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Abstract

:

Coal fly ash (CFA) is a highly versatile raw material that has the potential to yield multiple value-added products, including cenospheres, zeolites, carbon nanotubes, and fertiliser substrates. Despite its versatility, a majority of these components are often overlooked, and CFA is primarily used for construction. Conventional processing methods of CFA are known to pose significant environmental challenges, including the leaching of hazardous materials, emission of toxic gases, and the high energy consumption needed to extract the value-added components. Herein, we explore the potential of biometallurgical approaches as an eco-friendly alternative to conventional processing methods for the comprehensive utilisation of CFA. Our focus is on the application of different microorganisms to CFA, the domestication of microorganisms, preprocessing of CFA to facilitate effective biometallurgical processes, the use of bioreactors, and synthesis of nano silica particles. We also propose a novel method for extracting the value-added components from CFA using a preprocessing technique (i.e., washing cycle), combined with multiple interactions with biometallurgical processes. Adopting this approach, we not only enhance environmental stewardship but also improve the circular economic aspects of multi-component utilisation, while providing valuable insights for the development of sustainable techniques for utilising CFA.
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1. Introduction


Coal remains an attractive source of power, particularly in developing countries and those with high electricity demand, such as India and China, owing to its economic benefits and operational convenience. Despite the environmental and social stresses associated with coal combustion, the ever-increasing demand for energy has led to a 1.2% increase in coal usage for power generation during the global economic and political crisis in 2021, resulting in all-time high coal production in 2022. Furthermore, high gas prices and an increase in nuclear power generation suggest that no downfall in coal demand is imminent [1]. By 2025, renewable energy resources will fulfil only 90% of the future energy demand, which suggests the dominance of coal power in the near future [1]. Coal combustion products (CCPs) (along with the generation of CO   2  ) are the main concerns of thermal power plants operating by burning coal. CCPs include bottom ash, fly ash, boiler slag, fluidised bed combustion ash, and other solid fine particles.



Among the types of ash generated, coal fly ash (CFA) constitutes 65%–90% of the total ash volume, with an annual generation of over 1 billion metric tonnes [2]. A total of 40% of the CFA produced worldwide is not utilised to end up in landfills, disposal ponds, and elsewhere, leading to environmental, social, and economic concerns [3,4]. The properties of CFA are significantly influenced by the properties of the parent coal and combustion conditions. Typically, CFA is a fine spherical material primarily composed of SiO   2   and Al   2  O   3  , containing both crystalline and amorphous phases, with over 50% of the total composition being amorphous. The amorphous phase is more reactive to acids and alkaline solutions, whereas the crystalline phase requires high-temperature and high-pressure conditions [5,6]. Table 1 provides a description of the major chemical compositions of CFA worldwide, whereas Figure 1 describes the distribution of trace element concentrations in CFA according to Moreno et al. [7]. The variations in the chemical composition is influenced by the type of parent coal and boiler conditions at the thermal power plant [8]. The pH of CFA varies from 1.2 to 12.5, which is largely attributed to the Ca/S molar ratio of CFA. Additionally, other minor alkaline cations, such as Na, Mg, K, and Mn, also contribute to alkalinity [9,10,11]. Although the majority of CFA particles are spherical silica and alumina components, irregular silica and alumina particles, Ca crystals, and unburnt carbon are also present. CFA particles generally range from a few nanometres to 500 μm in diameter [12]. A summary of the physicochemical properties of the CFA is presented in Table 2. The diversity in the properties exhibited by CFA renders it a notably challenging material to characterise, as its properties can differ across regions and even within the same region.



The diverse properties of CFA offer numerous potential applications, such as construction materials [17,18,19], adsorbents [20,21,22], catalysts [23,24], ceramics [25,26,27], geopolymers [28,29,30], zeolites [31,32,33], aerogels [34,35], carbon nanotubes [36,37,38], soil stabilisers [39,40], and metal recovery [41,42]. Despite its widespread use in the construction industry, the economic value of CFA waste is not often fully realised.



The multi-component utilisation of CFA often involves high-energy separation processes such as calcination, high-concentration acid treatments, grinding, or milling, which arise from the heterogeneous nature of the CFA, which requires several continuous processes to effectively extract the value-added components, particularly second-generation components such as cenospheres [43,44,45], zeolites [13,46], carbon nanotubes [47,48], and fertiliser substrates [8,49].



CFA and Biometallurgy


The world is marching towards the concept of net zero for the emission of CO   2  , which is presently acknowledged by research and industry. Fossil-fuel combustion, especially coal combustion, is a significant contributor to atmospheric CO   2   emissions. However, achieving a net zero via the unsustainable combustion of fossil fuels is economically and politically unsustainable [50]. On the contrary, up to 17% of unburnt carbon (UC) aggregates into CFA because of the low NO   x   burners that control the emissions of oxides of nitrogen [51,52,53]. As a result, achieving net zero emissions during the valorisation process of CFA is challenging owing to the presence of UC and the potential risk of emitting other greenhouse gases. Nevertheless, it is essential to optimise the valorisation process while adhering to net-zero and sustainable concepts. In light of this, biometallurgical processes, which involve microorganisms, are promising techniques with a higher chance of driving CFA valorisation towards the expected net-zero goal.



Biometallurgy is an eco-friendly process that involves the interaction between microorganisms and metal-bearing ores using biotechnology [54,55]. Biotechnology harnesses the natural weathering capabilities of microorganisms to develop commercially profitable metal extraction flowsheets by growing them alongside the metal-containing ores or wastes under suitable conditions. Bioleaching and biooxidation are two different mechanisms in biometallurgical processes. Bioleaching refers to the solubilisation of the target metal(s), whereas biooxidation refers to the pretreatment process of solubilising host minerals to recover the target metal(s) for subsequent processes [56]. Both processes use essentially the same principles and consortia of microorganisms for solubility. Biometallurgical studies typically use microorganisms belonging to bacteria, archaea, and fungi, because of their ability to grow under a wide range of environmental conditions.



While the application of microorganisms for processing low-grade sulphide ore has emerged as an alternative to conventional processes, the mainstream adoption of utilising microorganisms for non-sulphide minerals remains limited, although there have been studies on extracting elements from metal oxides such as laterite ores [57,58,59]. The capabilities of microorganisms under extreme and varying conditions, as discussed in detail by Dopson and Okibe [60], recent advances in synthetic biology, and the identification of various strains of microorganisms have provided researchers with a viable option to explore the possibility of using microorganisms for extensive biometallurgical processes [61,62]. Thus, this process is particularly attractive for the treatment of low-grade complex ores, such as CFA [55].



Biomining and bioremediation are two aspects of biometallurgy that are currently being highlighted by researchers, particularly in the treatment of CFA, which comprises hazardous materials in trace amounts. Biomining refers to the extraction of metals from metal sources, whereas bioremediation involves the removal or immobilisation of hazardous contaminants such as heavy metals and radioactive elements from sources [63].



Biomining of CFA involves the extraction of approximately 316 individual minerals and 188 mineral groups through bioleaching or biooxidation processes [64]. Bioleaching of CFA can be performed using one-step, two-step, or spent medium-step methods, depending on the specific requirements of the process [65]. The one-step process involves the simultaneous addition of both microorganisms and ore during the leaching process. In contrast, in the two-step process, microorganisms are added to the ore when biometabolite production begins [66]. The spent medium-step uses the leachants produced by the microorganisms in the absence of microorganisms for the bioleaching process. The one-step and two-step processes involve the direct bioleaching of microorganisms, whereas the spent medium step does not involve direct interaction and is therefore referred to as indirect bioleaching [65]. On the other hand, bioremediation of CFA is an essential component of its utilisation. CFA contains significant quantities of potentially toxic elements, such as Cd, Pb, Ni, Se, and Hg which can enter the food chain when contaminated with soil or groundwater [8]. Additionally, the presence of As in CFA and the formation of different chemical forms owing to their different oxidation states (i.e., −3, 0, +3, and +5) can be a significant threat to aquatic, terrestrial, and human life [67]. The advantage of bioremediation is that it solubilises hazardous arsenic components and retains them in solution, unlike pyrometallurgical processes which produce various flue gases (for example, As   2  O   3   and As   4  O   6  ), which are harmful to livelihoods [68,69].



