sustainability and the valorization of alumina refinery residue (Ellen MacArthur Foundation, 2013).
[image: Flowchart illustrating the cycle of raw materials from extraction to potential reuse and recycling. It includes entities like raw material suppliers, manufacturers, and service providers, with arrows showing pathways to landfill or bauxite residue storage facilities. The chart highlights options for recycling, remanufacture, and reuse, leading to applications such as construction materials, catalysts, environmental remediation, technosol, and metal recovery. Symbols for elements like gallium, rare earth elements, titanium, aluminum, iron, and vanadium are shown. Bioleaching and agro-waste are highlighted as part of the cycle.]FIGURE 12 | Butterfly diagram illustrating the integration of bioprocessing and valorization of bauxite residue prior to its disposal in bauxite residue storage facilities (BRSFs). The technical cycle is indicated by blue arrows, whereas the biological cycle is depicted with green dotted arrows. Adapted from (Ellen MacArthur Foundation, 2013).5 CONCLUSION AND FUTURE PERSPECTIVES
Bauxite residue presents both environmental and safety challenges for communities near disposal sites, while simultaneously representing a considerable secondary resource of critical minerals such as REEs, V, Ga, and Ti, essential for the development of cleaner and more sustainable technologies, with global demand increasing annually. However, current extraction methods are energy-intensive and generate substantial amounts of hazardous waste. Therefore, there is a pressing need to develop extraction processes that are not only environmentally sustainable but also scalable and industrially feasible, ensuring a balance between resource utilization and environmental protection. Bioleaching offers a promising potential to extract critical metals by employing high organic acid-producing microbial species. Although the potential of bauxite residue as a secondary source of critical metals is widely recognized, industrial-scale recovery has not yet been achieved. Recent research has primarily focused on the direct application of microorganisms, rather than on optimizing bioleaching processes aided by modelling, machine learning and artificial intelligence-assisted approaches or by improving microbial performance through strain optimization. One underexplored but promising approach for the latter is ALE, which can be used to enhance microbial tolerance to metals in solution and to bauxite residue, thereby increasing the volume of waste that can be treated. This strategy could be applied to optimize strains already used in industry, improving their resistance to bauxite residue by enhancing both their ability to tolerate the presence of solids and the toxic components present or leached, as well as their capacity to produce high levels of organic acids, thereby contributing to improved metal recovery and the valorization of alumina refinery waste. Additionally, the genetic engineering of microbial strains for more efficient production of bioleaching agents represents a key strategy for improving carbon source utilization and overall bioleaching performance, however, its applicability must be evaluated in accordance with the legislation of each country. Altogether, these strategies present promising opportunities for recovering and reusing critical metals from alumina refinery waste, not only as an environmental necessity but also as a strategic step toward securing a sustainable and resilient supply of materials essential for the green energy transition. Finally, integrating industrial processes with circular economy principles is vital for establishing an economically viable and environmentally sustainable valorization pathway for bauxite residue.
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Applications

o Adsorption of heavy metals: Bauxite
residue (BR) shows adsorption capacities
of 296 mg/g for lead (Pb), 39.2 mg/g for
Cu, 70.2 mg/g for cadmium (Cd), 46.0 mg/
g for Ni, and 50.7 mg/g for zinc (Zn)

e Phosphate removal from wastewater:

86%—96% efficiency

Adsorption of arsenic (As), Pb, and Zn in

acid mine drainage (AMD)

Desulfurization of flue gas: 93% efficiency

Activated carbon modification: sorption

capacity increased 2.6-fold

e AMD neutralization: final pH range of 7.52—
7.76

Environmental remediation 0
<3%

reuse

Material for construction

Applications

e Cement replacement: replaces 10-20%
of cement and increases strength (compressive,
tensile, flexural)
Sand substitute in concrete: replaces up to 20%
of natural sand
Bricks: addition of 30% BR + 10% hazelnut. Bricks
meet standards (compressive strength and toxic
compound leaching)
e Pavement base layers: replaces up to 15% of
cement in roads
o Glass-Ceramics: mixture of BR and fly ash,
up to 85 %wt

Applications

o Plant establishment decreased pH by
1.74 - 2.07 units. Residue structure
improved.

e Addition of amendments lowered pH
(2.4-2.6 units). Al, V, and As oxyanions
became less mobile, and residue
structure improved.

e Addition of ferrous sulfate, 2%
nitrohumic acid, and E dahuricus reduces
pH and ESP in 1.4 units and 10.4 mg/kg,
respectively.

Technosol

Catalyst
Applications

e Catalyst in carbon monoxide oxidation:

e
d3

BR increases the oxidation efficiency up to 90%.

o Catalyst for lignin thermal degradation: BR
enhances alkyl-phenols and hydrocarbons

production

o Nitrogen oxides reduction: BR increases NOx

removal up to 90%





OPS/images/fbioe-13-1685819-g010.jpg
Cre-loxP \ CRISP-Cas
system system

\ “
‘ f\ v enzyme

Tal rge!

