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ABSTRACT OF THE THESIS 

 

 

Mining e-waste and coal ash in landfills for rare earth elements using bioleaching methods: 

Analysis of bioleaching data 

 

by 

 

Samiha Karim 

Master of Science in Civil and Environmental Engineering 

University of California, Los Angeles, 2022 

Professor Sanjay K. Mohanty, Chair 

 

 

Bioleaching is an economical process to extract rare earth elements, which requires less energy 

and produces less toxic gases than chemical extraction methods. However, the extraction 

efficiency varies with different parameters. Bioleaching mechanisms, as well as factors 

controlling the process, were comprehensively analyzed in this study. The quantitative analysis 

will help optimize bioleaching process parameters for the high co-extraction of metals. 

Analyzing 61 peer-reviewed articles on bioleaching, we identified three main factors that affect 

the bioleaching mechanism — microorganism type, source type, and specific REE. Extraction 

efficiency varies between 0 to 100% based on the condition used in the study. Among different 

types of microorganisms used to extract REE, fungi were found to have a competitive advantage 

over other microorganisms such as chemolithoautotrophs or heterotrophs. Primary and secondary 
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sources of REE are typically used for extraction. Among them, electronic waste leaches more 

REE per unit mass of source reacted, irrespective of the microorganism type. Extraction 

efficiencies of transition metals were higher than those of REEs.
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1. Introduction 

Seventeen metals are classified as rare earth elements. They include scandium (Sc), 

yttrium (Y), and 15 lanthanides: lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium 

(Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), 

dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) 

(Corbett et al., 2018). A rare earth element can be categorized into two groups based on its 

atomic weight: a heavy rare earth element (HREE) or a light rare earth element (LREE). HREEs 

consist of Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y; and LREEs consist of La, Ce, Pr, Nd, Pm, 

and Sm. Both groups have different characteristics. The LREEs have lower nuclear charge 

numbers, lower atomic mass numbers, larger ionic radius, higher and alkalinity. In contrast, 

HREEs have higher nuclear charge numbers and masses but a smaller ionic radius and lower 

alkalinity (Fathollahzadeh et al., 2019). 

 There are multiple sources from where REEs are extracted. The earth's crust contains a 

large quantity of rare earth elements, but they are rarely concentrated into ore deposits that can 

be mined  (Balaram, 2019). They are mostly found as minor components in a variety of ores such 

as monazite, xenomite, bastnaesite, loparite, ion-adsorption clays, and gadolinite (Brisson et al., 

2016). REEs also exist in a variety of secondary sources and wastes (Gaustad et al., 2021). The 

REEs are crucial raw materials for a wide range of technological applications such as cell 

phones, fluorescent lamps, electric vehicles, computer hard drives, and essential raw materials 

for the defense industry. The demand for REEs is continuously increasing because of their 

numerous chemical, catalytic, X-ray scattering, electrical, magnetic, and optical properties (Y. 

Chen & Zheng, 2019). At present, China has almost 60% of total REE available globally, 

https://www.zotero.org/google-docs/?xGP62y
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whereas the USA owns only 12% of them. Also, India, Australia, Russia, and Brazil are among 

the top supplier (Barmettler et al., 2016; Dev et al., 2020). Therefore, REE supply in the USA is 

limited, which is a primary concern for the industry. To keep up with the current demand for 

REEs, secondary sources such as electronic waste and fly ash are being explored alongside 

primary sources like mineral ore (Zhang et al., 2020). Several chemical and physical strategies 

such as acid leaching, electroslag refining, liquid media extraction, the glass slag method, direct 

melting, and gas-phase extraction have been adopted for extracting REEs from source materials. 

However, these methods require very high temperatures, and a large number of harsh chemicals 

and yield large amounts of toxic waste as a byproduct. Hence, these approaches are not 

sustainable in the long run.  

As an environmentally conscious solution, biological approaches could supplement or 

replace the current extraction methods at ambient temperatures while utilizing biodegradable and 

aqueous chemicals. The major advantage of bioleaching over chemical leaching is that the 

necessary reagents for metal mobilization are biologically produced and there is no need for 

continuous delivery to the plant; this implies obvious advantages both for the process economics 

and environmental impact in terms of carbon emissions (Beolchini et al., 2012) Bioleaching is 

one of the emerging biological technologies that facilitate REE extraction by using different 

microorganisms. It has a higher metal specificity and better efficiency of extraction. 

The extensive use of REEs in different technological industries has made it very 

important to investigate efficient and environmentally friendly extraction methods. Hence, 

understanding different aspects of the biological leaching process has great significance. Despite 

the importance of bioleaching, no review to date has analyzed its optimal REE extraction 
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conditions. The analysis aims to answer the following questions: (1) What microorganism groups 

are currently in use for REE extraction? (2) What physical factors affect the total leaching 

process? (3) What is the efficiency of a particular microorganism in leaching REEs? (4) What 

type of metal is being leached? and (5) What is the primary or secondary source material for the 

experiment? This review aims to provide an understanding of the possible application of 

microorganisms in the extraction of REEs from various sources as well as fundamental 

knowledge of how REEs interact with microorganisms and how they mobilize REEs. Also, we 

analyzed the effects of source material, microorganisms, and rare earth element types based on 

data synthesis. The results demonstrate help to understand the uncertainty factor during leaching 

and try to point toward optimal leaching conditions. 
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2. Bio-extraction of REE 

2.1. Microorganisms capable of leaching REE 

Microorganisms can extract metal cations, including REEs, from different sources. 

Microbes produce organic acids, proteins or metal-binding compounds to dissolve the metallic 

elements in minerals or waste (Gavrilescu, 2022). The microbial cell must first come into contact 

with the source material and then get attached to the surface (Figure 1). Microorganisms, when 

stuck on the mineral surfaces, form the exopolysaccharides (EPS) layer. In this EPS layer, bio-

oxidation reaction takes place and therefore EPS serves as reaction space (Yaashikaa et al., 

2022). Once microbes are attached, they secrete organic acids. Negatively charged organic acids 

produced by the microbial cell bind with positively charged metal ions. Organic acids provide 

protons and ligands that dissolve metals (Jadhav et al., 2016). The rate of metal leaching depends 

on acid production (Li et al., 2021). 

Based on the current literature, REE extracting microorganisms are divided into three 

major groups such as (i) chemolithotrophic bacteria, (ii) heterotrophic bacteria, and (iii) fungi 

(Abhilash et al., 2021; Balaram, 2019; Dev et al., 2020; Işıldar et al., 2019; Rasoulnia, Barthen, 

& Lakaniemi, 2021; Srichandan et al., 2019). Few factors were taken into account during their 

classification such as O2 source and requirement, acidity, and type of nutrition necessary for 

growth (Coram & Rawlings, 2002; Plumb et al., 2008; Rohwerder et al., 2003). In 

chemolithotrophic bacteria, CO2 is used as a carbon source, and it is capable of oxidizing iron or 

sulfur present in the mineral. Sulfuric acid and ferric iron are produced due to oxidization. This 

leads to the dissolution of sulfidic minerals (Mowafy, 2020; Rasoulnia, Barthen, & Lakaniemi, 

2021). In most cases, heterotrophic microorganisms are used when a source contains carbonates, 

oxides, and silicates. REE can be bioleached without sulfur or iron or maintain a high pH when 
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this group of microorganisms is used. (Mowafy, 2020, Das & Das, 2013). Heterotrophic 

microorganisms rely mainly on organic carbon sources such as glucose, and sucrose. While fungi 

are also heterotrophic organisms, they are evaluated separately due to their significant 

physiological difference from bacteria and distinct mechanisms in leaching REE (Işıldar et al., 

2019). When heterotrophic bacteria and fungi use glucose as a carbon source for growth, they 

produce a variety of metabolites, including organic acids, carbohydrates, and proteins. 

Comparatively to chemolithotrophic microorganisms, heterotrophs in bioleaching might seem 

more viable at first because they produce higher outcomes, regardless of the need for organic 

carbon sources constantly. (J Abdullah et al., 2017). Microorganisms are chosen based on the 

source material or the type of metal to be leached (Dev et al., 2020; Li et al., 2021). 

Based on the current literature, it was evident that there is no mention of what type of 

microorganism has advantages to extract REE. Different strain types were used in different 

experiments based on the source or process performed, or the abundance and availability of the 

strain. By improving and modifying the bioengineered systems, any type of microorganism can 

selectively leach REE (Park et al., 2017).  
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Figure 1: REE sources and metal-microbe interaction 

2.2. Mechanisms of REE extraction 

The dynamics of metal ion mobilization and immobilization control the REE extraction 

process. Mobilization of metals occurs through microbial solubilization from solid matrices, such 

as ores, solid waste like electronic waste, spent catalysts, and others (Gavrilescu, 2022). The 

mobility of metals can be influenced by biofilm formation and the presence of extracellular 

polymeric substances (EPS) such as polysaccharides and proteins. Metal forms and the chemical 

composition of source materials determine the impact of mobilization. Mobilization of metals 

can occur through leaching mechanisms, complexation with metabolites and siderophores, or 

volatilization because of methylation. On the other hand, the immobilization process controls the 

microbial cells in a particulate form in order to make them an ideal adsorbent for REEs. 
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Microbial cells can be adsorbed or embedded into materials by various methods. Immobilization 

can be achieved by sorption of solubilized metal ions to biomass or exopolymers of 

microorganisms, or transport and precipitation as organic and inorganic compounds (Jing & 

Kjellerup, 2018). The balance between mobilization and immobilization is determined by the 

organisms, their environment, and the physicochemical conditions.