Biometallurgical processes have advantages, such as operation at low temperatures and atmospheric pressure (in general), low energy consumption, and a small carbon footprint compared to other metallurgical processes. On the other hand, prolonged operational times (in the order of months to years) to obtain economically valuable target products and to maintain the longevity and robustness of biological systems are among the primary concerns of biometallurgical processes [56]. Table 3 provides a detailed account of the major differences between the pyrometallurgy, conventional hydrometallurgy, and biometallurgical processes.



Although biotechnology has made remarkable advances in various fields, including medicine, pharmaceuticals, agriculture, and biofuels, its application to coal [71,72,73] and coal-derived products has been relatively less explored. CFA waste, in particular, presents significant challenges owing to its heterogeneous chemical and physical nature, which makes it difficult to propose a robust workflow. Unlike electronic wastes such as printed circuit boards [74], which have a relatively more explicit distribution of elements, the natural distribution of elements in CFA is not always evident. This review delves into the historical evolution of biometallurgical methods for extracting elements from CFA, and sheds light on the challenges and possibilities within this field. By exploring the potential expansion of biometallurgy in the CFA domain, this paper presents a promising starting point for biometallurgy-incorporated multi-component utilisation of CFA.





2. Diversity of Microorganisms in CFA Biometallurgical Processes


The microorganisms utilised in biometallurgical processes for CFA can be categorised into two primary groups based on the processes they facilitate. The first group comprises those that aid in bioleaching, whereas the second group comprises those that carry out bioaccumulation or biosorption. Bioleaching is facilitated by chemolithoautotrophic bacteria that can survive in acidic environments with low pH and utilise inorganic materials, such as iron and sulphur, as energy sources, as well as CO   2   as the carbon source. These microorganisms are commonly used to leach sulphidic minerals and ores. In contrast, heterotrophs that use organic carbon as the carbon source are typically employed for non-sulphide minerals, such as CFA [66,75]. However, various microorganisms and experimental parameters have been tested to evaluate the feasibility of using biometallurgical processes to recover value-added components from CFA.



2.1. Fungus


The first study to investigate the bioleaching of CFA used an Aspergillus niger (A. niger) strain (ATCC 9142), which produces citric acid as a leaching agent [76]. This strain converts sucrose into equal amounts of citric and oxalic acid to produce the necessary organic acids for leaching [77]. Studies by Singer et al. [76] and Torma and Singh [77] focused on Al extraction, and Jadhav and Hocheng [78] achieved almost complete removal of metals such as Mn, Mg, Cu, Zn, Na, Fe, Ca, B, K, Al, Se, Co, V, Ti, and Cd, except for Cr (93% ± 1.18), Ni (83% ± 0.32), As (78% ± 0.52), and Pb (70% ± 0.20), within 4 h under optimal conditions using the same fungal strain. However, A. niger strains cannot survive high concentrations of CFA, making scaling up for industrial purposes challenging [79]. Therefore, two other fungal strains, Fusarium oxysporum and Penicillium glabrum, were employed by Tacstan [79] and they were found to perform optimally at pH 5.0 and pH 6.0, respectively. F. oxysporum yielded high recoveries for Mo (100%), S (64.36%), Ni (50%), and Cu (33.33%), while P. glabrum yielded recoveries for Mo (100%), S (57.43%), Ni (25%), Si (24.66%), V (12.5%), Ti (5%), and Sr (3.2%). In addition to citric and oxalic acids, Cladosporium cladosporioides, a heterotrophic fungus, was found to bioleach V and Ni with 65.4% and 74.6% efficiencies, respectively, using malic acid production [80]. The two-step process of heterotrophic fungal bioleaching was found to be more effective than the one-step process because it allows fungal spores to germinate into mycelia and extract elements from CFA [79].



However, major concerns regarding heterotrophic fungal bioleaching are that it is typically performed in a neutral pH range, making contamination by other microorganisms likely. Moreover, bioleaching through fungal mycelia can lead to the adsorption or encapsulation of CFA particles, making subsequent processes such as zeolite synthesis impossible [75].




2.2. Bacteria


Although chemolithoautotrophic bacteria are generally not considered effective for non-sulphidic ores, they have been the subject of many studies investigating CFA bioleaching. These microorganisms perform bioleaching through both contact and non-contact mechanisms, whereby they oxidise ferrous (Fe    2 +   ) to ferric (Fe    3 +   ) and reduce sulphur (S   8  , S   2  O   3  2 −    and H   2  S or polysulphides) to sulphuric acid (H   2  SO   4  ) [66]. Unlike heterotrophic fungi, a source of energy, such as pyrite, is essential to support the growth of chemolithoautotrophic bacteria. For instance, meso-acidophilic A. ferrooxidans produces H   +   ions through pyrite hydrolysis/oxidation, which are then consumed by CFA to further contribute during dissolution. In contrast, chemolithotrophic heterotrophs, such as Typha latifolia, which use organic carbon as a carbon source, require additional carbon during the bioleaching process, which is supplemented to the bacterial strain during inoculation [81]. However, in one-step or spend medium-step processes, the additional carbon requirement is fulfilled by the presence of UC in the CFA.



The patent for the bioleaching method for CFA was acquired by Fass et al. [82] in 1994 using Thiobacillus thiooxidans strains adapted to a seawater-based culture medium containing 50% CFA to extract Al, Ti, and Co. The use of chemolithoautotrophic bacteria in CFA bioleaching is heavily affected by the alkaline nature of CFA particles, which inhibits the growth of microorganisms. However, the domestication process can enhance their growth; a detailed account of the domestication process can be found in Section 3. In the one-step process, the bacteria produce multiple acids and extracellular polysaccharides during the multiplication and bioleaching phases, which are adsorbed onto the surface of the CFA particles, especially for microorganisms with flagella, such as Bacillus amyloliquefaciens [83]. The bacteria then secrete acidic products such as citric, lactic, succinic, and acetic acids, which dissolve the surface of the CFA particles and break down the bonds of the amorphous components.



The bioleaching process using Thiobacillus thiooxidans occurs indirectly through the production of sulphuric acid, which is the primary cellular metabolite, with other metabolites having relatively insignificant effects on bioleaching. In a comparative study, stock sulphuric acid and T. thiooxidans resulted in similar extraction rates and levels of major metal components (i.e., Al and Fe) from CFA particles under the same leaching conditions (0.8 ≤ pH ≤ 5 and the same rate of pH decrease) [84]. However, after notable preprocessing procedures, such as acid treatment and washing with deionised water, Acidithiobacillus ferrooxidans, a bacterium that generates Fe   2  (SO   3  )   3  , performed 5–22 times higher in leaching experiments than the control suspension [85]. Unlike the use of sulphuric acid in a two-step process, this study used a spent medium step which enhanced the efficacy of the process by incorporating microbial cultures into the leaching environment to sustain the metabolic processes necessary for an effective leaching.