Organic acid
metabolic

Organic

acids “‘










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-13-1685819-g005.jpg
0.1

Concentration [mM]

0.0

Species
—— Al - Citrate(aq)
—— AIH - Citrate*
—— Ga - Citrate(aq)
—— La - Citrate(aq)
—— Yb - Citrate(aq)

0.1

10

11 12 i3 14

Concentration [mM]

0.1

Species
Al-Oxalate*
Fe—Oxalate*
Ga—-Oxalate*
La—Oxalate*
Sc—Oxalate*
VO,—-Oxalate™
Yb—Oxalatey
—— Yb-Oxalate*

0.0 -
0 8

11 12 13

Concentration [mM]

0.0

Species
— La-Tartrate*
—— Sc—Tartrate*

Concentration [mM]

0.1

0.01

Concentration [mM]

0.00
0

10

Species
La - (Malate);
La— Malate*
LaH — Malate?*
Yb — (Malate);
Yb — Malate *

LI

0.0
0

11 12 13 1

Species
Al - (Acetate)? *
AIOH — Acetate*
La— Acetate?*
Sc - Acetate? *
VO, — Acetate (aq)
Yb — Acetate?*

10

1 12 13 14

Concentration [mM]

0.1

Species
—— La-Lactate?*
—— Sc - Lactate?*
—— Yb - Lactate?*

0.0
0

1 12 13 14






OPS/images/fbioe-13-1685819-g006.jpg
@ 2-ketogluconate
Glucose —— Gluconolactone ————> "|

Periplasm Membrane 5-ketogluconate

transporter

Glucose
Gluconate 5-ketogluconate

Glucose-6-P
6-Phosphogluconate

E Fructose-6-P
Fructose-1,6-BP

Dihydroxyacetone-P ‘/l@

Glyceraldfhyde 3-P  «—<«—<«— Ribulose-5-phosphate
+

Phosphoenolpyruvate

Pyruvate

Ethanol &&=  Ethanol
D L e [ @

Acetaldehyde Acetaldehyde Acetaldehyde Acetyl-CoA

D
Acetate . Isocitrate
@

Fumarate
a-Ketoglutarate

@\ - /D Cytoplasm

Succinate Succinyl

“~—_— CoA
5o J

Enzymes involved: ATP-citrate lyase (ACL), aconitase (ACO), alcohol dehydrogenase (ADH), acetaldehyde dehydrogenase
(ALDH), citrate synthase (CS), fructose-1,6-diphosphate aldolase (FBA), fumarase (FUM), gluconate-2-dehydrogenase
(GA2DH), gluconate-5-dehydrogenase ~ (GAS5DH), glyceraldehyde ~ 3-phosphate  dehydrogenase  (GAPDH), glucose
dehydrogenase (GDH), glucono-6-lactonase (GL), glucokinase (GLK), isocitrate dehydrogenase (IDH), isocitrate lyase (ICL), a-
ketoglutarate dehydrogenase (KGDH), malate dehydrogenase (MDH), malate synthase (MS), pyruvate decarboxylase (PDC),
pyruvate dehydrogenase complex (PDHc), phosphofructokinase (PFK), phosphoglucose isomerase (PGl), pyruvate kinase
(PK), phosphotransacetylase (PTA), succinate dehydrogenase (SDH), succinyl-CoA synthetase (SCS), and triosephosphate
isomerase (TPI).





OPS/images/fbioe-13-1685819-g003.jpg
ol W e B e Y

- e e e e e e e e e o e e e o = o = = =

Pre-culture \\

U ——

U U U U —

o

Bauxite

Bacteria, fungi or

residue

archaea





OPS/images/fbioe-13-1685819-g004.jpg
Redoxolysis

Organic acid

Acidolysis

Organic acid =~

Fi |

Bauxite

Bacteria, fungi or

residue

archaea





OPS/images/fbioe-13-1685819-g009.jpg
& f Physical and Chemical mutagenesis igw

Physical mutagens Organic mutagens Inorganic mutagens
Particle radiation, UV EMS, 5-BU, MNNG, Sodium azide,
rays, X rays NTG nitrous acid

Stress =

\
/A

Desirable feature = : =
Starting strain : “

Desirable feature
Endpoint strain

2

Screening of adapted
strains

;Stress

Sequencing  Multi-omics
analysis

Continuous AT Control of pH,

cultivation temperature, cell
density, and
oxygenation






OPS/images/fbioe-13-1685819-g007.jpg
Glucose
Extracelullar

Glucose
transporter

«—<+«—<+«—  Glucose

. PPE @ | Cersiaci

Ribulose-5- Glucose-6-P —-E_. —

phosphate l h : _l @ :
: ——— Fructose:6-P : : Ribulose5- PK
: l : phosphate EMP Pathway