 

Figure 2: REE mobilization and immobilization techniques 

2.2.1. Mobilization of REEs from solid phase 

The mobilization of REEs from the solid to the aqueous phase involves three 

mechanisms: acidolysis, redoxolysis, and complexolysis (Figure2) (Barmettler et al., 2016; Dev 

et al., 2020; Nancaraiah et al., 2016).  

Acidolysis refers to the replacement of minerals by protons. In acidolysis, 

microorganisms produce organic acids such as acetic, citric, formic, gluconic, and pyruvic acids 
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or inorganic acids such as sulphuric acid. (Gavrilescu, 2022). The oxygen atoms on the surface 

of the metal oxide get protonated by the acid produced by the microorganism. Protons attach and 

react to the source surface by reducing the strength of bonds. Metal solubilization occurs when 

protonated oxygen atoms can interact with water and promotes the release of the metal 

compound in the solution. (Desmarais et al., 2020). Inorganic acids such as sulphuric acid 

(H2SO4) which can be formed by sulfur-oxidizing bacteria from externally added sulphate 

compounds such as ferric sulphate and ferrous sulphate can also similarly protonate the metal 

surface coating, although the compound does not fully originate from microorganisms 

(Desmarais et al., 2020). The Acidolysis mechanism works for both autotrophic microorganisms 

and heterotrophic fungal and bacterial cells. This is the most used technique to leach REE from 

electronic waste. 

Redoxolysis refers to the transport of electrons from metals to microbes through 

oxidation and reduction reactions (Dev et al., 2020). The metal compounds are oxidized by an 

oxidizing agent and thus become water-soluble. There are several redoxolysis agents used in 

leaching systems. A common example is Fe3+. Besides, KMnO4, dissolved oxygen can also be a 

potent oxidizing agent depending on the environment and source material. It is produced by iron 

oxidizers. Most iron reduction is carried out by specialized acid generation bacteria that use Fe3+ 

as a terminal electron acceptor (D. Mishra & Rhee, 2014). It is a two-step process where initial 

electron transfer happens by oxidation of metal sulfides by Fe3+, which then mobilizes REEs 

from the solid to the aqueous phase. In the process, Fe3+ is reduced to ferrous iron (Fe2+) which is 

then recycled or oxidized back to Fe3+. It is the most common process to use for mineral ore 

containing sulfur and iron. It can still be used for electronic waste. Generally, ferrous sulfate and 
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elemental sulfur are added to e-waste as they are devoid of any energy source (S. Mishra et al., 

2021) 

In complexolysis, the metal solubilization takes place by a ligand-induced and chelate 

formation mechanism. Acetate, formate, gluconate, citrate, oxalate, malate, and succinate are 

some of the naturally occurring organic ligands secreted by microorganisms, and they play a 

crucial role in the mobility of REEs.  Microorganisms do not directly interact with the elements, 

but instead produce metal-complexing anions or chelating agents with organic acids that increase 

the metal solubility (S. Mishra et al., 2022). The solubilization of metal ions depends on the 

complexing capacity of the ligands (Li et al., 2021). If metal ions bond strongly to ligands 

instead of solid particles, the metal can be leached from the solid particles (Gopikrishnan et al., 

2020). The acidolysis mechanism complements complexolysis through the stabilization of metal 

ions produced during acidolysis (Dusengemungu et al., 2021). Mostly Fungi and cyanogenic 

bacteria leach REE using this mechanism.  

2.2.2. Immobilization of REEs from liquid phase 

Immobilization techniques to recover REEs from the aqueous phase involve 

bioadsorption, bioaccumulation and bio precipitation techniques (Figure 2) (Castro et al., 2020; 

Nancharaiah et al., 2016). 

Bioadsorption is considered a separation method for recovering REEs and is based on the 

adhesion of REE molecules onto microbial cells due to surface forces. Both living and non-living 

cells of microorganisms can be used for the biosorption of REEs (Gavrilescu, 2022). Metabolic 

activities are the primary factor when living organisms are used to extract REEs. In case of, 

nonliving cells metal ions retain through precipitation, ion exchange, van der waals forces, 
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electrostatic interactions, complexation, or by a combination of several of these processes 

(Rasoulnia et al., 2021a). During living cell adsorption, positively charged metal ions are 

separated from the liquid phase by the negatively charged cell membranes and polysaccharides 

secreted on the surface of bacteria (Prakash et al., 2013). For non-living bioadsorption, several 

functional groups such as—COOH, —NH2, and HPO4
2-  bind metal cations to the microbe 

surface through electrostatic interactions (Yu et al., 2020; Zhuang et al., 2015). Functional group 

—PO4
3- shows specificity toward Gd,  —COOH is specific for Yb, Er, and Sm. (Dev et al., 

2020). The light lanthanides such as La and Nd show affinity towards —PO4
3-, whereas middle 

(Sm and Gd) and heavy (Er and Yb) lanthanides show similar specificity toward both —COOH 

and —PO4
3- functional groups (Ngwenya et al., 2009). The selectivity is determined mainly by 

pH, molecular weight, and REE concentrations (Chang et al., 2020). LREEs adsorption is 

significant at pH of more than 4, whereas HREEs adsorption is significant at a pH of less than 4 

(Hosomomi et al., 2013). Increasing the density of functional groups would increase the 

adsorption capacity (Yu et al., 2020).   

Bioaccumulation involves the intracellular uptake of REEs by living biomass. It is a two-

step process. The REEs are first adsorbed on the cell surface, then translocated into intracellular 

spaces by the importer complex in the membrane lipid bilayer (Maleke et al., 2019). Microbial 

cells are capable of undergoing biochemical reactions between metals and organic acids. Several 

factors control the rate of bioaccumulation such as the metal’s intrinsic structure, adaptations to 

genetics and physiological processes, environmental modification as well as the metal’s 

availability and toxicity. Additionally, metal accumulation is affected by cell density. Highly 

dense cells in suspension are more likely to link up, reducing the number of metal-binding active 

sites (Timková et al., 2018). 
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Microorganism-mediated precipitation is employed to recover dissolved REEs as 

phosphate (Liang & Gadd, 2017). The extracellular polymeric matrix of a microorganism 

contains enzyme phosphate, and when this enzyme is supplied with enough organic phosphate, it 

secretes inorganic phosphate. Metal ions are attracted to the liberated phosphate and precipitation 

ensues (Feng et al., 2011).  

2.3. Methods of REE extraction  

Bioleaching method can be classified into two groups depending on whether 

microorganisms come in contact with the source material- contact bioleaching and non-contact 

or spent medium bioleaching. Contact bioleaching can occur by one-step and two-step processes 

depending on microbial growth conditions (Barnett et al., 2018; Qu & Lian, 2013; L. Zhang et 

al., 2018). In the contact bioleaching process, the attached microorganisms produce extracellular, 

macromolecular compounds that act as oxidation reaction sites (Jia et al., 2019; Tao & Dongwei, 

2014). For the contact mechanisms, the production of EPS is very essential because it fills up the 

void space between the microbial cell wall and the surface of the source material (Gopikrishnan 

et al., 2020). In one step contact method, when microorganisms begin to grow, they are 

combined with an REE source material in the same medium. During two-step contact 

bioleaching, the microbial culture grows in a separate vessel, followed by the addition of REE 

source material to previously cultivated microorganisms. In non-contact bioleaching, it is first 

ensured that the microorganisms are given proper nutrition for their optimal growth in absence of 

the REE source material in order to produce as much leaching agent as possible. Then the 

material containing REEs is mixed with the cell-free medium containing only biologically 

produced leaching agents. There are advantages and disadvantages to each of these methods. For 
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example, contact bioleaching prevent the microbial growth and metabolic activity due to the 

toxicity of the extracted metals and other toxic compounds present in REE-containing materials. 

Using non-contact bioleaching, it is possible to separately optimize the growth of the 

microorganisms as well as the steps involved in leaching REE, regardless of the toxicity of the 

leaching material (Hassanien et al., 2014). 

2.4. Parameters influencing REE bioleaching 

REE bioleaching is a complex process that is often controlled by both biotic and abiotic 

factors. Characteristics and type of microorganisms used are the primary biotic factors, whereas 

abiotic factors include aeration, temperature, growth environment, pulp density, pH, redox 

potential, and metal toxicity (Dev et al., 2020). These factors affect the full REE biorecovery 

process either individually or simultaneously (Choi et al., 2004; Yaashikaa et al., 2022; Yang et 

al., 2009).  

For any microorganism, the ideal temperature is a critical parameter as microbial growth, 

kinetics, and metabolic activity all depend on this. Temperatures between 25°C and 75°C are 

ideal for microorganisms to grow and metabolically perform (Arya & Kumar, 2020). Various 

microbial groups exhibit varying mineral oxidation properties based on their optimum growth 

temperature. Adsorption is enhanced at high temperatures due to the high kinetic energy and 

surface activity possible (Lhamo & Mahanty, 2022). Another crucial factor affecting bioleaching 

efficiency is pulp density. There is a direct correlation between pulp density and metal 

extraction. A higher pulp density increases the chances of metal recovery. There is a point at 

which pulp density inhibits microbial populations and can cause metal protein complexes to form 

that inactivate specific enzymes in the microbial population (Kumar et al., 2018). In general, the 
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optimal pulp density is within the range of 10 and 15 mg/l. The size, quantity, and concentration 

of metals in the waste also influence microbial growth and efficiency. Furthermore, a balance 

should be maintained between the liquid growth media and the source material to govern the 

bioleaching process. Microorganisms' ability to grow and extract metals from the source material 

is highly dependent on the pH. Optimum bacterial growth occurs at physiological pH range of 

1.0 to 4.0 pH and thus shows high-efficiency metal solubilization (Arya & Kumar, 2020). 