Bioleaching processes using chemolithotrophic bacteria are often performed in a two-step process owing to the alkaline nature of CFA. However, chemolithotrophic bacteria were able to tolerate a higher pulp density of CFA (40% (w/v)), and effective leaching was performed at 20% (w/v) during the study by Kermer et al. [86], showing its ability to perform in the one-step process as well. Furthermore, an increase in temperature led to increased bioleaching kinetics; however, the final yields of the elements were the same except for Fe. Reductive bioleaching under anaerobic conditions increased the recovery of Fe, Mg, Zn, Al, Ca, Si, and several REEs compared with aerobic conditions. The extraction of most of the considered elements reached values between 30 and 60%, with Cr, Mg, Mn, and Zn reaching 60%–70%. Bioleaching using gluconic acid-producing Acidomonas methanolica increased the mobilisation of several mineral ions, such as Al, Ca, Fe, and Mg, compared with stock HCl experiments. The extraction of element ions ranged from 30 to 60% for Ce, Sr, Ti, V, and Zr, and 50%–80% extraction for Ca.



The potential use of CFA in nutrient restoration, along with nitrogen-fixing blue-green algae, for agricultural purposes in an eco-friendly manner, was enabled by using cyanobacterial strains, including Nostoc muscorum, Anabaena variabilis, Tolypothrix tenuis, and Aulosira fertilissimia, which are commonly used as biofertilisers [87]. Under the optimal conditions, Nostoc muscorum accumulated 3.65 mg/g of Cr and 2.12 mg/g of Pb, while Anabaena variabilis yielded 0.313 mg/g of Cu, 2.01 mg/g of Pb, 1.21 mg/g of Cr, and 0.697 mg/g of Zn.



Assuming that CFA shrinks uniformly over time, researchers used a shrinking core model to evaluate the rate control factor of bioleaching [88]. The findings indicated that for all the metals considered in this study, the rate-controlling mechanism was diffusion through the ash layer. This observation may be due to the interference of biofilms formed by Pseudomonas species and organic complexing agents during bioleaching. As biofilm formation increases over time, the extraction of trace metals from the CFA surface diminishes and the penetration of organic acids produced by the bacteria decreases. A subsequent study by Rezaei et al. [89] reinforced that the rate-limiting step is the diffusion of reagents to the surface of the particles.



In addition to the bioleaching process, a bio-accumulation process was also investigated to recover the Ti-rich fraction from the leachate produced by the acid treatment of CFA using a specifically cultivated bacterium, Rhodococcus GIN-1, on magnetite particles to form a magnetite biosorbent, as described by Shabtai and Mukmenev [90].



The resulting leachate was subjected to stepwise precipitation (similar to Fass et al. [82]) using pH changes, and the precipitates at a pH of 2.05 were coupled to the bacterium strain. Three cycles of biomagnetic separation were performed, resulting in 70-fold enrichment of Ti from the initial precipitate. The aggregation of TiO   2   around the bacterial cells during precipitation suggests a possible nucleation effect on the bacteria. The other suspensions were collected by adjusting the pH of the NH   4  OH solution. This study effectively employed bacterial translocation from magnetite to Ti-containing materials, and almost 99% of the magnetite was recovered after operation and could be reused. This study offers a new perspective on the biometallurgical application of the bioaccumulation process for extracting industrially valuable Ti, which provides high-purity Ti in an environmentally friendly manner.




2.3. Yeast


The potential for utilising a single strain of Y. lipolytica for both bioleaching and bioaccumulation was investigated by Banker et al. [91]. This study revealed that Y. lipolytica can accumulate heavy metals through its cell wall, membrane, and cytoplasm, as well as perform bioleaching through the secretion of citric acid and two extracellular proteins. Notably, this approach achieved a Cu extraction rate of 59.41%, which was higher than that obtained using synthetic citric acid.



In another study, Park and Liang [92] explored the use of three microbial strains, namely, Candida bombicola, Phanerochaete chrysosporium, and Cryptococcus curvatus, for leaching REEs. Only C. bombicola was selected, owing to its superior mineral leaching efficiency. C. bombicola has the ability to thrive in low pH conditions and demonstrated the best performance among all the strains tested.




2.4. Using Mixed Culture of Microorganisms for the Bioleaching


The use of mixed culture of microorganisms in biotechnological processes has become an effective means to encounter dynamic changes in the process environments due to the interaction between microorganisms and non-sulphidic ores [93]. It is crucial to understand the role of each microorganism under bioleaching conditions to enhance the efficiency of the bioleaching process [94]. While considering the alkaline nature of CFA, it can hinder the performance of sulphur-oxidising bacteria, which are one of the commonly used microorganisms in bioleaching processes. As such, this may lead to a decreased production of sulphuric acid, which subsequently can affect the performance of the bioleaching process. To overcome this, pre-processing techniques can be used to reduce the alkaline nature of CFA, as discussed in Section 4. Alternatively, biosurfactant-producing microorganisms (i.e., microorganisms that produce surface-active biomolecules) such as Pseudomonas, Bacillus, Candida, Rhodococcus, and Corynebacterium can be used to facilitate the bioleaching process at higher pH levels owing to their better environmental compatibility and specific activity under extreme conditions [95,96]. This behaviour enables continuous bioleaching over a wide range of pH values and yields higher metal recovery during the process [97].



Another effective combination of microorganisms for bioleaching, as suggested by Mahmoud et al. [93], includes chemoautotrophic bacteria and heterotrophic microorganisms. Chemoautotrophs have the ability to decrease the pH of the medium or solution by oxidising sulphide minerals. The resulting biogenic acid, specifically H   2  SO   4  , can then interact with the CFA to counterbalance its alkalinity. Consequently, the CFA sample becomes more conducive to the activity of heterotrophic bacteria, which also produce acidity through the generation of organic acids. This synergistic effect can enhance the efficiency of the leaching process.





3. Domestication Process of Microorganisms


A key element in the domestication of microorganisms for industrial processes is the purposeful selection and breeding of microorganisms from diverse sources such as waste dumps, soil, plants, and waterways [98]. The collected microorganisms are then grown in the presence of increasing concentrations of materials to be leached; this process is known as domestication [66]. Despite the time-consuming nature of the domestication process, which can take several months to years, it has been widely adopted in most biometallurgical applications. A successful transition to industrial processes demands prompt adaptation of microorganisms, as it is a crucial parameter that governs the rate and feasibility of bioprocesses. Previous studies on sulphide mineral bioleaching have demonstrated that a gradual increase in the concentration of metal ions during the domestication process enhances the tolerance of microorganisms, leading to an increase in the rate and degree of bioleaching [99]. In addition to the metal ion concentration, domestication also improves the adaptability of microorganisms to pH variations, temperature fluctuations, and tolerance to toxic materials. The goal of domestication is to reduce or eliminate the lag phase during the bioleaching process, resulting in a pronounced performance of adapted microorganisms compared to their unadapted counterparts [100].



The process of domesticating microorganisms for use in biometallurgy of CFA is significantly affected by the characteristics of CFA. The high-pH environment created by CFA during the bioleaching process results in an alkaline solution that can hinder the growth of acidophilic bacteria. Additionally, easily dissolvable ions such as Ca, Mg, and K, which are found on the surface of CFA particles, dissolve into the solution and further increase its pH. Furthermore, the presence in the CFA of toxic elements such As, Cd, Cr, Cu, Hg, Pb, V, and Zn, inhibits the proliferation of microorganisms. Therefore, the adaptability of microorganisms prior to their use in CFA biometallurgical processes is essential for achieving notable outcomes.