Fructose-1,6-P

E Dihydroxyacetone-P ‘/l® E :
@ Glyceraldehyde3 P : E
i

h XyIquse 5-P

E:GlyceraldehydeBP +>->-> Pyruvate — [EEEUEIC

AcetyIP -+--  Ethanol

‘ [}

s

’ Phosphoenolpyruvatei

Oxaloacetate

/@ " o

Isocitrate

Incomplete \ O

: Homolactlc Fumarate TCA

a-Ketoglutarate

o\ / @

Succinate Succinyl CoA
\/

Cytoplasm

Enzymes involved: acetate kinase (ACK), aconitase (ACO), citrate synthase (CS), fumarase (FUM), fructose-1, 6-
bisphosphate aldolase (FBA), glucose kinase (GLK), isocitrate dehydrogenase (IDH), lactate dehydrogenase (LDH), malate
dehydrogenase (MDH), malic enzyme (ME), a-ketoglutarate dehydrogenase (KGDH), phosphoglucose isomerase (PGI)
phosphofructokinase (PFK), pyruvate carboxylase (PYC), pyruvate kinase (PK), pyruvate formate-lyase (PFL), ribulose 5-
phosphate 3-epimerase (RPE), succinate dehydrogenase (SDH), succinyl-CoA synthetase (SCS), triosephosphate
isomerase (TPI)and xylulose 5-phosphate phosphoketolase (XPK)






OPS/images/fbioe-13-1685819-g008.jpg
Glucose ——> Gluconolactone ——> ME]{[I[eesE1L:]

Extracelullar

D

@ == @ o)
- -Fumarate% Fumar{ne TCA \

Glucose
transporter

«—<+«—<+— Glucose — Gluconolactone ——
| @
Ribulose-5- Glucose-6-P @ @

phosphate

Acetyl-CoA

@ l Oxaloacetate o
Fructose-1,6-DP

Dihydroxyacetone-P @/ GLOX cy(:Ie )@

Isocitrate
w-\cetyl CoA

Glyoxylate g,ccinate

|—> — — — Fructose-6-P

-~
Glyceraldehyde 3-P @
¥
¥
Acetyl CoA Oxaloacetate

L/
PEPCK/
® PhosphoeIoIPYruvate T\/T

Oxaloacetate <+ Pyrulvate

. %gate — ACG‘Y' Mitochondrial citraf
transporter (CIC)

/ Oxaloacetate @
/) D @

Isocitrate

a-Ketoglutarate

o\ /D

Succinate Succinyl CoA
'\_/

@ Mitochondria

Succinate

Cytoplasm

-~ Epoxysuccinate +-<- -~ -

Enzymes involved: ATP-citrate lyase (ACL), aconitase (ACO), aldolase (ALD), a-ketoglutarate dehydrogenase (KGDH)
citrate synthase (CS), fumarase (FUM), glyoxylate dehydrogenase (GDH), glucose oxidase (GOX), hexokinase (HK)
isocitrate dehydrogenase (IDH), isocitrate lyase (ICL), lactonase (LCT), malate dehydrogenase (MDH), malate synthase
(MS), oxaloacetate hydrolase (OAH), phosphofructokinase 1 (PFK1), phosphoglucose isomerase (PGl)
phosphoenolpyruvate carboxykinase/phosphoenolpyruvate carboxylase (PEPCK/PPC), pyruvate carboxylase (PYC)
pyruvate kinase (PK), succinate dehydrogenase (SDH), succinyl-CoA synthetase (SCS), and triosephosphate isomerase
(TPI).






OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Bioleaching for critical metal
recovery from bauxite residue-
unlocking waste valorization





OPS/images/fbioe-13-1685819-g001.jpg
La, Pr, Sm, Gd, Y, Ho,
Tm, Yb and Lu La, Ce, Nd, Yb and Lu

Ga, V and Ti r v
Others Catalyst
» Wastewater « Catalytic converters
treatment  Petroleum refining a‘
« Radiation * Chemical processing
A B
Ce, Sm, Eu,Y, To, | Phosphors Metallurgy La, Ce, Pr,Nd, Gd, Y,
Dy, Ho and Sc - Light bulbs - Electric vehicles Dy, Tm, Yb, Lu, and
Ga - Display screens I:__l + Steel additives Sc.
« Computers, cell Ga, V and Ti
% Q phones
Magnets Glass
- Clean energy polIShl_ng and
- Satellite ceramics 19,0
electronics Optical glass
X5 °
Pr, Nd, Gd, Tb, Dy, * Protective eyewear La. Prand Nd
Ho, Tm and Sc ’ =

Ga, V and Ti






OPS/images/fbioe-13-1685819-g002.jpg
Concentration Ratio (BR/Earth Crust)

w
(6]

w
o

N
w

N
o

15

10

LREEs

HREEs

Sc

mm Greek Refinery
mm Hungarian Refinery
mmm Jamaican Refinery
B Chinese Refinery