Considering microorganisms have different optimum growth pHs, selecting the appropriate 

microorganisms should also consider the type of target metal. EPS production by 

microorganisms is also influenced by pH. Highly acidic pH results in the production of high EPS 

content, resulting in a stronger attachment of microorganisms to the mineral surface and an 

improved REE recovery (Dev et al., 2020). Even with all of the above factors in play, the 

nutrient for bacterial growth plays a crucial role in the overall population of microbes. The 

optimization of parametric conditions revealed that higher temperature, low pH, low pulp 

density, and small particle size are highly effective for extracting REE (Srichandan et al., 2019). 
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3. Data Collection  

To analyze the factors that could affect bio-extraction efficiency, peer-reviewed articles 

were searched on the Web of Science and Google Scholar using the keywords “rare earth 

elements,” “rare earth metals,” “microbial extraction of REE,” “bioleaching,” and “bioleaching 

of rare earth metals.” A total of 102 research articles were identified as of 12/20/2021, of which 

82 studies focusing on extraction efficiency were evaluated further based on their abstracts. 

Based on data availability, 61 articles were selected for analysis.  The list and relevant 

information for each study are presented in the supplementary materials, and the aggregated data 

is made available via an online open-access reposit. 

 While inputting this data, some experiments yielded a range of extraction efficiencies. 

For this analysis, we took the average of each of these ranges and used each average value as a 

single data point in our analysis. The data used for the study is presented in table 1.  
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Table 1. List of studies that examined bioleaching of REE. 

 

 

  

Microorganisms Sources pH Pulp 

density 

(%) 

Metals Extraction 

efficiency 

(%) 

Reference 

1. 1 Gluconobacter oxydans (DSMZ 

46616) 

Red mud 2.1-

7.12 

10 REE: Sc 94 (Abhilash et al., 

2021) 

2. 2 Aspergillus niger, Aspergillus 

flavus, Aspergillus terreus, 

Aspergillus ficuum, 

Pseudomonas aeruginosa, 

Penicillium cyclopium, 

Penicillium diversum, 

Penicillium oxalicum 

Carbonaceous shales 4.24 1 Mixed REE 33-86 (Amin et al., 2014) 

3. 3 Gluconobacter oxydans 

NRRLB85 

Synthetic 

phosphogypsum 

2.1 2 REE: Y, Ce, Nd, 

Sm, Eu, Yb 

36.7-91.2 (Antonick et al., 

2019) 

4. 4 Acidithiobacillus thiooxidans, 

Acidithiobacillus ferrooxidans, 

Leptospirillum ferrooxidans 

Magnets 3.2 10 REE: Pr, Nd 86.4-100 (Auerbach et al., 

2019) 

5. 5 Bacillus sp. Ion-adsorption clay 5.9 2 REE: La, Ce, 

Dy, Lu 

14.0-64.8 (Barmettler et al., 

2016) 

6. 6 Aspergillus sp. Ion-adsorption clay 2.6 2 REE: La, Ce, 

Dy, Lu 

15.3-72.6 (Barnett et al., 

2018) 

7. 6 Aspergillus sp. 

Acidithiobacillus ferrooxidans  

Bauxite 2.8 Nd REE: mixed/total 

REE 

26.2-62.8 (Barnett et al., 

2020) 

8. 7 Leptospirillum ferrooxidans Low grade scrap TV 

circuit boards 

1.7 Nd Other: Cu 95 (Bas et al., 2013) 

9. 8 Acidithiobacillus sp. Zircon nd Nd REE: Y, La, Ce, 

Pr, Nd, Sm, Eu, 

Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu 

79.6 (Becker et al., 

1986) 
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10. 9 Acidophilic mixed culture, 

Acidithiobacillus ferrooxidans 

CRT fluorescent 

powders, spent catalyst 

2-7 10 REE: Y 

Others: Ni, V, 

Mo 

40-90 (Beolchini et al., 

2012) 

11. 1
0 

Penicillium simplicissimum, 

Aspergillus niger 

Dust from electronic 

scrap 

nd Nd Other: Cu, Al. 

Ni, Zn, Au 

65-95 (Brandl et al., 

2001) 

12. 1
1 

Chromobacterium violaceum, 

Pseudomonas fluorescens, P. 

plecoglossicida 

Dust from electronic 

scrap 

nd Nd Other: Au, 69 (Brandl et al., 

2008) 

13. 1
2 

Aspergillus niger, Aspergillus 

terreus, Paecilomyces spp.  

Monazite 2-2.8 1 REE: Ce, La, 

Nd, Pr 

0.15-5 (Brisson et al., 

2016) 

14. 1
3 

Ferroplasma 

acidiphilum, Sulfobacillus 

benefaciens, At. caldus, L. 

ferriphilum 

Printed circuit boards 1.7 3 Other: Cu 99 (Bryan et al., 2015) 

15. 1
4 

Acidithiobacillus ferrooxidans Printed circuit boards 2 Nd Other: Cu 95 (Chen et al., 2015) 

16. 1
5 

Sulfobacillus 

thermosulfidooxidans 

Zinc refinery residues 2 30 Other: Ge 98.5 (Chen et al., 2017) 

17. 1
6 

Penicillium sp. CF1 + 

indigenous consortia 

Monazite 2.41-

6.77 

0.5 REE: Ce, La. 

Nd, Pr 

1.52-79 (Corbett et al., 

2018) 

18. 1
7 

Aspergillus ficuum, 

Pseudomonas aeruginosa 

Th-U concentrate 3-5.3 0.75, 

1.2 

REE: La, Ce, Y 2.51-33 (Desouky et al., 

2016) 

19. 1
8 

Enterobacter aerogenes, 

Acidithiobacillus ferrooxidans 

Monazite 3.3-

6.5 

1 REE: Ce, Nd, Pr, 

Y 

1.28 (Fathollahzadeh et 

al., 2018) 

20. 1
9 

Acidophilic mixed culture Municipal solid waste 

incinerator fly ash 

1.4-2 5 REE: Nd, Ce, 

Sm, La 

9-76 (Funari et al., 

2017) 

21. 2
0 

Pseudomonas chlororaphis Natural 

polysaccharides 

nd Nd Other: Au, Ag, 

Cu 

8-52 (Gao et al., 2017) 

22. 2
1 

Aspergillus ficuum, 

Pseudomonas aeruginosa, 

Acidithiobacillusficuum 

Monazite, Th-U 

concentrate 

3.0-

7.8 

0.6, 1.2 Nd 55.60-75.4 (Hassanien et al., 

2014) 

23. 2Streptomyces fungicidicus Ore 7.2 nd REE: U 37.3 (Hewedy et al., 
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2 YH04 2013) 

24. 2
3 

Acidithiobacillus thiooxidans Ground electronic 

waste 

0.5 Nd Other: Cu 98 (Hong & Valix, 

2014) 

25. 2
4 

Lactobacillus casei, 

Komagataeibacter xylinus, 

Yarrowia lipolytica 

Fluorescent phosphors 2.8-

3.9 

2.85 REE: Y, La, Ce, 

Eu, Gd, Tb 

6.1-12.6 (Hopfe et al., 

2017) 

26. 2
5 

Aspergillus niger Spent automobile 

catalyst 

2.35-

5 

1 REE: Ce, La 

Other: Al, Pt, Pd, 

Cu, Al, Zn 

25.9-100 (Hosseinzadeh et 

al., 2021) 

27. 2
6 

Acidophilic consortium 
 

nd Nd Other: Cu, Al, 

Zn 

88-97 (Hussein et al., 

2004) 

28. 2
7 

Acidithiobacillus ferrooxidans Gibbsite ore 3-3.5 Nd REE: Mixed 

Other: Al, Zn 

22.26-

67.58 

(Ibrahim & Sheikh, 

2011) 

29. 2
8 

Sulfobacillus 

thermosulfidooxidans 

Printed circuit boards 2 10 Other: Cu, Al, 

Zn, Ni 

91-96 (Ilyas & Lee, 

2014) 

30. 2
9 

Thermoplasma acidophilum, 

Sb. Thermosulfidooxidans 

Electronic waste 1.57-

2.7 

1 Other: Cu, Zn, 

Ni, Al 

64-89 (Ilyas et al., 2007) 

31. 3
0 

Ps. putida printed circuit boards 8.0 - 

9.2 

Nd Other: Cu, Au  44-98 (Işıldar et al., 

2019) 

32. 3
1 

Alicyclobacillus tolerans ST, 

Aspergillus niger AsIA, 

Methyloversatilis 

thermotolerans MSO 

Phosphorus-containing 

slags 

3.5 2 REE: La, Ce, Nd 2.38-81.87 (Issayeva et al., 

2020) 

33. 3
2 

Gluconobacter oxydans spent fluid catalytic 

cracking (FCC) 

catalysts 

3.1 Nd REE: mixed/total 

REE 

23.3-25.7 (Jin et al., 2019) 

34. 3
3 

At. ferrooxidans, At. 

thiooxidans, Thiobacillus 

denitrificans, Thiobacillus 

thioparus, Bacillus subtilis, 

Bacillus cereus 

Printed circuit boards 5.0 - 

7.0 

Nd Other: Cu, Ni, 

Zn  

48-53 (Karwowska et al., 

2014) 
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35. 3
4 

Aspergillus niger Monazite 6.41  2 REE: Ce 100 (Keekan et al., 

2017) 

36. 3
5 

Acidithiobacillus thiooxidans Printed circuit boards 1.4-

2.5 

Nd Other: Cu, Ni, 

Zn 

89-94 (Liang et al., 2010) 

37. 3
6 

Acidithiobacillus thiooxidans WEEE Shredding dust 1-1.5 0.5, 1, 

2 

REE: La, Nd, Y, 

Ce, Eu 

80-99 (Marra et al., 2018) 

38. 3
7 

Acidithiobacillus thiooxidans Lead slag, shaft furnace 

slag, granulated slag 

4.57, 

4.87, 

6.18  

1 REE: mixed/total 

REE 

83-99 (Mikoda et al., 

2019) 

39. 3
8 

Acidithiobacillus ferrooxidans Spent fluid catalytic 

cracking catalyst 

2 1 REE: La, Ce 23 (Muddanna & 

Baral, 2021) 

40. 3
9 

Acidophilic 

chemolithoautotrophs, 

Acidithiobacillus ferrooxidans, 

Acidithiobacillus caldus, 

Sulfobacillus sp. 