Domestication has been shown to enhance the production of microbial secondary metabolites in both one-step and two-step processes. In particular, the domestication of microorganisms plays a crucial role in the one-step process of bioleaching because they directly interact with CFA. However, it is necessary to adapt the microorganisms in the bioaccumulation or biosorption processes, as they will also directly interact with CFA. Seidel and Zimmels [101] reported the inhibition of Thiobacillus thiooxidans growth due to an increase in pH, which resulted in a lag phase of approximately 5 to 6 days in the bioleaching process. Similar results were observed recently by Su et al. [100]. The study found that Acidithiobacillus thiooxidans required acclimatisation, particularly in alkaline-treated CFA, because of the pH increase in the first five days. The acclimatisation process delayed the stabilisation of Acidithiobacillus thiooxidans by three days in the alkali-treated CFA. The results of domestication on the adaptability of the microorganisms are evident by their ability to perform bioleaching at a relatively high concentration of 20% CFA slurry medium.



Figure 2A illustrates the protein levels of Acidithiobacillus thiooxidans under various conditions, including pure, alkali-treated, and acid-treated CFA, as well as a medium without CFA. The initial growth of microorganisms is impeded in the presence of CFA. However, after a 5-day acclimation period, bacterial growth increased and surpassed that of the solution without CFA. At the plateau stage, the amounts of bacterial protein reached 0.615, 0.445, and 0.608 mg/mL, respectively, which were greater than that of the solution without CFA. This behaviour can be largely attributed to the presence of S in CFA, which serves as an energy source for the growth of microorganisms [100].




4. Preprocessing of CFA for the Biometallurgical Processes


The primary purpose of preprocessing is to facilitate successful interactions between CFA particles and microorganisms, enhance the growth of microorganisms, and increase the kinetics of the biometallurgical processes. Various pre-processing methods have been reported in the literature, including size reduction/separation, thermal treatment, alkaline/acid treatment, and washing with water, which can be used alone or in combination to achieve optimal results.



The effect of preprocessing on the biometallurgical process can be divided into two parts: leaching of the surface rim and grooving of the CFA core. The surface rim encompasses easily leachable alkaline components that impede the initial growth of microorganisms (see Section 3) [100,101]. These alkaline oxides dissolve in the medium during the bioleaching process and increase the pH of the system, subsequently controlling the growth of the microorganisms. Furthermore, dissolving the surface rim of CFA can enhance the leaching process by increasing the surface area of CFA particles and subsequently the interaction between microorganisms and CFA particles, facilitating the direct involvement of microorganisms with the core of the CFA [103].



4.1. Washing with Water


Washing with deionised water is an effective technique for removing easily dissolvable ions from the CFA surface rim. Studies have shown that washing with water can remove a significant amount of alkaline ions from the CFA surfaces. Jadhav and Hocheng [78] used 100 mL of distilled water and 1 g of CFA sample at 30    ∘  C for 24 h to remove 100% Na, 47% (±0.45) B, 38.07% (±0.12) Ca, 29.89% (±0.78) Mg, and 11.8% (±0.05) K through bioleaching.



The removal of alkaline components enhanced the production of acids by Bacillus barbaricus during the bioleaching process performed by Sen et al. [102]. Under optimal conditions (i.e., pH 6, temperature 37    ∘  C, 1% CFA, 240 mesh particle size, and 40% inoculum concentration), citric, oxalic, and silicic acid production for untreated CFA were 22.57%, 11.29%, and 9.56%, respectively, and those treated with water (CFA) were 28.54%, 16.89%, and 13.21%, respectively. These results show that washed CFA yielded better outcomes than unwashed CFA, allowing for higher acid production than untreated CFA. The alumina concentration in the washed CFA increased from 25.45% to 34.72% after 60 days, and the residual silica content was reduced from 62.14% to 40.71%. This result demonstrates the efficiency of washing CFA with water before bioleaching. The biometallurgical approach for extracting silica from CFA has limitations compared to the volumetric method, which involves acid treatment followed by alkali digestion under pressure. The volumetric method requires only 4 h to leach out 37.09% of silica, whereas the biometallurgical approach requires 60 days to leach out only 21.43% of silica [104]. Additionally, the results of bioleaching time reported by Jadhav and Hocheng [78] and Sen et al. [102] differed, which may be due to the quantity of CFA samples used for the study, as Jadhav and Hocheng [78] used 1 g, whereas Sen et al. [102] used 10 g. In addition to the initial CFA mass, factors such as pH, temperature, additional energy sources, and other parameters may also have contributed to the differences in these observations.



Figure 2 depicts the pH and biomass (total weight of microorganisms per unit volume of solution) trends under three distinct conditions: (B) the absence of CFA, (C) untreated CFA, and (D) CFA treated with water. Notably, at the end of the 250th hour, there was an observable trend in the amount of biomass (g/L of solution), where the highest amount of biomass was found in the water-treated CFA, followed by untreated CFA and the absence of CFA. This outcome is surprising given that the presence of CFA creates harsh conditions for microorganism growth due to the confinement and release of toxic materials, which contests the common hypothesis. One plausible explanation for the observed enhancement is the presence of sulphur in the form of SO   3  , which may serve as a direct energy source for microbial growth. Furthermore, trace elements enriched in CFA may provide additional growth factors, as suggested by Su et al. [100]. Moreover, Sen et al. [102] found that the kinetics of treated CFA became faster than that of untreated CFA, as evidenced by the sigmoidal behaviour of the biomass in washed CFA compared with untreated CFA.




4.2. Grinding and Sieving


The exposed surface area of the particles heavily influences the probable interactions between microorganisms and CFA particles. This phenomenon is determined by the particle size and shape. Smaller particles have a higher specific surface area than larger particles, and are therefore more likely to interact with microorganisms and increase the efficiency of the bioprocess. The particle size distribution of CFA varies widely, ranging from a few nanometres to hundreds of micrometres [13]. The experimental results from Jekic et al. [85] showed that even with acid treatment, the extraction of elements from the CFA was not significant. This observation was mainly due to the larger particle size of the CFA in the experiment, with over 46% measuring 100  μ m or more. Therefore, most elements are encapsulated inside the core of the CFA. In light of this, using smaller particles in biometallurgical processes related to CFA is desirable [85,105].



To this end, grinding is often a go-to-process employed to obtain suitable particle sizes to effectively process the CFA particles. In some studies, researchers have collected a particular fraction of CFA for further analysis, which can be isolated through sieving. Different sizes of CFA have been preferred for biometallurgical processes by various researchers. For instance, Torma and Singh [77] ground their particles to a size of less than 45  μ m, whereas Park and Liang [92] used particles that passed through a 200 sieve (i.e., 74  μ m) to extract REEs. The selection of finer particles for REEs extraction is important because REEs commonly aggregate as fine particles in the CFA matrix. In another study, Sen et al. [102] found that the optimal particle size for the leaching process was a 240 sieve, that is, less than 53  μ m. Grinding before sieving has little effect on REE extraction but is explicitly beneficial for major elements such as Si and Al.




4.3. Thermal Treatment


Thermal treatment is a widely recognised technique for facilitating particle–microorganism interactions. Three types of thermal treatments associated with CFA preprocessing have been identified before biometallurgical processes: heating CFA particles alone, and heating them with acid or alkali components to intensify the reaction kinetics. In this section, we focus on the effects of heating CFA particles alone, with the other two treatments discussed in subsequent sections.



Thermal treatment of CFA is often performed at very high temperatures because it has already been exposed to temperatures ranging from 1000    ∘  C to 1600    ∘  C during coal combustion in thermal power plants [106,107,108]. Thermal pretreatment serves two primary purposes before bioprocesses: the recrystallisation of amorphous components of the CFA increases the efficiency of the bioleaching, and the transformation of low soluble components to readily soluble components [86]. Kermer et al. [86] examined CFA samples heated at 900, 1000, and 1057    ∘  C for 1, 4, and 9 h to investigate the mineralogical changes induced by thermal treatment. The results showed a significant decrease in the amorphous fraction of CFA, which was attributed to the partial recrystallisation of major mineral components such as quartz (SiO   2  ) (melting point of 1650    ∘  C). However, no significant changes were observed in the haematite (Fe   2  O   3  ), periclase (MgO), or rutile (TiO   2  ) phases. Complex components including gypsum (CaSO   4  ·2H   2  O) and ettringite (3CaO·Al   2  O   3  ·3CaSO   4  ·32H   2  O) were broken down into simpler components, making their elements available for leaching. A possible mechanism for the dissociation of ettringite is presented in Equations (1)–(3): Notably, the study also observed the formation of gehlenite (Ca   2  Al[AlSiO   7  ]) complexes at approximately 800    ∘  C, which, upon interaction with SiO   2  , resulted in the formation of anorthite (CaAl   2  Si   2  O   8  ) and wollastonite (CaSiO   3  ), as shown in Equations (4) and (5).


    C a  6    A l  2    [ ( O H )  12  (   S O  4    )  3  ] ·   26 H  2  O  → Δ    C a  4    A l  2    [ ( O H )  12    ( S O  4  ) ] ·   12 H  2  O +   2 C a S O  4  +   14 H  2  O  



(1)






    C a  4    A l  2    [ ( O H )  12    ( S O  4  ) ] ·   12 H  2  O  → Δ    C a  3    A l  2    ( O H )  12  ·   6 H  2  O +   C a S O  4  +   6 H  2  O  



(2)






    C a  3    A l  2    ( O H )  12  ·   6 H  2  O  → Δ  3 C a O +   A l  2    O    3  +   12 H  2  O  



(3)






  2 C a O +   A l  2    O    3  +   S i O  2   → Δ    C a  2  A l [   A l S i O  7  ]  



(4)






    C a  2  A l [   A l S i O  7  ] + 2   S i O  2   → Δ    C a  2    A l  2    S i  2    O    8  +   C a S i O  3   



(5)







However, it is essential to acknowledge that thermal treatment at high temperatures for extended periods of time requires substantial energy and poses significant sustainability concerns. Despite the shown promise for subsequent bioleaching of heat-treated CFA operating at higher temperatures, it must be carefully monitored to mitigate adverse environmental impacts such as the generation of flue gases and high energy utilisation.




4.4. Acid Treatment


The primary objective of treating CFA with acid is to modify the crystal lattice and make the components present in the core of the CFA available for biometallurgical processes. Further, in the place of water washing processes, acid treatment can be used to remove the alkali components. However, prior to treatment with sulphuric acid, a comprehensive assessment of the presence of calcium is necessary, as it can lead to the formation of calcium sulphate on the cells of microorganisms and energy sources, such as sulphur particles. This precipitation can hamper cell growth, resulting in self-inhibition and hindrances to mass transfer [84]. Therefore, it is recommended to use nitric acid or hydrochloric acid for acid treatment of unwashed CFA. Seidel et al. [84] found that the growth of microorganisms in acid-treated CFA (with HCl) is faster than that in untreated CFA. However, the effectiveness of acid treatment may decrease with a larger particle size, thereby lowering the expected metal extraction.



According to Kermer et al. [86], treating digested CFA with HCl    ( a q )    (31%, 100    ∘  C, for 4 h) improved the leaching efficiency of Ca, Fe, Al, and Mg. The residue left after the HCl treatment comprised amorphous materials, quartz, and smaller amounts of diopside (CaMgSi   2  O   6  ), mullite (Al   6  Si   2  O   13  ), and rutile. Additionally, supercritical-CO   2   digestion, by redirecting the emitted CO   2   from smokestacks to CFA, can cause anion exchange on the CFA surface. The strong diffusion and permeability properties of supercritical-CO   2   can cause near-surface conversion of the crystal lattice of CFA, resulting in tension within the structure and encouraging proton attack. This process may play a role in achieving net-zero CO   2   emissions using emitted CO   2   for CFA treatment [109]. Further, the addition of acid enhances the process, as shown in Figure 3. However, acid treatment results in carbonification of CFA particles, which is not conducive to the extraction of REEs [100]. Preprocessing CFA with high-concentration acids for preliminary leaching is not recommended, as it is intended only to prepare CFA for subsequent bioleaching processes.




4.5. Alkaline Treatment


The alkaline treatment of CFA has a notable effect on the structure of the particles. The core of the CFA, which contains Al, Si, and critical elements, is enclosed by strong and chemically stable Si-O-Si and Si-O-Al bonds. However, the addition of alkaline components, such as -OH bonds, to the CFA matrix causes a decrease in the degree of polymerisation of these stable bonds and subsequently increases the number of broken and unsaturated bonds [110]. This change in the surface charge distribution of CFA particles leads to the deterioration of the stable structure of the CFA core, enabling microorganisms to interact with CFA.



Additionally, alkaline treatment reduces the Si and Al contents in the CFA matrix (due to the desilication and dissolution of mullite), resulting in a highly porous structure, which is an excellent opportunity for the diffusion of other elements through bioleaching [100,111]. This effect is further demonstrated by the observed decrease in the particle size (  d 50  ) of pure, acid-treated, and alkali-treated CFA particles, which were found to be 36.21, 24.62, and 16.76  μ m, respectively [100]. The reduction in particle size and the increase in irregular particles due to the grooves created by the alkaline treatment enhanced the adsorption kinetics and diffusion mechanism of CFA. Comparative experiments presented in Su et al. [100] revealed that hydrothermal alkaline treatment yielded higher concentrations of critical elements than hydrothermal acid treatment. Furthermore, the experiments related to treating the CFA with a NaOH solution clearly demonstrate the process of core deterioration in the CFA, thereby revealing its inner components for additional leaching [111]. However, there is a possibility of precipitation of desilication products, specifically Na   6  [Al   6  Si   6  O   24  ]·Na   2  X, where X represents different inorganic anions. This precipitation could potentially impact the continuous leaching process. To overcome this challenge, it is recommended to employ a high concentration of alkaline solution or follow it with subsequent acid leaching [111,112]. This process can be described by Equations (6)–(8). A commonly observed trend in the application of alkaline treatments is their use for extracting trace elements during bioleaching processes.


    x A l  2    O    3  ·   y S i O  2  + 2 ( x + y ) N a O H → y   N a  2    S i O  3  + 2   x N a A l ( O H )  4  + (   y − 3 x ) H  2  O  



(6)






    6 N a  2    S i O  3  + 6 N a A l   ( O H )  4  +   N a  2  X →   N a  6  [   A l  6    S i  6    O  24  ] ·   N a  2  X + 12 N a O H +   6 H  2  O  



(7)






    N a  6    [ A l  6    S i  6    O  24  ] ·   N a  2  X + 24 H C l → 6   A l C l  3  + 6 N a C l +   N a  2  X + 12   H  2  O + 6   S i O  2   



(8)







Seddiek et al. [80] conducted a stepwise roasting process of CFA to concentrate V and increase its accessibility for the bioleaching process by fungi called Cladosporium cladosporioides in a two-step process. The CFA was preheated to 500    ∘  C for 3 h and 90% wt. Na   2  CO   3   at 850    ∘  C and 20% wt. Na   2  CO   3   was then added at 1000    ∘  C for 2 h. An increase in temperature without Na   2  CO   3   inhibits the metal recovery, even though, with the removal of carbon and volatile components, the fungal growth is increased, whereas on the other hand, the dissolving of heavy metals into the solution will be inhibited by the toxic metals. On the other hand, alkaline treatment increases the efficiency of V bioleaching at 850    ∘  C using 90% wt. Na   2  CO   3  , whereas Ni was extracted from the raw CFA without any treatment. A plausible reason for this increased efficiency in V but not in Ni is that the addition of Na   2  CO   3   during heating leads to the formation of water-soluble sodium metavanadate (NaVO   3  ), which subsequently enhances V leaching.