Ash slag waste 1.15-

2 

10 REE: Y, Sc, La, 

Nd, Gd, Sm 

22.5-59.5 (Muravyov et al., 

2015) 

41. 4
0 

Acidithiobacillus ferrooxidans, 

Acidithiobacillus thiooxidans 

Monazite 1.8 Nd REE: Ce, La 1-9 (Nancucheo et al., 

2019) 

42. 4
1 

Gallionella sp. Waste electrical and 

electronic equipment 

nd Nd Other: Cu 95 (Oguchi et al., 

2012) 

43. 4
2 

Aspergillus niger Siderophores 5-9 Nd REE: La, Ce, 

Sm, Tm 

8-66.7 (Osman et al., 

2019) 

44. 4
3 

Candida bombicola Coal fly ash 4-6.5 1 REE: Dy, Y, Sc, 

Er, Yb, Gd, Eu, 

Sm, La, Ce, Pr, 

Nd 

27.3-67.7 (Park & Liang, 

2019) 

45. 4
4 

Aspergillus niger (grapeskin 

strain), Aspergillus niger 

(pistachio-husk strain) 

Red mud 6  3 REE: Sc 29-38 (Pedram et al., 

2020) 

46. 4
5 

Aacidithiobacillus ferrooxidans, 

acidiphilium acidophilum 

(mixed) 

Waste printed circuit 

boards 

2.0-

3.7 

Nd REE: Sc, La, Ce, 

Nd 

24-31 (Priya & Hait, 

2017) 
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47. 4
6 

Penicillium tricolor Red mud 7.8-

12 

2 REE: La, Ce, Pr, 

Nd, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, 

Tm, Yb, Lu, Y, 

Sc 

30-65 (Qu & Lian, 2013) 

48. 4
7 

Penicillium tricolor (RM-10) Red mud 9–

10.4 

Nd REE: La, Ce, Pr, 

Nd, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, 

Tm, Yb, Lu, Y, 

Sc 

48-78 (Qu et al., 2013) 

49. 4
8 

Aspergillus niger Red mud 1.8-

3.8 

2 REE: Sc, La, Eu, 

Yb 

27-62 (Qu et al., 2015) 

50. 4
9 

Gluconobacter oxydans Spent NiMH batteries 3, 6, 

9 

1 total REE 7.8-56.1 (Rasoulnia et al., 

2021) 

51. 5
0 

Gluconobacter oxydans Fluid Catalytic 

Cracking (FCC) 

catalyst, phosphor 

powder 

3.3 Nd REE: Tb, Eu, 

Ce, La, Y 

49 (Reed et al., 2016) 

52. 5
1 

Sulfur- and iron-oxidizing 

bacteria 

Ore 2 10 REE: U, Th 6-60 (Reynier et al., 

2021) 

53. 5
2 

Endogenous acidophilic 

chemolithoautotrophs, 

Endogenous acidophiles 

Quartz-pebble 

conglomerate ores 

3 

(max) 

2-5 REE: Y, Ce, Pr, 

La, Nd, Yb, Dy, 

Sm 

16.3-76.1 (Sapsford et al., 

2012) 

54. 5
3 

Acetobacter aceti Monazite 3-5.2 16.7 REE: Ce, La 0.11-0.13 (Shin et al., 2015) 

55. 5
4 

Acidithiobacillus thiooxidans Acid mine drainage nd Nd REE: Nd, Ce, 

La, Y 

52.5 (Tayar et al., 2022) 

56. 5
5 

Gluconobacter oxydans FCC catalyst 2.14-

2.61 

1.5 REE: Y, La, Ce, 

Pr, Nd, Sm, Eu, 

Gd, Tb, Ho, Yb, 

Lu, Dy, Er, Tm 

42-56 (Thompson et al., 

2018) 

57. 5Acidophilic Ash slag waste 0.92- 3 REE: Sc, Y, La, 15-30 (Tsaplina et al., 
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6 chemolithoautotrophs 2.6 Nd, Sm, Gd, Ce, 

Pr, Dy, Er, Eu 

2015) 

58. 5
7 

Environmental consortium 

isolated from Elliot Lake mine 

waters 

Quartz-pebble 

conglomerate ores 

nd Nd REE: La, Ce, Pr, 

Nd, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, 

Tm, Yb, Lu 

6-54 (Williamson, 

2014) 

59. 5
8 

Streptomyces sp. FXJ1.172 Bastnaesite- bearing 

rock 

5.2-

7.8 

0.5 REE: Ce, La, Y, 

Pr, Nd, Sm, Eu, 

Gd, Tb 

8-10 (Zhang et al., 

2018) 

60. 5
9 

Acidithiobacillus ferrooxidans, 

Acetobacter methanolicus  

Zircon nd Nd REE: Y, La, Ce, 

Pr, Nd, Sm, Eu, 

Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu 

67-80 Glombitza et al 

(1988) 

61. 6
0 

Acetobacter methanolicus  Zircon nd Nd REE: Y, La, Ce, 

Pr, Nd, Sm, Eu, 

Gd, Tb, Dy, Ho, 

Er, Tm, Yb, Lu 

67 Iske U (1987) 
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4. Data Analysis 

4.1. Effect of microorganism type on REE leaching 

Analyzing 196 data points from 61 peer-reviewed articles, we determine fungi appear to 

have higher leaching efficiency than heterotrophic, and chemolithotrophic microorganisms. 

Fungi is one kind of heterotrophic microorganism but due to its significance for bioleaching, it is 

considered as a different group of microorganisms (Işıldar et al., 2019). A total of 17 studies 

used different fungal strains, of which the most used strains were: Penicillium simplicissimum, 

Aspergillus niger, Aspergillus ficuum, and Penicillium tricolor. A co-culture of different strains 

of fungi has been proven to be more effective than a single strain for bioleaching, indicating 

synergy or sharing of resources between fungal species (Alavi et al., 2021; Brandl et al., 2001). 

Fungi have advantages over bacteria, including a faster leaching rate, shorter lag phase, and the 

ability to tolerate toxic materials and grow under various pH (Muddanna & Baral, 2021). Fungi 

are suitable for alkaline waste leaching because they survive in an alkaline environment (Işıldar 

et al., 2019, Alavi et al., 2021). Few studies contradict the finding and show fungi strains are not 

always the most efficient ones (Sedlakova-Kadukova et al., 2020). Heterotrophic bacteria have 

better leaching efficiency than chemolithoautotrophs (Figure 3). Among 14 studies that used 

heterotrophic bacteria, the most common strains are found to be Gluconobacter oxydans, 

Pseudomonas aeruginosa, and Acetobacter methanolicus. Heterotroph bacteria require a 

continuous energy source of organic carbon for their metabolic activity. Despite this setback, 

heterotroph is more feasible than chemolithoautotrophs because of the high value of obtained 

products. In comparison to chemolithoautotrophs, heterotrophic bacteria can grow at high pH. 

(Srichandan et al., 2019). Chemolithoautotrophs show the lowest efficiency in bioleaching. Most 

chemolithoautotrophs have a high tolerance for heavy metals toxicity but can only perform 
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`efficiently in low pH environments (Orell et al., 2010). The chemolithotrophs thrive at a higher 

acidic condition usually around pH 2.0 or below (Srichandan et al., 2019). Among 26 studies that 

used chemolithotrophs, the most common strains are found to be Acidithiobacillus thiooxidans, 

Leptospirillum ferrooxidans, Acidophilic consortium, Sulfobacillus thermosulfidooxidans, 

Acidithiobacillus ferrooxidans. 

 

Figure 3: REE extraction efficiency varies with microorganism type: fungi, autotrophic, and 

chemolithotrophic. Fungi appear to have higher efficiency than heterotrophic, and 

chemolithotrophic microorganisms. There are 196 total data points on this graph gathered. 

 

Six genera of microorganisms have been used most frequently as per the data we 

analyzed (Figure 4). Among chemolithotrophic bacteria group Acidithiobacillus and Acidophilic, 

from heterotrophic bacteria group Acetobacter and Gluconobacter species and from fungi group 

Aspergillus and Penicillium species show the greatest potential for REE mobilization 

Acidithiobacillus appears to be most effective, and Acetobacter is least effective. Though 
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Acidithiobacillu is a chemolithoautotrophic bacteria species, it showed better results than the 

fungi strains. Most of the bioleaching experimental work uses different strains of 

Acidithiobacillus because of the higher yield efficiency.  

 

Figure 4: REE extraction efficiencies of 6 different microorganism genera. Acidithiobacillus 

appears to be most effective, and Acetobacter is least effective. There are 158 total data points on 

this graph gathered from 43 reference papers. Under each genus is written the number of data 

points that contribute to the corresponding box plot. 

 

75% of our reviewed bioleaching studies resulted in 80-100% leaching efficiency, which 

signifies that bioleaching is indeed a very promising method for extracting REEs. The analysis 

also revealed that the REE removal efficiencies of all microorganisms could vary widely from 

the range of 0-100% (Figure 4). REE extraction efficiency could also vary with the composition 

or characteristics of the growth medium or leaching solution: pH, pulp density, and temperature 
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(Bryan et al., 2015). Results that had 80-100% yield had similar types of experimental 

conditions. However, the efficiency differed significantly with the change of source materials. 