Torma and Singh [77] calcined CFA with a CaO/SiO   2   molar ratio of 2. The as-received CFA was resistant to 1- and 2-step leaching processes, and yielded only 5%–8% of Al. However, calcined CFA produced an extraction yield of 93.5 %. Fan et al. [113] roasted CFA using Na   2  CO   3   at 850    ∘  C for 2 h. This process transforms mullite and sillimanite (Al   2  SiO   5  ) into a more extractable nepheline via the reactions presented in Equations (9)–(11). Figure 4 illustrates the morphological conversions of CFA with varying CFA/Na   2  CO   3   mass ratios. Increasing the amount of Na   2  CO   3   causes the rigid spherical structure of CFA to break down, resulting in irregular shapes. An increase in the amount of Na   2  CO   3   destroys the rigid spherical physical body of the CFA particles and makes them irregular. This modification significantly enhances the surface area of the CFA particles. Nevertheless, excessive Na   2  CO   3   can cause CFA particles to aggregate once again, resulting in large and ineffective irregular particles. Bioleaching experiments were then performed using meso-acidophilic Acidithiobacillus ferrooxidans on activated CFA samples as a one-step process. Pyrite was added as an energy source to provide Fe and sulphur. A. ferrooxidans produces H   +   ions through the bioleaching of pyrite, which is consumed by the CFA during dissolution.


    A l  6    S i  2    O  13   ( m u l l i t e )  + 3   N a  2    C O  3  + 4   S i O  2  → 6   N a A l S i O  4  + 3   C O  2  ↑  



(9)






    N a  2    C O  3  +   S i O  2  →   N a  2    S i O  3  +   C O  2  ↑  



(10)






    A l  2    S i O  5   ( s i l l i m a n i t e )  +   N a  2    C O  3  +   S i O  2  → 2 N a A l   S i O  4  +   C O  2  ↑  



(11)









5. Utilisation of Bioreactors


The use of bioreactors is crucial in the fields of biotechnology and bioengineering because they provide controlled environments for the growth of living cells and organisms. Bioreactors have been used in a variety of biotechnological processes, including the production of vaccines, enzymes, and biofuels. However, potential applications of bioreactors extend beyond the production of biologically derived products. These devices or systems enable the precise control of a range of parameters, including temperature, pH, pulp density, nutrient levels, dissolved oxygen, stirring rate, etc. The ability to control these parameters facilitates the optimisation of cellular growth and metabolic activity, leading to a robust process, thereby increasing the yield and quality of the products. Furthermore, bioreactors establish synergy between mixed cultures of microorganisms, leading to improved biotechnological processes. Interested readers can find more detailed discussions on bioreactor technology from other sources, such as [55]. The use of bioreactors in the field of mineral processing has been industrialised since 1986, with the extraction of Au from sulphide sources in the Fairview mine in South Africa [93]. This success paved the way for further industrial and laboratory applications of bioreactors, particularly in the recovery of elements from low-grade mineral ores and secondary resources, such as electronic circuit boards and combustion residuals.



The use of bioreactors in the biometallurgical process of CFA has not been well established and rarely experimented. To ensure consistent output in the face of the heterogeneous nature of CFA, it is crucial to establish a robust working environment. The dynamic changes caused by mineral leaching at different stages and their pH-dependent precipitation ability pose a concern that must be closely monitored and managed. It is also important to create a favourable environment for microorganisms to carry out bioleaching and regulate the supply of energy sources, particularly during one-step or spent medium-step processes. Given these complexities, tight control over these parameters is necessary, and the use of bioreactors may be a viable option to achieve this control. Muravyov et al. [114] conducted batch processing of bioleaching in laboratory reactors with a capacity of 2.5 L, using acidophilic chemolithotrophic microbial communities to produce sulphuric acid. The parameters employed were a stirring rate of 500 rpm, aeration rate of 4 L/min, and an operating temperature of 28 (±1) or 45 (±1)    ∘  C. Optimal conditions for bioleaching were found to be a pulp density of 10%, an initial pH of 2.0, and a 10:1 ratio of acid-soluble waste to elemental sulphur. The yields of Sc, Y, and La recovered after 10 days of bioleaching at 45    ∘  C were 52.0%, 52.6%, and 59.5%, respectively.



Zhang et al. [115] performed a two-step bioleaching process using a custom-made automatic bioreactor setup, which accommodated the Acidithiobacillus ferrooxidans. A schematic of the designed bioreactor is presented in Figure 5A, and the bioreactor is capable of providing a daily input of pure pyrite of 15 g, resident time up to 5 days, with an effluent concentration of Fe   2  (SO   4  )   3   of 10 g/L, and a pH of approximately 1.3. The resulting solution was then used for leaching for almost 72 h, yielding approximately 4 ppm or 13%–14% yield of the total REEs. Longer-duration tests yielded approximately 40%–60% of the individual REEs. Precipitation was designed using Visual Minteq calculations and modelling, resulting in a final REEs precipitation product containing 36.7% REEs. Figure 5B shows the precipitates of REEs as small flakes of solids about 10 to 15  μ m in size. Most REEs are associated with the aluminosilicate phase of CFA, making them inaccessible through conventional bioleaching processes [116]. Therefore, the use of bioreactors in the recovery of REEs is a promising step towards achieving a high yield, as the critical parameters can be changed and adjusted for optimal performance of microorganisms.



The appropriate bioreactor configuration for acidophiles is the stirring tank reactor model, as highlighted by Deive and Sanroman [117]. Additionally, the pozzolanic properties of CFA and its sedimentation characteristics must be carefully assessed, as these factors are detrimental to bioreactor performance. Stirring through a shaft and impeller in the stir tank configuration can help ensure a homogeneous solution throughout the process, which could potentially eliminate CFA cementation. The efficiency of bioreactor operations can be further enhanced by developing a series of in-line bioreactors, each with different operating conditions, for extracting multiple elements at each stage. This continuous flow of CFA through multiple reactors enables the stepwise dissolution of specific elements and their extraction and retrieval, significantly improving the extraction efficiency and proper utilisation of CFA resources. However, sedimentation of CFA particles in conveying tubes can be a practical issue in creating a series of in-line bioreactor processes that requires additional precautions in CFA-associated bioreactor processes.




6. Synthesis of Silica Nanoparticles


The synthesis of silica nanoparticles within the CFA domain has been overlooked, despite the vast abundance of silica in CFA. The economic significance of silica nanoparticles, due to their small size and high surface area, has garnered immense attention in various industries as catalysts and catalyst supports, in biomedical applications, ceramics, resins, molecular sieves, pigments, electronic substrates, precursors in photonic and solar cells for solar devices, thin-film substrates, electrical and thermal insulators, drug delivery in medicine, filters for exhaust gases, and adsorbents [118,119]. Currently, the production of silica nanoparticles from sodium silicate involves acidification, which is presently carried out through using acids or ion exchange [120]. However, efficient extraction of silica nanoparticles from CFA may require different processing conditions because of the amorphous and crystalline forms of silica-bearing minerals [119].



Khan et al. [121] discovered that the mesophilic fungus, Fusarium oxysporum, could produce highly crystalline, protein-capped, and water-soluble silica nanoparticles with quasi-surface morphology extracellularly within 24 h under ambient conditions. The fungus secretes proteins and enzymes during CFA leaching, and natural protein capping caused by fungal metabolism and metabolic energy involvement during the reaction may be responsible for the leaching of nanosized silica. Furthermore, they discovered photoluminescence at room temperature, which could be useful for biomedical applications. The synthesis of porous or hollow silica is possible by changing the reaction conditions, which is useful because of its high drug-loading capacity. Khan et al. [121] found that only 40% of the yield was silica nanoparticles, and the other 50% was carbon, which could be removed using flotation. The byproducts of this process can be used to synthesise aluminosilicate compounds, such as zeolites.