Electronic waste products such as printed circuit boards spent automobile catalysts, equipment 

shredding dust, and NiMH batteries yielded more than leaching 80-100% efficiency. The 

elemental composition of the discarded devices is highly variable and complex, thus there is 

simply more to leach (Hadi et al., 2015). The second highest source material from where the 

leaching was significant was mineral ore like monazite. 

4.2. Extraction efficiencies in a mixture of REEs with transition metals 

Most REE-containing wastes also contain transition metals at concentrations greater than 

that of REE, which may be leached out by microorganisms often at greater concentrations than 

that of REE. Our analysis revealed that transitional metals have higher leaching efficiency than 

REEs (Figure 5). The bioleaching process and type of microorganism can selectively bind REEs 

or transitional metals from the solution and control the efficiency (Rasoulnia et al., 2021c). Cell-

free culture media bioleaching is efficient in higher REE leaching, while the two-step 

bioleaching method is more efficient in leaching transitional metals. (Rasoulnia et al., 2021c). 

REEs get adsorbed on the microbial cells during the two-step bioleaching process which results 

in more transitional metal leaching. However for spent medium bioleaching, REE extraction is 

higher since the cells have been removed from the leaching solution (Qu et al., 2019; Rasoulnia 

et al., 2022). Our analysis indicated that 74% of data points used fungi to leach HREE from 

different sources. Fungi strains such as Penicillium funiculosum, Aspergillus foetidus, and 

Penicillium simplicissimum could adapt to high concentrations of heavy metals contributing to 

efficient leaching of HREE. LREE leaching was higher for chemolithoautotrophic bacteria. 44% 
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of data point used chemolithoautotrophic bacteria to leach LREE from different sources. Mix 

culture of chemolithotrophs was used to extract REE in most cases.  

Biological ligands or organic acids can have different affinities to different REEs based 

on their atomic number and atomic weight (Mattocks & Cotruvo, 2020). The ionic radii of REEs 

decrease gradually with atomic number. Our analysis indicates that leaching increased with 

greater atomic numbers, except for yttrium and scandium. Yttrium has an atomic number of 39, 

it is generally classified as an HREE due to its similar chemical properties and ionic radius. With 

the increase in REE atomic number, organic compounds like citrate, oxalate, gluconate, and 

EDTA are more likely to form complexes (Barnett et al., 2018). The HREE-organic ligand 

complexes are more powerful and result in a greater percentage of leaching (Liu & Chen, 2021). 

Enhanced leaching of HREE has already been observed during the leaching of REE from red 

mud, with up to 70% Lu being leached compared to maximum of 27% for La (Qu & Lian, 2013).  

In contrast to leaching efficiency, the variability of LREE extraction efficiencies is much greater 

than that of HREE and transition metals (Figure 5). LREEs oxidize much faster than HREEs due 

to the variability of the resulting oxide product (Muravyov et al., 2015; Thompson et al., 2018). 

Estimating LREE and HREE in the same samples, we found that LREEs accounted for 90.9-

99.6% of total leached REEs. This is reflected by the abundance of data points for LREE (Figure 

5).  

If there is more than one REE present in the source, the microorganism does not extract 

all the metals at the same rate. The leaching sequence depends on properties such as EPS layer, 

pH, redox potential, produced ligands, or siderophores. The mobilization of La, Gd and Y 

depends mainly upon pH value, whereas the mobilization of Ce depends both upon pH and redox 
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potential (Jalali & Lebeau, 2021). The siderophores produced by fungi can extract  68% uranium 

and 65% thorium, 4.3% lanthanum, 5.4% cerium, and 1.2% yttrium due to selective adsorption 

of Th4+ and UO22+  with secreted exogenous polysaccharides (Desouky et al., 2016).  

Comparing the extraction efficiency of the four transition metals, two LREEs, and two 

HREEs that were reported most frequently (Figure 6), we found that the non-REE metals make 

up less of the entire data set than the REEs do. A majority of the 61 papers analyzed in this study 

primarily examined the extraction of REE, thus they did not report other elements even though 

they were present in the source material. The bioleaching extraction efficiency for REE 

decreased with the following order: Yttrium (Y) > Scandium (Sc) > Neodymium (Nd) > Cerium 

(Ce). 

 

Figure 5: Extraction efficiencies of various metals, categorized by material group (HREE, LREE, 

transition metals). Transitional metals have higher leaching efficiency than REEs. There are 115 
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total data points on this graph, gathered from 35 reference papers. Under each type of metal is 

written the number of data points that contribute to the corresponding box plot. 

 

The extraction efficiency varies largely due to the source material, which can often 

contain substantial quantities of non-REE metals.  Electrical waste such as printed circuit boards 

(PCBs) was the major source of transitional metal leaching. HREE extraction was mainly from 

fly ash, industrial waste like fluorescent powder from CRT, phosphogypsum, phosphorus-

containing slags, and red mud. The highest LREE was extracted from fly ash.  

 

Figure 6: REE bioleaching levels are lower than their non-REE counterparts. There is a total of 

92 data points, gathered from 28 reference papers. Under each metal is written the number of 

data points that contribute to the corresponding box plot. 
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4.3. Variation of efficiency with source type 

Based on reported studies, we categorized REE sources into five major groups: (i) waste 

from electrical and electronic equipment (WEEE), (ii) industrial waste, (iii) multi-metallic 

solution, (iv) fly ash and (v) ore. WEEE includes magnets, NiMH batteries, dust from electronic 

scrap, printed circuit boards, and automobile catalyst—all major REE sources. Phosphogypsum, 

fluorescent powder, FCC catalyst, and red mud are all categorized as industrial waste for our 

analysis. Multi -metalic solution was collected from all the above sources where no individual 

metal percentage was mentioned. It contained mixture of REEs in an aqueous form. Municipal 

solid waste incinerator residue, shaft furnace slag, ash slag waste, coal fly ash is termed as fly 

ash for the analysis. Zircon, monazite, gibbsite, bastnasite, carbonaceous shales are categorized 

as ore.  

Our analysis suggests that the leaching efficiency of REE varied with source types and 

was maximum for WEEE (Figure 7), indicating WEEE should be increasingly used as REE 

source. Extraction of REEs was found to be lowest in multi-metallic solutions as leaching of 

REE becomes less efficient in the presence of other transition metals. The leaching efficiency of 

fly ash and industrial waste was similar to ore.  
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Figure 7: REE extraction efficiencies from 5 different groups of sources. Leaching of REE is 

maximum for WEEE and lowest in multi-metallic solutions. There are 218 total data points on 

this graph gathered from 61 reference papers. 

 

To examine if the variability of REE extraction can be explained by the microorganism 

type used in those studies, we further divided each source group by microorganism types and 

found that fungi extracted the highest amount of REE from WEEE. WEEE increases the pH of 

the solution which is not favorable for other groups of microorganisms. This result differed from 

some studies where the chemolithotrophic group was most effective at leaching REEs from 

WEEE (S. Chen et al., 2015; Lee & Pandey, 2012). Heterotrophic microorganisms’ extraction 

efficiency was lowest from electronic waste. Chemolithotrophic microorganisms extracted the 

highest percentage of REE from natural ore. Ore contains metal sulfides which help regeneration 

of oxidation agents for chemolithotrophic microorganisms (Figueroa-Estrada et al., 2020). Fungi 

extracted more REEs from ore compared to other heterotrophic bacteria. The extraction 
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efficiency of all the microorganism groups is lowest from the multimetal solution compared to 

other sources. The presence of several transitional metals is responsible to lower REE removal.  

Fungi extracted the highest amount of REE from industrial waste as well. Heterotrophic 

microorganisms resulted in a higher amount than chemolithotrophic groups. Fungi and 

heterotroph bacterias produce bio lixiviant which has proved promising for REE recovery from 

different industrial wastes (Antonick et al., 2019; Rasoulnia et al., 2021b). In the case of fly ash, 

fungi are the most effective group because fly ash is alkaline and fungi perform better in such 

conditions (Park & Liang, 2019).  

 
 

Figure 8: REE extraction efficiencies of secondary sources by different groups of 

microorganisms. There are 218 total data points on this graph gathered from 61 articles. 
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5. Challenges and Opportunities 

This review highlighted the knowledge gap and the need for more detailed studies on the 

bioleaching process. The main challenge that we faced was the lack of explanation for 

experimental results. Most of the published article reports leaching percentages and measure 

different abiotic factors that may affect the process without proper interpretation. This could be 

due to a lack of understanding of leaching mechanisms. To maximize metal dissolution, 

microbial production of leaching agents and leaching conditions need to be optimized first. More 

research focused on the fundamental understanding of bioleaching needs to be done to maximize 

the process efficiency. Another major difficulty that we faced during the work is the 

classification of the microorganisms. Some well-known strains were easy to classify but there 

were a few strains mentioned in some papers which were not easily categorized. We could not 

find any database where this classification is well-listed.  

The scarcity of rare earth elements makes finding other secondary sources even more 

important. Considering the low grade of REE present in ores, the future scope of the research lies 

in the application of microbial bioleaching technology for high-efficiency REE recovery from 

secondary sources like magnets, fluorescent lamps NiMH batteries, and industrial wastes. Coal 

ash and electronic waste are mainly considered alternative sources for REE in recent days. New 

source material needs to be established for the growing upcoming demand for The REE as 

critical raw materials. Bioleaching is likely to be the first step of leaching REE from the source. 

For better efficiency, a combination of two or three bio-recovery technologies might be more 

efficient. A combination of bioleaching with a biosorbent strategy can yield much higher 

efficiency More studies need to test which other techniques in combination with bioleaching 
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yield the best result. Process optimization and scale-up of current bioleaching methods should 

also be the focus of future studies to reach industrial-scale applications. Most of the studies 

included here are lab experiments. The major challenge with large-scale operations is the 

difficulty to maintain the microbial population and oxygen rate, which eventually affects 

bioleaching efficiency. Before advancing into large-scale operations, further investigations are 

required to determine the effectiveness of bioleaching, optimization of the overall process, and 

environmental sustainability. More focus should be given to the future development of novel 

microorganisms and highly efficient strategies for recovering critical metals. Recent publications 

point to synthesizing microorganisms and transplanting specific genes to improve their 

efficiencies. This might help meet the requirements to operate the bioleaching process on an 

industrial scale. It might also reduce operating costs. Furthermore, the co-culture of bacteria and 

fungi might be a potential way for a high recovery rate of REEs (Hopfe et al.2017). 
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6. Conclusions  

By using bioleaching for REE extraction, many of the ongoing hazards connected with 

chemical extraction can be eliminated. As opposed to chemical leaching, which requires high 

temperatures and produces chemical wastes, bioleaching is believed to be a cleaner, more 

efficient, and less expensive method of mobilizing metals. Despite the fact that bioleaching of 

REEs cannot solve all the objectives, it is nevertheless an important tool for reducing market 

dependence and supply risks. It has been demonstrated that bioleaching is a significant means of 

extracting REEs from a variety of primary and secondary sources. Various types of 

microorganisms are capable of performing bioleaching to recover REE, and other processes have 

also been shown to be effective in recovering REE, such as biosorption, bioaccumulation, and 

bioprecipitation. There is generally a lack of selectivity associated with biological processes such 

as bioleaching, biosorption, biomineralization, bioaccumulation, and bioprecipitation. Various 

chemical methods of extraction by conventional methods have significant limitations as well, so 

bioleaching technology can offer an intelligent alternative. It is possible to significantly improve 

the overall bioleaching process by optimizing several factors. 

  



 

35 
 

7. References 

Abhilash, Hedrich, S., & Schippers, A. (2021). Distribution of scandium in red mud and 

extraction using Gluconobacter oxydans. Hydrometallurgy, 202, 105621. 

https://doi.org/10.1016/j.hydromet.2021.105621 

Alavi, N., Partovi, K., Majlessi, M., Rashidi, M., & Alimohammadi, M. (2021). Bioleaching of 

metals from cellphones batteries by a co-fungus medium in presence of carbon materials. 

Bioresource Technology Reports, 15, 100768. 

https://doi.org/10.1016/j.biteb.2021.100768 

Antonick, P. J., Hu, Z., Fujita, Y., Reed, D. W., Das, G., Wu, L., Shivaramaiah, R., Kim, P., 

Eslamimanesh, A., Lencka, M. M., Jiao, Y., Anderko, A., Navrotsky, A., & Riman, R. E. 

(2019). Bio- and mineral acid leaching of rare earth elements from synthetic 

phosphogypsum. The Journal of Chemical Thermodynamics, 132, 491–496. 

https://doi.org/10.1016/j.jct.2018.12.034 

Arya, S., & Kumar, S. (2020). Bioleaching: Urban mining option to curb the menace of E-waste 

challenge. Bioengineered, 11(1), 640–660. 

https://doi.org/10.1080/21655979.2020.1775988 

Auerbach, R., Bokelmann, K., Stauber, R., Gutfleisch, O., Schnell, S., & Ratering, S. (2019). 

Critical raw materials – Advanced recycling technologies and processes: Recycling of 

rare earth metals out of end of life magnets by bioleaching with various bacteria as an 

example of an intelligent recycling strategy. Minerals Engineering, 134, 104–117. 

https://doi.org/10.1016/j.mineng.2018.12.022 

Balaram, V. (2019). Rare earth elements: A review of applications, occurrence, exploration, 

analysis, recycling, and environmental impact. Geoscience Frontiers, 10(4), 1285–1303. 

https://doi.org/10.1016/j.gsf.2018.12.005 

Barmettler, F., Castelberg, C., Fabbri, C., Brandl, H., & Working Group of Environmental 

Microbiology, Department of Evolutionary Biology and Environmental Studies, 

University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland. (2016). 

Microbial mobilization of rare earth elements (REE) from mineral solids—A mini 

review. AIMS Microbiology, 2(2), 190–204. https://doi.org/10.3934/microbiol.2016.2.190 

Barnett, M. J., Palumbo-Roe, B., & Gregory, S. P. (2018). Comparison of Heterotrophic 

Bioleaching and Ammonium Sulfate Ion Exchange Leaching of Rare Earth Elements 

from a Madagascan Ion-Adsorption Clay. Minerals, 8(6), 236. 

https://doi.org/10.3390/min8060236 

Bas, A. D., Deveci, H., & Yazici, E. Y. (2013). Bioleaching of copper from low grade scrap TV 

circuit boards using mesophilic bacteria. Hydrometallurgy, 138, 65–70. 

https://doi.org/10.1016/j.hydromet.2013.06.015 

Becker, S., Bullmann, M., Dietze, H.-J., & Iske, U. (1986). Massenspektrographische Analyse 

ausgewählter chemischer Elemente bei der mikrobiellen Laugung von Zirkon. Fresenius’ 

Zeitschrift für analytische Chemie, 324(1), 37–42. https://doi.org/10.1007/BF00469631 

Beolchini, F., Fonti, V., Dell’Anno, A., Rocchetti, L., & Vegliò, F. (2012). Assessment of 

biotechnological strategies for the valorization of metal bearing wastes. Waste 

Management, 32(5), 949–956. https://doi.org/10.1016/j.wasman.2011.10.014 

Brandl, H., Bosshard, R., & Wegmann, M. (2001). Computer-munching microbes: Metal 

leaching from electronic scrap by bacteria and fungi. Hydrometallurgy, 59(2), 319–326. 

https://doi.org/10.1016/S0304-386X(00)00188-2 



 

36 
 

Brandl, H., Lehmann, S., Faramarzi, M. A., & Martinelli, D. (2008). Biomobilization of silver, 

gold, and platinum from solid waste materials by HCN-forming microorganisms. 

Hydrometallurgy, 94(1), 14–17. https://doi.org/10.1016/j.hydromet.2008.05.016 

Brisson, V. L., Zhuang, W.-Q., & Alvarez-Cohen, L. (2016). Bioleaching of rare earth elements 

from monazite sand. Biotechnology and Bioengineering, 113(2), 339–348. 

https://doi.org/10.1002/bit.25823 

Bryan, C. G., Watkin, E. L., McCredden, T. J., Wong, Z. R., Harrison, S. T. L., & Kaksonen, A. 

H. (2015). The use of pyrite as a source of lixiviant in the bioleaching of electronic waste. 

Hydrometallurgy, 152, 33–43. https://doi.org/10.1016/j.hydromet.2014.12.004 

Castro, L., Blázquez, M. L., González, F., & Muñoz, J. A. (2020). Bioleaching of Phosphate 

Minerals Using Aspergillus niger: Recovery of Copper and Rare Earth Elements. Metals, 

10(7), 978. https://doi.org/10.3390/met10070978 

Chang, E., Brewer, A. W., Park, D. M., Jiao, Y., & Lammers, L. N. (2020). Surface 

complexation model of rare earth element adsorption onto bacterial surfaces with 

lanthanide binding tags. Applied Geochemistry, 112, 104478. 

https://doi.org/10.1016/j.apgeochem.2019.104478 

Chen, S., Yang, Y., Liu, C., Dong, F., & Liu, B. (2015). Column bioleaching copper and its 

kinetics of waste printed circuit boards (WPCBs) by Acidithiobacillus ferrooxidans. 

Chemosphere, 141, 162–168. https://doi.org/10.1016/j.chemosphere.2015.06.082 

Chen, Y., & Zheng, B. (2019). What Happens after the Rare Earth Crisis: A Systematic 

Literature Review. Sustainability, 11(5), 1288. https://doi.org/10.3390/su11051288 

Choi, M.-S., Cho, K.-S., Kim, D.-S., & Kim, D.-J. (2004). Microbial recovery of copper from 

printed circuit boards of waste computer by Acidithiobacillus ferrooxidans. Journal of 

Environmental Science and Health. Part A, Toxic/Hazardous Substances & 

Environmental Engineering, 39(11–12), 2973–2982. 

Coram, N. J., & Rawlings, D. E. (2002). Molecular relationship between two groups of the genus 

Leptospirillum and the finding that Leptospirillum ferriphilum sp. Nov. Dominates South 

African commercial biooxidation tanks that operate at 40 degrees C. Applied and 

Environmental Microbiology, 68(2), 838–845. https://doi.org/10.1128/AEM.68.2.838-

845.2002 

Corbett, M. K., Eksteen, J. J., Niu, X.-Z., & Watkin, E. L. J. (2018). Syntrophic effect of 

indigenous and inoculated microorganisms in the leaching of rare earth elements from 

Western Australian monazite. Research in Microbiology, 169(10), 558–568. 

https://doi.org/10.1016/j.resmic.2018.05.007 

Das, N., & Das, D. (2013). Recovery of rare earth metals through biosorption: An overview. 

Journal of Rare Earths, 31(10), 933–943. https://doi.org/10.1016/S1002-0721(13)60009-

5 

Desmarais, M., Pirade, F., Zhang, J., & Rene, E. R. (2020). Biohydrometallurgical processes for 

the recovery of precious and base metals from waste electrical and electronic equipments: 

Current trends and perspectives. Bioresource Technology Reports, 11, 100526. 

https://doi.org/10.1016/j.biteb.2020.100526 

Desouky, O. A., El-Mougith, A. A., Hassanien, W. A., Awadalla, G. S., & Hussien, S. S. (2016). 