The only other source in the literature for the synthesis of silica nanoparticles from CFA was found in the review Yadav and Fulekar [122]. Their previous study found that they could synthesise porous silica nanosheets 80–120 nm in size using the B. circulans MTCC 6811 supernatant and fly-ash-extracted sodium silicate. The optimum ratio was 4:1 of the supernatant to the extracted sodium silicate by volume. Fulekar and Yadav synthesised spherical aggregated clusters of silica nanosheets, 40–80 nm in size by incubating Fusarium oxysporum supernatant and sodium silicate at an optimised ratio of 3:2 in an incubator shaker at 28    ∘  C for 48–72 h. Here, Si was leached from the sillimanite and mullite of CFA by hydrolytic enzymes of F. oxysporum. The Si leached from the CFA formed water-soluble silica nanoparticles, which were further dried, and the silica powder was obtained using a rotary evaporator.




7. Washing Cycle and Biometallurgy


Washing with water is a simple and effective technique that laboratories and industries can easily adopt with minimal costs. A scientific approach to washing with deionised water was studied by the authors and named the process the “washing cycle”. Here, the raw CFA is continuously stirred for 15 min and then allowed to settle for another 15 min at a constant temperature. The rate of kinetics can be increased by increasing the temperature; however, it is recommended to perform washing cycles at room temperature, considering the energy requirements. This process removes loosely attached alkaline ions and other trace materials from the surface rim of the CFA, which is evinced by an increase in the pH and electrical conductivity of the leachate. These measurements acted as indicators of the dissolution efficiency of easily soluble ions from the surface rim. The number of washing cycles can be optimised to achieve the maximum dissolution of alkaline ions, as indicated by the low conductivity and pH of the solution after multiple washing cycles. This process not only prepares CFA for subsequent processes, such as zeolite synthesis or bioleaching, but also disintegrates components based on their density and ability to dissolve in deionised water. The floating top layer of the washing cycle mostly consists of cenospheres (hollow spheres), whereas the leachate contains easily soluble alkaline ions such as Ca, Mg, Na, and K. The bottom layer, which is mainly composed of Al and Si, is ideal for zeolite synthesis and is an adsorbent for wastewater treatment. This demonstrates the possibility of considering the washing cycle as a pivotal point in constructing a circular economic path for CFA waste that is presently underutilised or dumped in ash ponds.



In this section, we investigate the potential integration of eco-friendly biometallurgical techniques into the previously proposed flowsheet for CFA processing, with the aim of enhancing environmental sustainability and valorisation. The biometallurgical process can be incorporated into the existing flowsheet at three different stages: (1) immediately after the washing cycle to the leachate alkaline solution, (2) as a replacement for acid leaching and the resultant leachate alkaline solution, and (3) after the synthesis of zeolites to pellet residues. Figure 6 presents a revised flowsheet that includes the possible biometallurgical processes.



The alkaline solution obtained from the washing cycle contains both macro and micro nutrients, including P, K, Ca, Mg, S, Fe, Zn, Mn, Cu, Co, B, and Mo, which is a significant number of heavy metals. Banker et al.’s [91] study found that Yarrowia lipolytica can bioaccumulate heavy metals in the cell wall, membrane, and cytoplasm, with a Cu extraction of 59.41%. This suggests that it may be possible to bioaccumulate Fe, Zn, Mn, Cu, Co, Mo, and Pb through the addition of appropriate microorganisms into the alkaline solution. Figure 7 shows the morphological changes resulting from heavy-metal biosorption by Y. lipolytica. The remaining solution after the biosorption process can be precipitated using a stepwise pH change and the resulting ions can be used as fertiliser products.



In the revised flowsheet, the grinding process has been intentionally omitted to avoid particle breakdown and to simplify the subsequent processes. Additionally, grinding particles can increase the overall energy consumption of the process. On the other hand, conveyance of CFA during subsequent processes may also introduce micro-cracks due to abrasion; this could have a beneficial effect on the biometallurgical processes. Bioleaching can be used as an alternative to conventional acid treatment for non-selective leaching of sediments from washing cycles, making the process environmentally friendly. The resulting leachate, i.e., alkaline solution-1, will have additional components that cannot leach during the washing cycles. The leachate can be subjected to biosorption and stepwise precipitation processes to recover heavy metals and fertiliser ions, respectively.



The solid residue from the bioleaching process consisted of grooved CFA particles that mainly encompassed Al, Si, and other critical elements. The subsequent alkaline treatment process for these grooved CFA particles extracts Al and Si, which can then be used for zeolite synthesis. Additionally, the extraction process can be intensified with microwave or ultrasonication assistance [124]. After the separation of the Al- and Si-rich solutions, the remaining pellets, enriched with critical elements including REEs, can undergo microbe-mediated surface adsorption or biosorption. This process offers a sustainable and viable approach for selective adsorption of REEs. Microorganisms with high-density surface-accessible functional groups such as carboxylates and phosphates can facilitate high-capacity REE adsorption during growth [125]. Recent studies have explored biosorption as a potential solution for the selective recovery of REEs from coal leachates and CFA. A study by Park et al. [126] compared the use of the Escherichia coli strain (genetically engineered for cell surface display of lanthanide binding tags) and Arthrobacter nicotianae (a native bacterium that exhibits a high REE adsorption capacity) on coal leachate and CFA. The results showed that CFA had a lower REE recovery efficiency than coal leachate due to its higher non-REE content, with most of it encapsulated inside the strong core of CFA. Additionally, the low-pH wash step (i.e., acid leaching or even water washing) between adsorption and desorption yielded higher concentrations of REEs among the total metals (80% and 50% for the coal leachate and CFA, respectively). However, the present flowsheet rectified the problem associated with the higher non-REE content by removing the most of the other elements in the previous steps (i.e., washing cycle and bioleaching). In a nutshell, the loosely attached alkaline components on the surface of the rim will be gathered and precipitated through the washing cycle and biosorption process, respectively. The resulting sediment will then undergo bioleaching to improve the availability of the CFA core for subsequent processes. Therefore, a better result along with faster reaction kinetics compared with other similar experiments can be expected in the proposed flowsheet. Nevertheless, it is essential to optimise the proposed biometallurgical methods by considering influential parameters such as temperature, pulp density, stirring rate, dissolved oxygen, and energy sources. In particular, when utilising bioreactors, optimising these influential parameters and implementing process control measures will greatly enhance the overall yield. Conducting a thorough study of these parameters will be instrumental in achieving a higher scalability for this plausible flowsheet.



The updated flowsheet aims to achieve a circular economy by utilising sustainable methods to valorise the CFA. Instead of hazardous acid treatment, biometallurgical approaches have been used to improve the recovery of value-added components. Selective adsorption and precipitation steps were introduced, and possible integration was critically evaluated. However, it is important to address the limitations of these methods. CFA is a material with multiple complexities and uncertainties, making the processing flowsheet subject to change based on specific requirements. For the proposed biometallurgical processes, the use of stirring tank bioreactors is advantageous because of their high level of control over operational parameters. However, the investment costs associated with these processes are higher than those of conventional methods but can offset the recovery of additional valuable components.