Extraction of some strategic elements from thorium–uranium concentrate using 

bioproducts of Aspergillus ficuum and Pseudomonas aeruginosa. Arabian Journal of 

Chemistry, 9, S795–S805. https://doi.org/10.1016/j.arabjc.2011.08.010 



 

37 
 

Dev, S., Sachan, A., Dehghani, F., Ghosh, T., Briggs, B. R., & Aggarwal, S. (2020). Mechanisms 

of biological recovery of rare-earth elements from industrial and electronic wastes: A 

review. Chemical Engineering Journal, 397, 124596. 

https://doi.org/10.1016/j.cej.2020.124596 

Dusengemungu, L., Kasali, G., Gwanama, C., & Mubemba, B. (2021). Overview of fungal 

bioleaching of metals. Environmental Advances, 5, 100083. 

https://doi.org/10.1016/j.envadv.2021.100083 

Fathollahzadeh, H., Eksteen, J. J., Kaksonen, A. H., & Watkin, E. L. J. (2019). Role of 

microorganisms in bioleaching of rare earth elements from primary and secondary 

resources. Applied Microbiology and Biotechnology, 103(3), 1043–1057. 

https://doi.org/10.1007/s00253-018-9526-z 

Feng, M., Ngwenya, B. T., Wang, L., Li, W., Olive, V., & Ellam, R. M. (2011). Bacterial 

dissolution of fluorapatite as a possible source of elevated dissolved phosphate in the 

environment. Geochimica et Cosmochimica Acta, 75(19), 5785–5796. 

https://doi.org/10.1016/j.gca.2011.07.019 

Figueroa-Estrada, J. C., Aguilar-López, R., Rodríguez-Vázquez, R., & Neria-González, M. I. 

(2020). Bioleaching for the extraction of metals from sulfide ores using a new 

chemolithoautotrophic bacterium. Hydrometallurgy, 197, 105445. 

https://doi.org/10.1016/j.hydromet.2020.105445 

Gaustad, G., Williams, E., & Leader, A. (2021). Rare earth metals from secondary sources: 

Review of potential supply from waste and byproducts. Resources, Conservation and 

Recycling, 167, 105213. https://doi.org/10.1016/j.resconrec.2020.105213 

Gavrilescu, M. (2022). Microbial recovery of critical metals from secondary sources. 

Bioresource Technology, 344, 126208. https://doi.org/10.1016/j.biortech.2021.126208 

Gopikrishnan, V., Vignesh, A., Radhakrishnan, M., Joseph, J., Shanmugasundaram, T., Doble, 

M., & Balagurunathan, R. (2020). Chapter 10 - Microbial leaching of heavy metals from 

e-waste: Opportunities and challenges. In N. Krishnaraj Rathinam & R. K. Sani (Eds.), 

Biovalorisation of Wastes to Renewable Chemicals and Biofuels (pp. 189–216). Elsevier. 

https://doi.org/10.1016/B978-0-12-817951-2.00010-9 

Hadi, P., Xu, M., Lin, C. S. K., Hui, C.-W., & McKay, G. (2015). Waste printed circuit board 

recycling techniques and product utilization. Journal of Hazardous Materials, 283, 234–

243. https://doi.org/10.1016/j.jhazmat.2014.09.032 

Hosomomi, Y., Baba, Y., Kubota, F., Kamiya, N., & Goto, M. (2013). Biosorption of rare earth 

elements by Escherichia coli. Journal of Chemical Engineering of Japan, 46(7), 450–

454. https://doi.org/10.1252/jcej.13we031 

Ibrahim, H. A., & Sheikh, E. M. E. (2011). Bioleaching Treatment of Abu Zeneima Uraniferous 

Gibbsite Ore Material for Recovering U, REEs, Al and Zn. 

Işıldar, A., van Hullebusch, E. D., Lenz, M., Du Laing, G., Marra, A., Cesaro, A., Panda, S., 

Akcil, A., Kucuker, M. A., & Kuchta, K. (2019). Biotechnological strategies for the 

recovery of valuable and critical raw materials from waste electrical and electronic 

equipment (WEEE) – A review. Journal of Hazardous Materials, 362, 467–481. 

https://doi.org/10.1016/j.jhazmat.2018.08.050 

J Abdullah, J., El-Imam, A. A., Greetham, D., Du, C., & A. Tucker, G. (2017). The Application 

of Fungi for Bioleaching of Municipal Solid Wastes for the Production of Environmental 

Acceptable Compost Production. Journal of Environmental Science and Public Health, 

01(03), 167–194. https://doi.org/10.26502/jesph.96120016 



 

38 
 

Jadhav, U., Su, C., & Hocheng, H. (2016). Leaching of metals from printed circuit board powder 

by an Aspergillus niger culture supernatant and hydrogen peroxide. RSC Advances, 6(49), 

43442–43452. https://doi.org/10.1039/C6RA04169H 

Jalali, J., & Lebeau, T. (2021). The Role of Microorganisms in Mobilization and Phytoextraction 

of Rare Earth Elements: A Review. Frontiers in Environmental Science, 9. 

https://www.frontiersin.org/article/10.3389/fenvs.2021.688430 

Jia, Y., Tan, Q., Sun, H., Zhang, Y., Gao, H., & Ruan, R. (2019). Sulfide mineral dissolution 

microbes: Community structure and function in industrial bioleaching heaps. Green 

Energy & Environment, 4(1), 29–37. https://doi.org/10.1016/j.gee.2018.04.001 

Jing, R., & Kjellerup, B. V. (2018). Biogeochemical cycling of metals impacting by microbial 

mobilization and immobilization. Journal of Environmental Sciences, 66, 146–154. 

https://doi.org/10.1016/j.jes.2017.04.035 

Keekan, K. K., Jalondhara, J. C., & Abhilash. (2017). Extraction of Ce and Th from Monazite 

Using REE Tolerant Aspergillus niger. Mineral Processing and Extractive Metallurgy 

Review, 38(5), 312–320. https://doi.org/10.1080/08827508.2017.1350956 

Kumar, A., Saha, S., & Bhattacharya, R. (2018). Wavelet transform based novel edge detection 

algorithms for wideband spectrum sensing in CRNs. AEU - International Journal of 

Electronics and Communications, 84, 100–110. 

https://doi.org/10.1016/j.aeue.2017.11.024 

Lee, J., & Pandey, B. D. (2012). Bio-processing of solid wastes and secondary resources for 

metal extraction – A review. Waste Management, 32(1), 3–18. 

https://doi.org/10.1016/j.wasman.2011.08.010 

Lhamo, P., & Mahanty, B. (2022). Bioleaching of rare earth elements from industrial and 

electronic wastes: Mechanism and process efficiency. In A. Sinharoy & P. N. L. Lens 

(Eds.), Environmental Technologies to Treat Rare Earth Elements Pollution: Principles 

and Engineering (pp. 207–226). IWA Publishing. 

https://doi.org/10.2166/9781789062236_0207 

Li, J., Xu, T., Liu, J., Wen, J., & Gong, S. (2021). Bioleaching metals from waste electrical and 

electronic equipment (WEEE) by Aspergillus niger: A review. Environmental Science 

and Pollution Research, 28(33), 44622–44637. https://doi.org/10.1007/s11356-021-

15074-z 

Liang, X., & Gadd, G. M. (2017). Metal and metalloid biorecovery using fungi. Microbial 

Biotechnology, 10(5), 1199–1205. https://doi.org/10.1111/1751-7915.12767 

Liu, T., & Chen, J. (2021). Extraction and separation of heavy rare earth elements: A review. 

Separation and Purification Technology, 276, 119263. 

https://doi.org/10.1016/j.seppur.2021.119263 

Maleke, M., Valverde, A., Vermeulen, J.-G., Cason, E., Gomez-Arias, A., Moloantoa, K., 

Coetsee-Hugo, L., Swart, H., van Heerden, E., & Castillo, J. (2019). Biomineralization 

and Bioaccumulation of Europium by a Thermophilic Metal Resistant Bacterium. 

Frontiers in Microbiology, 10. 

https://www.frontiersin.org/article/10.3389/fmicb.2019.00081 

Mattocks, J. A., & Cotruvo, J. A. (2020). Biological, biomolecular, and bio-inspired strategies 

for detection, extraction, and separations of lanthanides and actinides. Chemical Society 

Reviews, 49(22), 8315–8334. https://doi.org/10.1039/D0CS00653J 

Mishra, D., & Rhee, Y. H. (2014). Microbial leaching of metals from solid industrial wastes. 

Journal of Microbiology, 52(1), 1–7. https://doi.org/10.1007/s12275-014-3532-3 



 

39 
 

Mishra, S., Panda, S., Akcil, A., & Dembele, S. (2022). Biotechnological Avenues in Mineral 

Processing: Fundamentals, Applications and Advances in Bioleaching and Bio-

beneficiation. Mineral Processing and Extractive Metallurgy Review, 0(0), 1–30. 

https://doi.org/10.1080/08827508.2021.1998043 

Mishra, S., Panda, S., Akcil, A., Dembele, S., & Agcasulu, I. (2021). A Review on Chemical 

versus Microbial Leaching of Electronic Wastes with Emphasis on Base Metals 

Dissolution. Minerals, 11(11), 1255. https://doi.org/10.3390/min11111255 

Mowafy, A. M. (2020). Biological leaching of rare earth elements. World Journal of 

Microbiology and Biotechnology, 36(4), 61. https://doi.org/10.1007/s11274-020-02838-x 

Muddanna, M. H., & Baral, S. S. (2021). Bioleaching of rare earth elements from spent fluid 

catalytic cracking catalyst using Acidothiobacillus ferrooxidans. Journal of 

Environmental Chemical Engineering, 9(1), 104848. 

https://doi.org/10.1016/j.jece.2020.104848 

Muravyov, M. I., Bulaev, A. G., Melamud, V. S., & Kondrat’eva, T. F. (2015). Leaching of rare 

earth elements from coal ashes using acidophilic chemolithotrophic microbial 

communities. Microbiology, 84(2), 194–201. 

https://doi.org/10.1134/S0026261715010087 

Nancharaiah, Y. V., Mohan, S. V., & Lens, P. N. L. (2016). Biological and Bioelectrochemical 

Recovery of Critical and Scarce Metals. Trends in Biotechnology, 34(2), 137–155. 

https://doi.org/10.1016/j.tibtech.2015.11.003 

Nancucheo, I., Oliveira, G., Lopes, M., & Johnson, D. B. (2019). Bioreductive Dissolution as a 

Pretreatment for Recalcitrant Rare-Earth Phosphate Minerals Associated with Lateritic 

Ores. Minerals, 9(3), 136. https://doi.org/10.3390/min9030136 

Ngwenya, B. T., Mosselmans, J. F. W., Magennis, M., Atkinson, K. D., Tourney, J., Olive, V., & 

Ellam, R. M. (2009). Macroscopic and spectroscopic analysis of lanthanide adsorption to 

bacterial cells. Geochimica et Cosmochimica Acta, 73(11), 3134–3147. 

https://doi.org/10.1016/j.gca.2009.03.018 

Orell, A., Navarro, C. A., Arancibia, R., Mobarec, J. C., & Jerez, C. A. (2010). Life in blue: 

Copper resistance mechanisms of bacteria and Archaea used in industrial biomining of 

minerals. Biotechnology Advances, 28(6), 839–848. 

https://doi.org/10.1016/j.biotechadv.2010.07.003 

Park, S., & Liang, Y. (2019). Bioleaching of trace elements and rare earth elements from coal fly 

ash. International Journal of Coal Science & Technology, 6(1), 74–83. 

https://doi.org/10.1007/s40789-019-0238-5 

Plumb, J. J., Muddle, R., & Franzmann, P. D. (2008). Effect of pH on rates of iron and sulfur 

oxidation by bioleaching organisms. Minerals Engineering, 21(1), 76–82. 

https://doi.org/10.1016/j.mineng.2007.08.018 

Prakash, D., Gabani, P., Chandel, A. K., Ronen, Z., & Singh, O. V. (2013). Bioremediation: A 

genuine technology to remediate radionuclides from the environment. Microbial 

Biotechnology, 6(4), 349–360. https://doi.org/10.1111/1751-7915.12059 

Qu, Y., Li, H., Wang, X., Tian, W., Shi, B., Yao, M., & Zhang, Y. (2019). Bioleaching of Major, 

Rare Earth, and Radioactive Elements from Red Mud by using Indigenous 

Chemoheterotrophic Bacterium Acetobacter sp. Minerals, 9(2), 67. 

https://doi.org/10.3390/min9020067 



 

40 
 

Qu, Y., & Lian, B. (2013). Bioleaching of rare earth and radioactive elements from red mud 

using Penicillium tricolor RM-10. Bioresource Technology, 136, 16–23. 

https://doi.org/10.1016/j.biortech.2013.03.070 

Rasoulnia, P., Barthen, R., & Lakaniemi, A.-M. (2021). A critical review of bioleaching of rare 

earth elements: The mechanisms and effect of process parameters. Critical Reviews in 

Environmental Science and Technology, 51(4), 378–427. 

https://doi.org/10.1080/10643389.2020.1727718 

Rasoulnia, P., Barthen, R., Lakaniemi, A.-M., Ali-Löytty, H., & Puhakka, J. A. (2022). Low 

residual dissolved phosphate in spent medium bioleaching enables rapid and enhanced 

solubilization of rare earth elements from end-of-life NiMH batteries. Minerals 

Engineering, 176, 107361. https://doi.org/10.1016/j.mineng.2021.107361 

Rasoulnia, P., Barthen, R., Puhakka, J. A., & Lakaniemi, A.-M. (2021). Leaching of rare earth 

elements and base metals from spent NiMH batteries using gluconate and its potential 

bio-oxidation products. Journal of Hazardous Materials, 414, 125564. 

https://doi.org/10.1016/j.jhazmat.2021.125564 

Rasoulnia, P., Barthen, R., Valtonen, K., & Lakaniemi, A.-M. (2021). Impacts of Phosphorous 

Source on Organic Acid Production and Heterotrophic Bioleaching of Rare Earth 

Elements and Base Metals from Spent Nickel-Metal-Hydride Batteries. Waste and 

Biomass Valorization, 12(10), 5545–5559. https://doi.org/10.1007/s12649-021-01398-x 

Rohwerder, T., Gehrke, T., Kinzler, K., & Sand, W. (2003). Bioleaching review part A: Applied 

Microbiology and Biotechnology, 63(3), 239–248. https://doi.org/10.1007/s00253-003-

1448-7 

Sapsford, D. J., Bowell, R. J., Geroni, J. N., Penman, K. M., & Dey, M. (2012). Factors 

influencing the release rate of uranium, thorium, yttrium and rare earth elements from a 

low grade ore. Minerals Engineering, 39, 165–172. 

https://doi.org/10.1016/j.mineng.2012.08.002 

Sedlakova-Kadukova, J., Marcincakova, R., Luptakova, A., Vojtko, M., Fujda, M., & Pristas, P. 

(2020). Comparison of three different bioleaching systems for Li recovery from 

lepidolite. Scientific Reports, 10(1), 14594. https://doi.org/10.1038/s41598-020-71596-5 

Shin, D., Kim, J., Kim, B., Jeong, J., & Lee, J. (2015). Use of Phosphate Solubilizing Bacteria to 

Leach Rare Earth Elements from Monazite-Bearing Ore. Minerals, 5(2), 189–202. 

https://doi.org/10.3390/min5020189 

Srichandan, H., Mohapatra, R. K., Parhi, P. K., & Mishra, S. (2019). Bioleaching approach for 

extraction of metal values from secondary solid wastes: A critical review. 

Hydrometallurgy, 189, 105122. https://doi.org/10.1016/j.hydromet.2019.105122 

Tao, H., & Dongwei, L. (2014). Presentation on mechanisms and applications of chalcopyrite 

and pyrite bioleaching in biohydrometallurgy – a presentation. Biotechnology Reports, 4, 

107–119. https://doi.org/10.1016/j.btre.2014.09.003 

Tayar, S. P., Palmieri, M. C., & Bevilaqua, D. (2022). Sulfuric acid bioproduction and its 

application in rare earth extraction from phosphogypsum. Minerals Engineering, 185, 

107662. https://doi.org/10.1016/j.mineng.2022.107662 

Thompson, V. S., Gupta, M., Jin, H., Vahidi, E., Yim, M., Jindra, M. A., Nguyen, V., Fujita, Y., 

Sutherland, J. W., Jiao, Y., & Reed, D. W. (2018). Techno-economic and Life Cycle 

Analysis for Bioleaching Rare-Earth Elements from Waste Materials. ACS Sustainable 

Chemistry & Engineering, 6(2), 1602–1609. 

https://doi.org/10.1021/acssuschemeng.7b02771 



 

41 
 

Timková, I., Sedlakova-Kadukova, J., & Pristas, P. (2018). Biosorption and Bioaccumulation 

Abilities of Actinomycetes/Streptomycetes Isolated from Metal Contaminated Sites. 

Separations, 5, 54. https://doi.org/10.3390/separations5040054 

Williamson, A. (2014). AN INVESTIGATION INTO BIOLEACHING OF URANIUM AND 

RARE EARTH ELEMENTS FROM QUARTZ-PEBBLE CONGLOMERATE ORES 

FROM ELLIOT LAKE, ONTARIO. Undefined. 

https://www.semanticscholar.org/paper/AN-INVESTIGATION-INTO-BIOLEACHING-

OF-URANIUM-AND-Williamson/463f16858950d8dfd0c266eabdd8c834c19a692b 

Yaashikaa, P. R., Priyanka, B., Senthil Kumar, P., Karishma, S., Jeevanantham, S., & Indraganti, 

S. (2022). A review on recent advancements in recovery of valuable and toxic metals 

from e-waste using bioleaching approach. Chemosphere, 287, 132230. 

https://doi.org/10.1016/j.chemosphere.2021.132230 

Yang, T., Xu, Z., Wen, J., & Yang, L. (2009). Factors influencing bioleaching copper from waste 

printed circuit boards by Acidithiobacillus ferrooxidans. Hydrometallurgy, 97(1), 29–32. 

https://doi.org/10.1016/j.hydromet.2008.12.011 

Yu, Z., Han, H., Feng, P., Zhao, S., Zhou, T., Kakade, A., Kulshrestha, S., Majeed, S., & Li, X. 

(2020). Recent advances in the recovery of metals from waste through biological 

processes. Bioresource Technology, 297, 122416. 

https://doi.org/10.1016/j.biortech.2019.122416 

Zhang, L., Dong, H., Liu, Y., Bian, L., Wang, X., Zhou, Z., & Huang, Y. (2018). Bioleaching of 

rare earth elements from bastnaesite-bearing rock by actinobacteria. Chemical Geology, 

483, 544–557. https://doi.org/10.1016/j.chemgeo.2018.03.023 

Zhang, W., Noble, A., Yang, X., & Honaker, R. (2020). A Comprehensive Review of Rare Earth 

Elements Recovery from Coal-Related Materials. Minerals, 10(5), 451. 

https://doi.org/10.3390/min10050451 

Zhuang, W.-Q., Fitts, J. P., Ajo-Franklin, C. M., Maes, S., Alvarez-Cohen, L., & Hennebel, T. 

(2015). Recovery of critical metals using biometallurgy. Current Opinion in 

Biotechnology, 33, 327–335. https://doi.org/10.1016/j.copbio.2015.03.019 

  
 

 

  