8. Conclusions and Future Prospects


In this study, we reviewed and presented the application of biometallurgical processes in the multi-component utilisation of CFA to recover multiple valuable elements in an environmentally benign manner. The challenges associated with the application of these processes to CFA require a thorough understanding of the extent to which the separation process can be enhanced. Thus, in this study, we explored the interplay between biometallurgy and CFA, identifying critical factors such as the selection of microorganisms, domestication processes, preprocessing of CFA, and usage of bioreactors and their influence on the bio metallurgical processes. Furthermore, we investigated the possibility of incorporating biometallurgy into the CFA preprocessing technique, specifically, the washing cycle, and examined the potential for multi-component utilisation of CFA while adhering to the principles of the circular economy and sustainability. Our illuminating takeaways from this study are as follows:




	
The addition of biometallurgical processes at different stages of the washing cycle flowsheet has been found to significantly enhance the separation of selective metal and metal groups, thereby enabling the effective recovery of heavy metals and fertiliser ions.



	
Bioleaching of sediment particles after the washing cycle can improve zeolite synthesis by introducing grooves on the CFA substrate, which are effective in subsequent synthesis processes, such as alkaline-assisted hydrothermal synthesis, offering a promising avenue for the production of reproducible pure zeolites.



	
Pellets generated at the end of the flowsheet have been shown to contain critical elements, including REEs, and can be extracted using biosorption, which could prove to be an alternate source for the production of advanced materials.



	
The use of biometallurgical processes in flowsheets significantly improves their environmental benignity, enabling the replacement of energy-intensive processes such as acid leaching and grinding with more sustainable alternatives.
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Figure 1. Distribution of trace elements of European CFA samples. Adapted from Moreno et al. [7]. 
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Figure 2. (A) Protein content of Acidithiobacillus thiooxidans in various conditions: pure ash, alkali-treated ash, acid-treated ash, and culture medium after the domestication process [100]. (B) Changes in pH and biomass concentration during the growth of Bacillus barbaricus during the absence of CFA, (C) presence of CFA, and (D) presence of water washed CFA [102]. 
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Figure 3. Schematic diagram of individual effects of super critical-CO   2   (A,B) and HCl (A–C), as well as their combined effect (A–D) on the mineral components of CFA [86]. 
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Figure 4. Scanning electron microscopy (SEM) images of (A) CFA and CFA particles activated under CFA/Na   2  CO   3   mass ratios (B) 1:0.19, (C) 1:0.22, and (D) 1:0.25 [113]. 
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Figure 5. (A) Schematic diagram of a custom-made automatic bioreactor from the study of Zhang et al. [115]. Here 1—timer, 2—pumps, 3—motors, 4—shaft and impeller, 5—feeding vessel, 6—bioleaching vessel, 7—pH/Eh portal, 8—glass gas sparger, 9—water bath, and 10—leachate reservoir. Adapted from Zhang et al. [115] (B) Scanning electron microscopy (SEM) images of the REE precipitate [115]. 
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Figure 6. A prospective flowsheet for the multi-component utilisation of the CFA achieved by replacing high-energy combustion methods of processing with the biometallurgical processes. 
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Figure 7. The changes in the morphology of Y. lipolytica NCIM 3589 after exposure to various metals. Scanning electron microscopy (SEM) images of cells grown in the presence of (A) no metal and different metals at a concentration of 0.5 mM for (B) zinc, (C) cobalt, and (D) nickel. Elongated cells are indicated by white arrows, while cells with multipolar buds are indicated by black arrows [123]. 
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Table 1. Distribution of chemical composition of CFA by region. Adapted from Blissett and Rowson [13], Fomenko et al. [14], and du Toit et al. [15]. LOI—Loss on Ignition, USA—United States of America, S. Africa—South Africa, and ng—not given.
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Range (mass%)






	
Component  

	
Europe

	
USA

	
China

	
India

	
Australia

	
Russia

	
S. Africa




	
SiO   2  

	
28.5–59.7

	
37.8–58.5

	
35.6–57.2

	
50.2–59.7

	
48.8–66.0

	
63.10

	
54.83




	
Al   2  O   3  

	
12.5–35.6

	
19.1–28.6

	
18.8–55.0

	
14.0–32.4

	
17.0–27.8

	
28.06

	
30.86




	
Fe   2  O   3  

	
2.6–21.2

	
6.8–25.5

	
2.3–19.3

	
2.7–14.4

	
1.1–13.9

	
6.45

	
3.62




	
CaO

	
0.5–28.9

	
1.4–22.4

	
1.1–7.0

	
0.6–2.6

	
2.9–5.3

	
0.94

	
4.84




	
MgO

	
0.6–3.8

	
0.7–4.8

	
0.7–4.8

	
0.1–2.1

	
0.3–2.0

	
0.55

	
1.17




	
Na   2  O

	
0.1–1.9

	
0.3–1.8

	
0.6–1.3

	
0.5–1.2

	
0.2–1.3

	
0.30

	
0.16




	
K   2  O

	
0.4–4

	
0.9–2.6

	
0.8–0.9

	
0.8–4.7

	
1.1–2.9

	
0.51

	
0.63




	
P   2  O   5  

	
0.1–1.7

	
0.1–0.3

	
1.1–1.5

	
0.1–0.6

	
0.2–3.9

	
ng

	
0.63




	
TiO   2  

	
0.5–2.6

	
1.1–1.6

	
0.2–0.7

	
1.0–2.7

	
1.3–3.7

	
ng

	
1.57




	
MnO

	
0.03–0.2

	
ng

	
ng

	
0.5–1.4

	
ng

	
ng

	
ng




	
SO   3  

	
0.1–12.7

	
0.1–2.1

	
1.0–2.9

	
ng

	
0.1–0.6

	
0.09

	
0.40




	
LOI

	
0.8–32.8

	
0.2–11.0

	
ng

	
0.5–5.0

	
ng

	
1.45

	
1.19
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Table 2. A brief summary of the chemical and physical properties of CFA. Adapted from Gollakota et al. [16].
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	Property
	Description





	Bulk density (kg/m   3  )
	900–1300



	Specific gravity
	1.6–2.6



	Plasticity, Clay, Free swell index
	Non-plastic, Negligible, Very low



	Porosity %
	30–65



	Surface area (m   2  /g)
	5



	Lime reactivity (MPa)
	1–8



	pH
	6–8



	Coefficient of uniformity (%)
	3.1–10.7



	Extreme particle size (mm)
	0.001–0.1



	Radioactivity levels in CFA (Bq/kg)
	



	   226  Ra
	288



	   40  K
	180–500



	feta
	260



	   232  Th
	130



	   238  U
	192



	Absorption (%)
	12.25



	Density (kg/m   3  )
	1380



	Maximum dry density (kg/m   3  )
	640–1440



	Optimum moisture content (%)
	45.50



	Los Angeles abrasion (%)
	28.35



	Shear strength friction angle
	34   ∘  



	California bearing ratio (%)
	10



	Permeability coefficient (cm/s)
	10    − 6   –10    − 4   
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Table 3. Advantages and challenges in major metallurgical processes compared to biometallurgy. After Mossali et al. [70].
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	Type of Process
	Pyrometallurgy
	Conventional Hydrometallurgy
	Biometallurgy





	Advantages
	Moderate energy consumption
	Low capital investment
	Low capital investment



	
	Fast reaction kinetics
	High level of separation
	No hazardous gas emission



	
	Low production cost
	High recovery efficiency
	Controlled generation of wastewater



	
	Easy procedure
	High-quality output
	Low energy consumption



	
	No passivation steps
	Good technology readiness
	



	
	Optimal technology readiness
	No hazardous gas emission
	



	
	Fast reaction kinetics
	
	



	Challenges
	High capital investment
	High energy consumption
	Reduced sensitivity of the process



	
	Low level of separation
	Moderate reaction kinetics
	Slow reaction kinetics



	
	Hazardous gas emission
	High production cost
	Require high process optimisation



	
	Material loss
	Production of wastewater
	Selectivity of leaching



	
	Complexity of the procedure
	
	



	
	Need for pre-treatment
	
	



	
	Selectivity of reagents
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